-1- " MACHI'NE TOOL APPARATUS" The present ‘invention relates to ngehpngfazEﬂ,
tool apparatus which is suitable for high precision machining. In order to
per form machi ni ng such as grinding of 5 a plane face of a workpiece to a
very high degree of accuracy, it is essendial that the workpi ece can be:
prieci sely and reproducibly set in a predeterm ned position and orientation
W th respect to the cutting tool. This precision nust be nmaintained as a

nusber 10 of wor kpi eces are succe53|veh%@nachined.and renoved fromthe

machine. In the prior art, it haAGENR be@@ﬁ?ﬁﬂﬁ5 use substantially
expensi ve and conpl ex asur L p.ord .achy ev a precision
of workpi ece positioni a@Eurgﬁge?gﬁanh°%d %%hﬁt 1§uﬁﬁﬁﬂaconsuned I n
setting each workpiece |nto the requisite position and orientation results
in.a substantial tAtAPAIEALUR "f'!gréhtllsmﬁuq‘té&&? fod Hgh prechriimBeeE bR8carri ed
out. In order to performnmachining with a very high 20 1|evel of accuracy,
the followi ng conditions should be attained: 1. - Inprovenent of the nethod
of machining 2. Enhauﬁeaeaterm&ot-b@rmwr:asdtxpﬁlmylfkucﬂg ddegviRid D of
elenents i nvol ved i n machi ni ng.

v 5 a plane face of a workpiece to a very high degree of

accuracy, it is essential that the workpiece can be

o

precisely and reproducibly set in a predetermined
position and.orientatibn with respect to the cutting
tool. This precision must be maintained as a number
10 of workpieces are successively machined and removed

from the machine. In'thé_p;iot art, it has been
neces#ary to.use subétantiélly.expensive and complex
measurlng means in order to ach1eve such a precision
of workpiece 9051t10n1ng accuracy, and in addition the

15 time consumed in setting each workplece into the
requisite position and orientation fesults in a
substantial-increase in the time required for
ﬁachiniﬁg to bé.ca;ried out.

I | ‘In order to perfofm,@achining with a very high

20 1evel of accuracy, the following conditions should be

A

attained:
1. Improvement of the method of machining
2. Enhancement of the accuracy of guiding the

various elements involved in machining.



LB

/NG 2 - 3. Inprovenent of the rigidity or "stiffness" of the feed system
‘E; lich presses the cutting tool against the workpiece to perform machining,
a

nd reduction of deviations in the position of the cutting tool caused by 5
that feed system 4. Assurance of position stability of the workpiece wth-
respect to vibration and heat. As regards the first condition, for -

i nprovenent of the machining nethod,-Rf~has been general practice i-n 10 -7 ..

the prior art for the tool shaft of a grinding machine (i.e. a grinding
machi ne in which that shaft is vertically disposed) to be supported by a

ball-roller bearing. 15 3 Using such a bearing results in a | ow degree
positioning accuracy for-the tool shaft,and hence for the cutting tool, in
the vertical direction. This results in a |lowering of the accuracy of
machi-ning. In addition, it 5 is difficult to precisely control the

machi ning force applied to the workpi ece when such bearings are utilized.
Wth regard to the second condition, concerning -

3. Improvement of the rigidity ot ﬁétiffness" of the
feed system which presses the cutting tool aga1nst the
workpiece to perform machining. and reductlon of
deviations in the position of the cutting tool caused by

5 that feed systen. | | o

| 4., Assurance of position stabiiity of the workpiece
with respect to vitration and heat.

As regards the first cdnditioﬁ. for improvement of

the machining method, it has been general practice in

10 the prior art for the tool shaft of a-grinding machine

(i.e. a grinding machine in which that shaft is

58

vertically disposed) to be supported by a balléroller

bearing.

15



gui dance precision of the tool -shaft, 10 in prior art gri.nding ‘E@,
machi nes, the tool nmounting head is generally positioned for verti cal -
novenenent by what are sonetines called hydrodynam ¢ gui de surfaces. An
opposi ng gui ded surface on the tool nounting head 5 slides relative to a
gui de surface, through the internmediary of a l'ubricating filmof oil or
grease, to provide snooth notion of the head in the vertical direction.
However thelubricating filmforned between elnch gui de surface and the
opposi ng gui ded 10 surface does not in itself have the capability for
restraining the tool nounting head, and hence the axis of rotation of the
tool shaft, fromtilting out of the vertical. Thus, when a tilting nonent
is applied to the tool mounting head, as a result of external forces 15
bei ng applied due to machining operations or due to a displacenent of the
center of gravity of .the tool nounting head, then there will be
insufficient resistance to this tilting noment. The tool nounting head w |l
therefore becorme tilted by an amount which 20 is determ ned by the size
of the gap betwteen the gU|de sur ace and t he opp05|ng gui de surface Thi s
makes the . . : '

Using such a béating results in a low dégree.positibning
accuracy for thé'tool3shaft.and hence for thé cut;ing
tool, in the vertical diréction{- This results:in a
lowéring of the accuracy of machining. 'Iﬁ'additidn, it
5 is difficult to precisely control the machining force

- applied to the workpiece when such bearings are utilized.

et

With regard to the second condition, concerning
guidance precision of the tool

- shaft, -

10 -



. arientation of the cutting tool with respect to the workpiece to be
inst abl e, thereby dimnishing the accuracy of machining. 25 5 Wth~

.regard to the third condition, i.e. inprovenment of the r|g|d|ty of the feed
system in a proposed prior art system a certain anmount of "|ooseness" -~
will be present in the feed nechanisny foor elevating the tool 5 nount i ng”
head, due to the need to provide a |layer of |ubricant between the feed o
screw threads and the correspondi ng threads in which they engage, and due ~
to the fact that the weight of the tool mounting head assenbly is
essentially supported by these threads and 10 hence is applled to the

| ubri cant IJayerm@natﬂnermmead!achMrt;hmgoub mopet ipgehradt id nvention, there

is provided a mgchi ne toqQl apparatus, n£r|5|n . a bed having a pair of
opposi ng ARARF Kuﬁ%?iFHQéGFyfﬁﬁuH?éﬁ TabrBRVeBRMERtaby whatkity of guide

iﬂrLZFSSgLﬂ”SeL“So&%@e%%ah%@%% %’@ﬁaﬁ Eéff%aévﬁ%h%%ﬁﬁééﬁéﬁ bor e pr ovi ded
col ums itk ke BP5taes 80 Febeonh Berny aHchEPdel y ad] acent o
a 5 slides relative to a guide surface, through the
intermediary of a lubricating £ilm of oil or grease, -
to provide.smooth motion of the head in the vertical
direction. However_the’lubricating-film'formed
. between each guide surface and the opposing guided
10 surface does not in itself have the capability for
| restraining the tool méun;iqg head, and hence the axis
of rotation of the tool shaft, from tilting out of the |
vertical. Thus, when a tilting momén;'is applied to
the'tébl moﬁntins head, as a result of external forces
15 being applied due to méchining op'erations_ot due to a
'displacément of the center of gravity of the tool
'mpunﬁing head, then there will be insufficient
resistance to this tilting moment. The tool mounting
head will therefore become tilted by an amount which
20 is determined by the size of the gap between the guide 5
surace and the opposing gquide surface. This makes the |
orientation of the cutting tool with respect to the
workpiece to be unstable, thereby diminishing the
accuracy of machining. |

25



20 correspondi ng one of said guide surfaces; neans for supplying a flom1~€§ib
of static pressure fluid passing between said guide and gui ded surfaces

ot her "than said at |east one reference guide surface and a gui ded surface
opposed thereto; a vertically extending 25 elevating feed screw rotably
meit ed on said bed, engaging with said threaded bore in said tool nounting
head; a static pressure bearing provided ons said 5a el evating feed

s¢wew, said static pressure bearing including upper and |ower static

pressure chamnbers; an,actuatin% rod novabl y nounted on said guide colums

and coupl ed to said &k F8gAEAngonERE; thikd cendihian: oh-6. impeevement

' di ff bet the ures.in said upper and |lower sjpatic

E?EZLB?each;anF?%Sftf Sirﬁ%iﬁakwioﬁi§§§urseseamgw.aﬂ PoBFBRETOL RELS g
di ff _ ' Lgds:actya o] _ vi ng sai
Fggfsﬁ;ﬁnt{ngeLg% %Vg ffcaxiegcﬁg&glﬁogg?%ég??gn gﬁ@ﬁeéggéﬁ %Eﬂge?esaid

pressure differe%&%sdﬁﬁeﬁ%bihhhfe@ﬁiﬁQEhQBéEﬂigoEOQieVPHfégthg 18

effectively supported by said actuating ro drive nmeans rotating said

el evating feed sqouttifgs dleadli dakytbathe agdal @&Bp:&ﬁi&ie,tQOia,ﬁ@tJrEf ng
hedd; a tool shaft 15 rotatably nmounted in said tool nmounting head; drive
S ' lubricant between the feed screw threads and the

& _corresponding threads in which they engage, and due-to
the fact that the weight of the tool mounting head
assemblj-is essentially-supported by these threads and

10 . hence is applied to the lubricant layer on the threads.

According to the present invention, theie-is
providedfa machine tool abparétus, cbmprising: a bed
having a pair of opposing guide columns fixedly mounted
thereon, with a plurélity of gﬁide surface§ incl&&ing at

15 least gne_referenéé guide sﬁrface'being formed on said |
guide colums; a tool mounting head having a threaded
bore provided thereoﬁ. said tool mounting head being
positioned between said guide columns with each of said
guided surfaées'opposing and closely adjacent to a

& 20 corresponding one of said guidé surfaces; means for

supplying a flow of static'préssure fluid passing

,* .

between said guide and guided surfaces other than said
at least one reference guide surface and a guided
surface opposed thereto; a vettically extending

25 elevating feed screw rotably mounted on said bed,
engaging with said threaded bore in said tool mounting-

head; a static pressure bearing provided on said



‘ﬁns‘ for rotating said tool shaft; *a machining tool fixedly nmounted on

24i d tool shaft, and: workpiece retaining neans for hol ding a workpiece in
a fixed position below said nachining tool. 20 6 The descri bed

enbodi nent of the invention provides a configuration whereby the tool
nmounting head in which the tool shaft rotates is effectively supported bys>
the actuating rod . In this way, positioning of the 5 cutting tool in tqgi
vertical direction is determ ned very prsaci sely by rotation of the '
el evating feed screw, since no weight actually supported by the threads
(and hence belaviartinigc £eiledgscrlew]i saitthetevoiy pfesterel beating feed screw
10 Use of this system enables the amobunt of tool shaft deviation to be
hel d t o-1 ess ingdnding wppesnandydawer skather Rppssurecehanbers; sadf the
order of Immnute, so that th% describeg enbodinent enabl es. a

subst ant i al | PEHUGHNTIIEGPRBOURPLY BAUALEA 9t BaRE gBEdPEOlvmAs 13nd

of arinding SEdRL%s toasasd PHe  BRRsed BRABE: emn eeRpraBEtEiaiLy;

pressuresgui g 3% EeP sinWihgNaShike6rBh68SHLEwBER tRESpressures in o
said upper and lower static pressure chambers of said
static pressure bearing, and responsive to said pressure
difference for moving said actuating rod and thereby
moving sai&’tool'mduntinq head vertically, in a

10- direction such as to cancel said pressure difference,
whereby the weight of said tool mounting head is
effectively supported by said'actuating-rdd:Idrive means
for rotating said elevating feed screw'to'seleCtively
raise and lower saiﬁ'tool mounting head; a tool shaft

15 rotatably mounted in said tool mounting heaq: drive
means for rotating said tool shaft; a machiéz tool
fixedly mounted on said tool shaft, and; workpiéce
retaining means fe:@ggi?ing a workpiece in a fixed

d

position below sai l\ {na tool.

20



20 are disposed 7 al ong the workpi ece slide. The workpiece slide _
traverses a cross slide guide surface over wwth a rotary tabl e being : AN
rotatably nmounted on the workpiece slide. At |east one guide surface

provi ded on the supporting 5 colums serves as a reference guide surface,
witlra thin filmof high pressure |ubricant being forced between.that
ref'erence guide surface and the opposing guided surface. A sufficient
andint of frictional resistance is devel oped between this reference guide
surface and 10 the opposing guided surface to gct to oppose forces applied
to the tool shaft by nmachining operations, while at the sanme tine the thin-

flymof lubricant enabings 9Retyan 8REBALAbntNEe! G0 TRGLLLKR oAk ided I

vertical direction to be achieved. urality of other 15 guide surfaces
are al so provided @ornfiguirariont iwneresyu&ns topPoRLUAL Pil§ avedd niiviektn

surfaces formed on the tool mounting head, and these function as static
pressure gui de nearthe wiotoll phafsurozedeslmsdeﬁfecbnmehmtsmpnnxmsda&xﬂuup
forced between these guide surfaces and 20 guided surfaces. As a result
of .this static presstuating gofll ow, f8rthisavaydepesbpboning cofirhe act any
til*ing of the tgmﬂ moynti ng head, and henge the, too
B : . .cutting t ol in the vertical dlrection is determ1ned
. ;.- ' ve;y-p:ec1se1y by_rotation of the elevating feed screw,
since no weight actually supported by the threads (and
_hence by a lubricating oil film thereon) of. the
glevating feed screw.
10 Use of this system enables the amount bf tool shaft
| - deviation to be held to-less than 0.1 micron, even if
the workpiece feed rate is of the'order of lm/minute, so
that the described embodiment enables a substantially
higher degree of productivity to bé_attained for
15 ultra-high precision machining than has been possible

with prior art types of grinding machines.

~ Also, the described embodiment utilizes a static

pressure guide system_in which static pressure bearings

L 4]

20 are diqused

o
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‘ABhaft, so that the tool shaft is marntained in a precisely vertical

Ji entation during raising and 25 | owering of the tool nounting head, -
Irrespective of forces applied due to machining. At the sane tine, the
static pressure fluid flow serves to keep t he gui de surfaces and gui ded-
surfaces fromconmng into contact, so that there is negligible frictional\s
resi stance devel oped between these surfaces. Further, the static pressure’”™
bearing provided on the elevating 5 fe&d screw (which is rotated to raise
or lower the tool nounting head) and the | oad conpensating system
control | ed t ladrang) themarkpiece sldde. sThecwoskpieredslideubst anti al
| nprovenent in the rigidity of Hgg feed. system The entire weight of the
t ool nounti nFAAVRFSAF z?ss"é%’(ﬂsysi de, FH3AC-FULF a5k QURGaFENY Fog%BﬁYr'ol led
by a | oad conp ferred cas drauy f eedback

| oop), there qebgsﬁiltégﬁ ?bqs?l?l%tet%rpgg’ér}a&ﬂ _rng__&%t 8 58 _ﬁ?égaggﬁ Fhl;i}g?éed screw,
e b e Y, G A Sl SeaduaR o B SuBRbPRIEE, 15,
and heat 5 el e ninnd Y tvesilad ATHePwedncdl giiay BartReeTedidRaSEhhi Ch ‘
devel op an extrenely | ow anmount of vibration. These notors are coupled  °
through el astfinw @piniyh mressure Nwwrdcanenbeing forced between
that~reference guide surface and thé_opposing_guided
surface. A:sﬁfficiénf'amount'bf frictional resistance
is developed between this :eferénCe'ghide surface and
10 the opposing guided surface to act to oppose-fdrces_
applied to'the'tool shaft by machining oﬁerations. while
~at the same time the tﬁid £ilm of lubricant enables
smooth movement of the toblzmounting head in the
vertical direction to be achieved. A élurality of other
15 guide surfaces are alsd-provided on the'supporting
columns.'opposiﬁg'adjacent §uided gsurfaces formed on the
tool mounting head, and these function as static
.pressure'guide means, with pressﬁrized fluid at constant
preésure being forced between these guide surfaces and
20 guided surfaces. As a result of this static pressure
fluid flow, forces are developed'to'couhteraét'any «
tilting of the tool mounting head, and hence the tool
shéft. so that the tool shaft is maintained in a
precisely vertical orientation during raising and
25 lowering of the tool mounting heaé. irrespective of

forces applied due to machining. At the same time, the

static pressure fluid flow serves to keep



20 nenbers,>in such a way that a negligibte anount of notor shaft vi bratlon
S transn1tted directly to the driven nenbers. Wth regard-ta heat :
probl ens, the tenperature of operation of the grinding machine is

essentially determ ned by the tenperature of the lubricating oil. 25 For

this reason, a special oil filter systemis enployed which also perforns
cool i ng of the oil, in such a way as to holkd 9 the tenperature of the
oiNexiting fromthe filter system at a predeternined tenperature, wth

only a snmall anount of fluctuation. An _enbodi ment of the_invention wll now
be described 5 &ﬁqmﬂyhgﬁ eRzfipres apdnInddedcREELaBeE HEC R COABIRG | MO

drawi ngs, in which: 1 |s n obhi ue,externpal em/O{ &p entodinent of
a grindi ng machi n&® saﬁhé ngséﬁtnﬁﬁs ?Pgﬂ LEpgtions
cross-sect i onal dk%% %QH%E%WHQQGHQEeaobetWQQn ERQLLgEﬁP£$9Qs of ﬁuypﬁgplece

slide wwth a rotary
‘the static pressure bearing provided on the elevating

_5 feed screw (which'is rbtated to raise or lower the tool

mounting head) and the load compensating system:

o 'controlled théreby. referfed to above, serve to provide
a substantial improvement in the rigidity of the feed
system. The entire weight of the tool mounting head

10 assembly is supportéd by'an actua;ing rod cdntrolled by
a lbad compensation system (in a preferred case, a
hydraulic feedback loop). there is negligible load
~applied to the ﬁh:eads of the féed screw, so_that'ad
extremely “"stiff" and riéid_ﬁeed ﬁechanism is éttained.

15 Furthermore, for stability of machining éccuracy
.with respect to vibration and heat, eiectric motors are
employed for driving the ﬁechanism which develop an
extremely low amount of vibration. These motors are
coupled through elastic coupling means to the-d#iven

£ | 20 members, in such a way that a negligible amount of motor

shaft vibration is transmitted directly to the driven

r

~members. With regard to heat problems, the temperature..
of operation of the grinding machine is essentially
determined by the temperature of the lubricating oil.

25 For this reason, a special o0il filter system is employed
which also performs cooling of the o0il, in such a way as

to hold



abl e nounted thereon, in the grinding machi ne enbodi ment of Fig.”1; Fig. 3
¥s-a cross-sectional diagramshow ng the 5 . configuration of a jib base
having a plurality of workpiece holding jigs nounted thereon, in the
grindi ng machi ne enbodi rent of Fig. 1; Fig. 4 is a cross-sectional diagram
showi ng the configuration of an elevating feed screw and a tool 10 o
nmounti ng head, witn a | oad conpensati on system coupled to a static pressure
bearing on the feed screw, for the grigding machi ne enbodi nent of Fig. 1™
and Fig. 5 is a cross-sectional diagramtaken in plan view, show ng the
confi gurati one otempetatwte tof othd oil exininmte o adns Fixtegui ded surfaces
of the guide colums and tool mounting head of the enbodi ment of Fig. 1.
Fig. 1 is asysbén@t axpredeternibveditemperdmtiewwitd enly iandimad Imachi ne
for quartz crystal 20 _elenents of the invention. Nurmeral 1 denotes a
bed, havi ngamogn®sef sflurtvatiRnsurface 2 formed on the upper part thereof,
over which a workpiece slide 4 traverses, driven by a feed screw 3 whi ch

engages in.a t ARRRRPIHRENL PG engiqp will now be described

5 by way of example, with reference to the accompanying 8
drawings, in which: |
Fig. 1 is an oblique external view of an.embodiment
qf a grinding machine according to the present invention;
-Pig. 2 is a cross-seC;ibnal-diagram-sﬁowihg the

10



The workpiece slide 4 is driven transversely over cross slide guide surfa
2 by ascontrol nmotor 5 which is coupled to rotate feed screw 3. A rotary "
table’6 5. is rotatably nmounted on workpiece slide 4, with the rotation

t hereof being controled by a notor ML. - A plurality of workpi ece hol ding

. jkgs 7 are mounted on a jig base 32 whicloi-s fixedly nmounted on rotary

- table 6. The workpiece holding jigs are arranged in a 10 circular array,

- comtentric with the center of rotation of rotary table 6. Each workpi ece
"holding jig 7 can be tilted in any direction with respect to the jig base

32, under the C@HBEQJ-UPBt%H'DéPraMmr@?ié’@écéiilféi wptiei dafd@ry A Wor kpi ece
Wis retained by each.15 workpiece holding ji.g 7, through vacuum sucti on.

In the present @gbodi WBOhteBOEKPL €6, Wk iR igreindingpingash iofe quart z
crystal,- and machi ning nust be perfornmed thereon with the crystal axes
al i gned - i n specietnboddirrentt iodn¥.ig. X1ray nmeans for nonitoring the alignnent
20 of the crystal axes, denoted by nuneral 8b, are provided on a nounting
pl-ate 8a which is fi¥édhy3 nburft &f asis-ises tiogedydiagrany stying the The
X-ray measuring nmeans conprise an X-ray em ssion tube 8, ~a quection t ube
9, 8a recdving rapéiggragispeef rdsibpcbase haviag s apwmg %fube 12.
Sueh neans.for E%%i%ﬁ%gg holding jigs mounted thereon, in the
‘- _
' - grinding machine embodiment of Fig. 1;
Fig. 4 is a croSs-sectioﬁal diagram showing the
configurétion of an_elevating feed screw and a tool
10 mbuﬁting head, with é'load compensation system coupled
to a static pressure bearing on the feed screw, for
the grinding machine émbodiment of Fig. 1; and.
- Fig. 5 is a cross~sectiqna1 diagram taken in plan
view, showin§ the configuration of a plurality of
15 guide surfaces and guided surfaces of the guide
columns and tool mounting head of thé_embodiment of

Fig. 1.

Fig. l-islan oblique external view of an '
embodiment of a_grinding machine for quartz crystai
elements of the invention. .

_ Numeral 1
denotes a bed, having" cross slide guide surface 2

formed on the upper part thereof, over which a

workpiece slide 4 traverses, driven by a feed screw 3




the alignnment of crystal axes using X-rays are well-known, and will not
)¢ described in detail. Electrical signals are produced by counter tube 12
Which_vary in accordance with the alignnent of the crystal 5 axes of the
wor kpi ece Wwhich is currently in the nmeasurenent position. i.e. which is~
to be machined. These signals are utidl{ked to control the rotation of
nortor M to thereby tilt the workpiece Winto the correct orientation as,
descri bed hereinafter. 10 The operation of rotary table 6 and morkpieéé
holding jigs 7 will now be described, with reference to Fig. 2. In Fig. 2,

a rotatable hollow support shaft 14a is froyided at substantially the
central poMfiiGH SPUREPRpiBcR ENFERYad DOFS ahRyeWabRFEerht 84t 19 forned on

15 the | owgy end.g& su poit sh?fi.lgai wi th the outer end of flange 15
having a bor& FEFRE4SERePAIAS Ent BRI YRR CH W PHTSe 1Y SFassed to fasten
support shaf 4a4% e l.de, 4., Nu 7 S..a..Wor k wheel
which is rgtrtgtsa ?}H%\Sgpggeoﬁsgg%ﬁgr%%ﬁg ?gégzlgojlaﬁg%l%g gow?‘il\)%gxd.l y attached
to a rotarygdeh¥8185SKe 180t 5L A YedidEa W §K 18 doaxfd ached to the
upper faceng E\é\p?k a/hggl &f’L% by_%o?ts_ ot‘ri\e otﬁer syei tai):llye(%ayﬁié{‘tﬁrrent nmeans.
Nurrer al 520 jdepot§8aB1 § Oh@bt8d | e Wwokk iskie il deS 45040 @f dye rotary drive
disk 18 through a flexible 25 joint 19. Joint 19 has rigidity in the.

.direction gbtation thereof being controled by a motor Ml. A B .

o~

plurality_of workpiece holding jigs 7 are mounted on a
jig base 32 which is fixedly mounted on rotary table
'6. The workpiece holding jigs are arranged in a
10 . circular array,.concéntric.with the center of rotation
of rotary tasle 6. Each workpiece holding jig 7 can
be tilted in any direction with respect to the jig
base 32, undeé the control of a motor-Ml; as described
- hereinafter. A workpiece W is retained by each
15 wofkpiece holding jig 7, through vacuum suction. . In
the presént embodiment, workpiecé W compriseé a plece
of quaftz crystal, and maéhinihg must be performed
thereon witnh the crystal éxes aligned in sPééific
directions; X-ray means for.mbnitbring the alignment
20 of the crystal axes, denoted by nuneral 8b, are
provided on a mounting plate 8a which is fixedly
mounted on bed 1 above rotary table 6. The X-ray
measufing means comprise an X-ray emission tube 8, a
projection tube 9, a receiving tube 10, a spectroscope

25 11, and a counting tube 12. Such means for méasuring.



13 rotation thereof, but is flexible with respect to directions _ 1'
perpendi cul ar thereto. Rotary driven disk 20 is attached to a guiding . '
rotary plate 21 by a bolt 22. Numeral 23 denotes a gui de nenber, which has
a lower 5 guide surface against which the guide surfac e (i.e. upper
syrface) of guiding rotary plate 21 abuts. Rotary table 6 is fixedly
attached to the top face of guiding rotary plate 21, with the |ower face of
relary table 6 bei-ng supported by the top face of guidenenber 23. An 10
annul ar projection 24 is formed on the upper eyf support shaft 14a. and
fits into an annular grove fornmed in the |ower*face of the central portion
of rotary table 6. A circunferential portion 25 is also formed in support
-shaft 14a, enconpassed by morkpiece slide 4. and 15 concentric with support

T so o e SooneCABRRET A AT FREN L 1
Lrgg}égesﬁﬁ;gcngEQFEHHeplned ghﬁ&gé%fghgﬁg? ydﬁs? 14a and QU|%pﬁ;n$o?ary
plate 21, a guide %ﬂ%@%??cgi h§gﬂ§ih”S?ebﬁi&ﬁﬂaeﬂubﬁecéﬁﬁﬁii tule AW which
guisdi ng rotary plate . and a guide surface 28 is defined
vary in accordance with the alignment of the crystal
- . 5 axes of the workpiece W which is currently in the
‘measurement position, i.e. which is to be machined. |
These signals are utilized to control the rotation of
mortor M1l to thereby tilt the'ﬁorkpiece W into the
correct orientation as described hereinafter.
10 . The operation of rotary table 6 and workpiece
| holding jigs 7 will now be described, with reference to
- Flg. 20 In.Fié.sz} a rotatable hollow support shaft l4a
.is.prbvided:at'substantially'the central portion of
workpiéce slide 4, A flange 15 is integrally formed on
15 the iower.end of support sha:t-14a. with the ouﬁer end
- of ‘£flange 15 having a bore formed therein, ﬁhrough which
a bolt 16 is passed to fasten support shaft l1l4a to

workpiece slide 4. Numeral 17 denotes a work wheel

which is rotatably mounted on support shaft 1l4a, and is

2y

20 fixedl?-attached to a rotary drive disk 18. Rotary
dfivé disk 18 is fixedly attached to the upper face of
work wheel 17 by bolts or other suitable attachment .
means. Numeral 20 denotes a rotary driven disk, which
is coupled to rotary drive disk 18 through a.flexible

25 joint 19. Joint 19 has rigidity in the direction of



> between rotary table 6 and guide nenber 23. Each of these gui-de

aces defines a static pressure guide surface, fornmed to include static

ssure fluid pockets. 5 Nuneral s 29 and 30 i ndicate portions of a
hydraulic circuit which is connected to a suitable. source of fixed .
hydraulic pressure. This hydraulic pressure, acting through the static \or
pressure gui de surfaces described above, serves to exert self- 10 aligni ng~
forces on rotary table 6, thereby enabling rotary table 6 to be rotated
while maintaining a very accurate horizontal attitude. Nunmeral 31 denotes a
worm which is rotated clockwi se and countldrcl ockwi se by motor M 15 and
whi ch neshes with worm wheel 17. As described hereinabove, it is a feature
of the described enbodinent. that all sources of positioning error which

For. thi o rcasoSERELRE EPRZSRE pr ik dLtl FLFELR oLkl 1R ERRF B a8 ash bet ween
o vce) 17 BEp 0L TpoRelll byl B dRSET | Wik QA BRGSO
14b of supportjghattadfiéa €6%ai guifPlkENéddLrPViglatd e Hcaoe 22.
- Numeral 23 denotes a'guide member, which has a lower
5 guide surface against which the guide surfac e (i.e.
upper surface) of guiding rotary plate 21 abuts. Rotary
table 6 is_fixedly attached to the top . face of guiding
‘rotary plate 21, with the lower face of rotary table 6
being supported by the top face of guidemember 23. An
10 annular projecﬁion 24 is formed on the upper eﬂd.of
support shaft 14a. and fits into an annular grove formed
in the lower face of the central portion of rotary table -
6. A circumferential portion 25 is also formed‘in
support shaft 143; encompassed by workpiece slide 4, and
15 concentric with support shaft l4a. 1In éddition. an
eccentric circumferential surface portion 14b is also
formed upon support shaft 14a, with the center thereof
being offset from the axis of rotation of rotary table 6
by a predetermined amount e.
20 A guide surface 26 is defined between support shaft
14a and guiding rotary plate 21, a guide surface 27 is

defined between guide member 23 and guiding rotary plate

21, and a guide surface 28 is defined



©m, ———

‘25 circunferential portion. By mnute arounts of rotation of suppor };ji
shaft 14a, the relative positions of worm 31 and worm wheel 17 can be végb\
precisely adjusted into a correct neshing relationship, so that al

backl ash between these is elimnated. 5 . Referring nowto Fig. 3,
nyneral 32 denotes a jig base, which i s~Mrtached to the upper face of
rotary table 6. A plurality of jig brackets 33 are fixedly nounted on jig
base 32 in a circular array, and serve to support - the tilt control
mechani snms of -wor kpi ece 10 holding jigs 7. A cylindrical bearing 34 is
nmount ed on each of these jig brackets 33, and a.columar nenber 35 is
rotatably nmount edpwitthden teard ng t¥b 1A nanh gtek Mémibe f 23edIBact tofched to
col umar nenber 35, and has a c-amdisk 38 fixedly attached thereto. 15
The. upper face of thesedgskd@8susféceardefifneshad gbtdbie cprrnssune g &7,
Nunmeral 39 denotes a worm whi ch neshes with worm wheel 36, and is driven by
notor ML. Motor Msurfacentfothed bg éomiude abahic1Bressyespbhsidto out put
signals fromcounter tube 12 of the X-ray 20 measuring nmeans. Numeral 41
denotes a dri-ven Reffs€ESkaving a roller 40 mount ed t hereon which abuts
against the Mg ow oy eYa i 99’ tna 56 a81 EETE S or E1bRs°SE Y

»

' ; , hydrauiic circuit which is connected to a suitable
| source of fixed hydraulic pressure. This hydraulic
pressure, acting-thfgugh. the.sEatic pfesSuregwﬂh
surfaces described above, sérves to exert self-
iQ aligning forces on rotary table S,Ithereby enabling'
rotary table 6 to be rotated while maintainihg'a very -
-accurat§ horizontal attitude.
| Numeral 31 denotes a_gorm,'which.is rotated
clockwisé"and countérclockwise By motor M, |
15 and which meshes with worm wheel 17. As described
hereinabove, it is , feature of the descr.ib'e-d'
*eﬁmmﬁment.that all sources of positioning errof which
can affect the orientation of workpiece W are reduced
as far as possible. For .this reason, means are

20 provided for eliminating anY'backlash between worm

O

wheel 17 and worm 31, as will now be described. The
central axis of worm wheel 17 is fixediy mouﬁtéd on
the eccentric circumferential pdftion'ldb.of support
shaft 14a, and is concentric with that éccentric_

25 circumferential portion. By minute amounts of




4tQya rotary shaft 42, which is rotatably supported by 25 a jig bracket
“fAB% so that driven nember 41 can be swung -16- about the.contral axts of
~rotary shaft 42. A rotary shaft 43is rotatably nounted In driven nenber 41,
with the axis of rotation thereof being disposed perpendicular to the axis
of rotation of rotary shaft 5 42. _Rg ary shaft 43 has a workpi ece
holding jig 7 fixedly attached thereto, and has the upper end of a cam J
| ever 44 fixedly attached to one end thereof. The |ower end of cam|lever®
44 abuts against the cam surface of a camplate (not shown), which sw ngs
about 10 the central axis of rotary shaft 43. In this way, workpiece
hol ding jig 7FehAtbensefinfuapett Skt of4ametimitifdabivse riyseridiiomsar
| ongi tudi nal axes of rotary shafts, 42 '_a_g 43. A recess ;not shown) is
formed in the®tpPh8F % agea'i wohft %Fﬁﬁig F3bPE KTy gF iRl a vacuum

huck 45 bei ng_di d_therej in.th i ece. W Nuneral 47
denot os a suctRONSBRR: o FSrekorHEh A Hhicke St Ftie . Ambatat o wi

an evacuationagipgaégb‘g?]gog\@t@lg -Egg%%%%\eie%r%rﬁgmmatgggport shaft .14a. A 20

flexible dust cover provide ower Yace of workpiece .
holding 59 7, arodBfekPendChbWNEEYFig. 3, numeral 32 denotes a jig

Sase, which is attached to the upper face of rotary ' *
table 6. A plurality of jig brackets '33 are fi-kedly
mounted on jig ba_se-3.2_ in a circular array, and-l serve
to support . the tilt control mechanisms of workpiece
10 holding jigs 7. A cylindrical béari'ng.34 is mounted
~on each of these jig btag:kets 33, and a columnar
member 35 is x"ot.atably mounted within bearing 34. A
worm wheel 36 is fixedly attached to .columnar member
35, and has a cam disk 38 fixedly attached thereto.
15 The upper face of cam disk 38 is formed as a hig.lx?-low
| cam surface 37._ lflumeral 39 denotes a worm which |
meshes wi-th worm wheel 36, and is driven by motor m1.
Motor M1 is céntrolléd by control means 13 in response
to output signals from counter tube 12 of the X-ray
20 measuring means. |
~ Numeral 41 denotes a.driven member having a
roller 40 mounted thereon which abuts against the
high-low cam su.rface 37. Driven member 41 is secured
to a rotafy shéft 42, which is rotatably supported by

25 a jig bracket 33 so that driven member 41 can be swung



t hereof, and the upper face of a cover plate 48 which is fixedly nounted onégg
jig bracket 33. This dust cover 49 permts workpiece holding jig 7 to be
tilted in any 25 direction, while at the same tinme preventing entry of

17 foreign matter such as filings or dust into the tilt control mechanism
Pregi se operation of the tilt control mechanismis thereby ensured. :
Referring again to Fig. 1. a pair of opposing guide 5 colums 50 and 51 are
meit ed on bed 1. on one side of cross slide guide surface 2 of workpiece
slide 4. Nurmeral 54 denotes a tool noungg.ng head, which is provi ded with
gui ded surfaces that are guided by opposing QU|de surfaces 52 and 53 on
collums 51 and 50 10 respectively, as described in detail "hereinafter. A
tool shaft 56 having a grinding tool 55 nounted on the |lower end thereof is
rotatably supported on tool mounting head 54 by neans of static pressure
bearings. Tool ehafit SBei senbtal caxby o\fbeotaS}?bslwnplezi bet westtarlb shaft
56 and a drive pulley 57a of a notor M2, which is fixedly nounted on tool
mounti ng head 5&hafki43 £$nF9 tak k]l prmauntek imdaiyesoenter dilgamiitiby
referring to FI@ 4. Here_as shown, tool npunting head 54 is provided with
a *hreaded bore g&bapﬁsmﬂgcﬁotgtion thereof being disposed

perendicular to.the axis of rotation of rotary shaft
5 42. Rotary shaft 43 has a workpiece holding Jig 7
Eikedly attached tnereto, and has the upper end of a
cam lever 44 fikedly attached to one end thereof. The
lower end of cam lever 44 abuts against the canm
" surface of a cam plate (not shown), which swxngs about
10 the central axis of rotary shaft 43. 1In this way,
workpiece holding jig 7 can be swung about each of theh
mutually perpendicular longitud.nal axes of rotary
shafts 42 and 43.
o A recess (not shown) is forned in the upper . face
15 . of workpiece holding Jlg 7, with a vacuum chuck 45
being disposed therein to retain the workpiece W,
Nuneral 47 denotes a suction port, Eormed in vacuum
chuck 45, which conmunicates w1th an evacuation pipe
46 (shown in Fig. 2) forned in support shaft l4a. A
20 flexible dust cover 49 is provided between the lower
| .face oE_Qorkpiece holoing jig_?,.around the perighery
thereof,.and the upter face of a cover plate 48 which
.is fixedly mounted on 5i§_hracket 33. This dust cover
49 nermits.workpiece hold_i_n_g jig 7 to be tilted in any

25 direction, while at the same time preventing entry of



through reduction gearing neans 58a by a notor M3 nounted on bed 1. Nuneral

ég%ﬁ engaged an el evating static pressure feed screw 58b, which is driven

59 denotes a hydraulic actuator which is fixedly nounted between the top
end of guide colums 50 and 51 and is coupled to the 25 upper end of an
operating rod 60 whose |ower end is fixedly attached - 18 - to tool
nounti ng head 5 Tne position at which operating rod 60 is attached tq;
tool mounting head 54 can be adjusted in the vertical direction. Nuneral

69 denotes a servo valve, which controls bydraulic 5 actuator 59 to
effectively support the weight of tool nounting head 54, through a control

| oop described in the following. Nunmeral 61 denotes a thrust bearing flange
which I's forned around the circunference of the | ower end of 10 feed screw

53 and 64 are Trov iy A F iR ot i 3RS S8 HnE e or
200060 2 EARLFOE AEERARIEE Shadies iUl B gy 1o, b
whi ch produce &ygEeds ﬁé&;&ﬂgmgya{ﬂﬁg@n%dgﬁﬁé@ hydraul i c .
| Referringlégain to Fig._l. a pair_of opposing guide'
'S columns50 and él are mounted on bed 1. on one side of
cross slide gﬁide surface 2 of workpieée slide 4.
Numeral 54 denétés'a iobl mounting head.'wnich is
provided with gﬁided ﬁurfaéeg that are guided by
) opposing'quidegsurfacéé 52_and_53 on columns 51 and 50
10 réspectively; §s'de$cribed in detail hereinafter. A
tool shaft S6 ﬁaving.a gtihding topl.ss'ﬁountéd.on the
lower end the:édf is :6tata51y_sﬁp§orted on tool.
mounting head 54 by means of static pressure bearings.
Tool shaft 56 is totated by a belt'575lcoup1ed between
15 shaft 56 and a diive puiley 57a of a motor M2, which is
fixedly mounted on tool mounting head 54. This
configuration can be undeﬁstood moré clearly by _
‘referring to Fig. 4. Here.és éhown. tool mdunting head
54 is provided ﬁith.a threaded bore 54b in which is . .
20 engaged an elevatingfstétic pressdre feed scﬁew 58b,
which is'dﬁiven through reduction gearing means 58a by a
motor M3 mounted on bed 1. Numeral 59 denotes a
hydraulic actuator which is fixedly:mounted between the
top end of guide columns 50 and 51 and is coupled to the
25 'upper end of an operating todlso whose lower end is

fixedly attached



pressures within these chanbers. These si‘gnals are processed by a
differential anplifier circuit 67a, corpensation circuit 67b, and a
servo-anplifier 68. 20 Qutput signals thereby produced by servo-anplifier
68, indicating any difference between the gyessures in static pressure
begring chambers 63 and 64, are applied t ontrol servo valve 69, which
thereby drives hdeauFPelaE‘PHanP? B@a%osme"&?pemlitﬁgﬂr e¢ &hiizh up or
dewn. Thi s novenent of operating rod -19- 6Cis in '
direction suchs to°F§dL?c':e‘%§°d’1 Pf‘ei"ér?cte‘:‘?)"e'f%\ieetr? tRe hreuan ks iheag ét“l c
pressure bearing c 8LS to bring these pressures intg
bal ance. It can t Egﬂb ﬂﬁig‘?g?‘boﬁﬂtﬂéﬁ ‘éerste"rcifdl %%ré’é’cfd‘z%k | 8¥gere s §%ed
wher eby operating sup 54 | nner such
EQﬁPQQs Y %QE&«? &f .g%‘:fér{‘% EhaT AyY3Eadiie

that thrust bearing ange 6 i"xed respect to

bearing box 62, ;andcBanesri §yardi LeeePOBILI dprh.wgéw %e%dtggxé)%% Yoo

the entire melght 10 off tool mounting head 54 °i's supporte y operatlng
rod-60. In this wayunRiagi 8@agoBl} okhefudha &t Al ng e rQfbela0qhn
ure

nmounting head 54 by -rotation of feed screw 58b is ass Mor e
spEC|f|caIIy, mhentheedoscbaquBb i-s rotated
Numeral 61 denotes a tﬁrust bearing Elange which
is formed around the_crrcumference of the lower end of
10 feed screw 58b, accommodated within a bearing box 62.
' S;atic.preSSurg beéring chambers 63 and 64 are
pfovided within béaring box.62, above and below flange
61, and serve as bearings for flange 61. These static
p:essu;e.beariné chambers 63 and 64 are providéd with.
lsingssure sensors 65 and 66,.respective1y, which
produée sjgnals indicating_variétions in the hydraulic
.pressures_within these chambers. These signals are
.processéd by a differential amplifier circuit 67a,
éomgensation circuit 67b, and a servo-amplifier 68.
20 Output.signals thereby p;oduced by servo-amplifier 68,
| indicatihg.any difference between the pressures in
statjc pressure bearing chambers 63 and 64, are
aprlied to control sérv§ﬂva1ve 69, which thereby
drives hydraulic actuagor 59 to move operating rod 66

25 up or down.. - This movement of operating rod



5 to raise or | ower tool nounting head 54, then frictional and

‘her forces are devel oped at the gui de surfaces 52-and 53 of guide col ums
51 and 50. As a result, resistance is exerted agai nst novenment of tool
nount i ng head 54, mhereby a load is applied to 20 feed screw 58b. This | oad.
tends to cause a difference betmeen—th pressures within static pressure

bearing chambgis 1631404 @4 re@doh’ sl MPRESEs kbeyes” ¥yl 8RPedpaEL Ded a0

acts to nove operatl ng ro In a |rect|on sucn as t cance

pressure changReweo® tde Lra¥RuRes fint Beam98§yéesm&hbgaslagl C pressure
beari ng chanber 63 should Ball, and that within static pressure bearing

chanmber 64 shetathtrerse 63 o sarvq.afal ve 6Pim | thesé poespetéesi pges od 6U
such as to elevate tool mounting head 54, thereby conpensating 5 for the

| oad bei ng. applieedeto fsedascrtbws58b. undeespoedstiheat ai sarwostatic
pressure bearing chanbers 63 and 64 are thereby equalized. If on the other
hand the prés$geebiagksilgepciprbesned wharehy chaAbeFisg tAdubd i ncrease and
that in chanber 64 should fall, 10 then operating rod 60 will be | owered by
hydraul i c act §%P6PtE§, tPR4r @BPN&dAHN h8ERI A4 45 BqRARPSE FHEhpFQ§§ures

Wi thin static %Q%%i“%%agﬁﬁg'?QaRQE”E?r§s6§e?QQin a Eixed pos;tion

with resyect to bearing box 62, and hence in a fixed -
- position with respect to bed 1, i.e. the entire weight
10 0f tool mounting head 54 is supported by operating rod
60. In this way, precise control of the vertical
_ posu:mn of tool mountmg head 54 by rotatlon of Eeed
screw 58b is assured. | |
More specifically, when feed screw 58b is rotated
15 to raise or lowef toblvaUnting'head_54,
then frictional and other forces are developed at the.
guide surfaces 52 and 53 of guide columns 51 and 5@.
- As a result, resistance is exerted against hévement of
tool mounting head 54, whereby a load is applied to
20 feed screw 58b. This load tends to cause a difference
between the pressUres'wi;hin-static pféséure Eeafing
chambers 63 and 64, and'in'respcnse, the servo loop
described above acts to move operat.ing rod 60 in a.
direction such as to cancel this'préssure change. For

25 exanple, if the pressure within static pressure



It can be understood fromthe above that 15 rotation of the el evating @
static, pressure feed screw 58b results in the tool nounting head 54 being
either raised or |owered, while the entire weight of tool nounting head 54
I's supported by or 60. Thus, since no load is applied to the coupling
etween feed screw 20 58b and the threadggd portion 54b of tool nounting

head 54, vertical positioning of tool ing_head 54 can be acconplished
tigzan extrenelyb?ﬁéhpﬁkﬁﬂ%ﬂfé% éﬁxﬁﬂgﬁég?gaé#Er?Pﬂgtﬂﬂﬁ/th?F@.sﬁ?tEEe

rel ati onshi ps 25 bet wee uide suyrface : 3,..farmed gn | de

colum 51 and 5'0‘-?%%%%%&%&@",9 é:if‘%%?erscﬁo%rzrsgls%g‘c}%dirﬁﬁ% :Igggg gg?}'gces f or med

on tool mount i ngy fgade 54, i Ta e lestid aeth nd i tisIgusly Lacgs 53 which are

formed on guide colum 51 conprise:at rear guide surface havi ng

a side face A a@ﬂe@ai@aiocfﬁ%ﬁltﬁg_h@&d—sahalﬁﬁ@rEb?”EoﬂEEHQaE%EaCG having
a side face C and a front face. i de surfaces 52°for med on- gui-de col um

50. conpri se aR fosheapedldRRrbgitigla Flrifedc @ oh@eieag serewddabaceThe, opposi ng
side face A and a 10 rear face B, and an L-shaped front gui de surface
havi ng a si de fpressireppobtinin sset fagreGsuardbaatiogt chankebs. 63

Y .and 64 are ﬁhereby equalized. If on the other héhd

. the preséu:e in stati§ pressure bearing chémber 63

should increase and thag'in chamber 64 should fall,'
10 then operating rod 60 wi}l be lowered by hydraulic |
éétuatorlsg,_the;eby again acting.td equalize the..
pressurés within static pressufg bearing chambers-63
.and 64. | _
| It can be understood fro_in the aSo_ve tHat_

'1§ rotation of the:e;evatiné_ététic preésure feed screw
58b :eéulﬁs in the tool mouhting head 54 being either
raised or lowereqd, while the entire weight of tool
mounting head 54 is supported by of 60._ Thus, since
no load is applied to the coupling between feed screw

: 20 58b and the thread.ed.port_:ion 54b of tool mounting head
54, vertical positioning.of tool mounting head 54 can
be accomplished t§ an extremely high degreé of
accuracy. | | |

Referring now to Fig. 5, the'rélationships

25 between guide surfaces 52 and 53, £ormed on guide



. ) ) f\
G@; tool rmounting head 54 has guided surfaces a, a', b, b', ¢, c¢c' and d,

yopposing the guide 15 surfaces A, A, B, B, C C, D and D
respectively. Eight sets of vertically extendlng static .pressure fluid
pockets P1,....... , P7, o , and P8,........... , are forned -
between 20 faces A and a, faces A' and a',, faces B and b, faces B and b', g;,
faces C and ¢, faces C and c', faces Dzand d and faces D and d'

respectively olu4ntgf h@S5c PESLEOORIe ] SV éﬂé)c&iréﬁﬂdth%% of each of wo -
t hese sets o? vertically extendlng stati'c pressure fluid 25 pockets (i.e

Pl to P8) isyaheud. sy Si&ds CEPFIe88 Wi too Rhdumimy Hdad G4(iwildhe present
enbodi nment , %ydraullc fluid) is supplied to the sets of vertically

ext endi ng StBéIGeQéESBémfffﬂﬂd'@d&ﬂ@k@h&fﬁtes 53. whAZh. are. foPhed ... P..
P P5...... and P6....... froma 5 pressurized fluid source, through
pressurized del gubdg pobung, Spaconpkigei anli ktshidped meassr guid® - Lubricating
oil is supplied froma pressurized oil source, through a fixed throttle

val ve and suppr§apepeaving aoside fage ikand aaeadifarsdis a1 @t c
pressure fluid 10 pockets P7,.... ..._and P8 _...... and serves t o nalntaln a
thin high- prés§baee6|mew&w%&eesh%% &, siggy face C and »

a front face . Guide surfaces 52 formed on guide

-

column $chomprise an'L-shaéed.reér'guide surface
having a side face A', opposing side face A,:and a
18 rear face B', and an Lashaped front éuide surface
hav1ng a side face ct opy051ng side face C, and a
front face D', |
The tool mounting head 54 has guided surfaces a,
a', b, b', ¢, ¢' and 4, dh opposxng the guide
15 surfaces A, A', B, BY, C, c', D, and D'respectlvely.
Eight sets of vertically extendingfstatic pressure
fluid pockets Pl ececeees - o | L S
pz,.....,93,........,p4,.......,ps,.........',ps,........,
P7,cc000eeeeey and P8,..........., are formed between
20 faces A and a, faoes A' and é','faoes‘B and b, faces
B' and b', faces C and ¢, faces C' and c', faces D and
d and faces D' and d',respectlvely. In the cross- =
sectiooal view of Fig. 5, only one of each of these
. sets of vettically extending static oressure fluid

25 pockets (i.e. Pl to P3) is shown.- A static pressure



faces d' and D, which serves to prevent these faces fromcomng into \
contact and thereby reduces friction during raising or |owering of tool éED
nmount i ng head 54 15 whil e nachi ning operations are in progress and forces
are therefore being applied agai nst tool nounting head 54. The other sets
of_yericaly extending static pressure fluid pockets P1..... P2.......

P3. R 20 P5 ........ and P6........ serve to maintain tooI
nﬁuﬂting head 54 in a fixed attitude, preventing tilting fromthe vertical,
and to prevent contact between tool nounting he g 54 and the gui de col umms
50 and 51. For exanple, if a guided surface be tilted fromthe 25
vertical, i.e. with respect to.a correspondi ng QUIde 23 surface, then in
t he gap bet ween these surfaces which is widened by this tilting, the fluid

pressure wi |1 be deqigpsad el @4h"chUpdBRcHY! ERobasdght O"Efalini LS

tilting, the fluid pressureé ner BREE

exerted within thefﬁ%ﬂabercg Pbiked B6! VReNsbRE g§i0§=§yeifff &xfeddin

QUI ded Surface act i Ng 1IN ¢ Ctl on such as to restore_t e orientati on of
tool mounting head sratfilcoPriedgulrie! Hdihopbaﬁevernca .orjepgation,,In this

'may t||t|ng of. tool nount i ng head
P3....., Pa......, P5......, and P6....... £rom a
“.  s 5 ‘pressurized fluid.source.'through pressurized_delive:y
piping, partially indiated by numeral 70.- Lubricating
oil is supplied from a pressurized.oil source, through a
- fixed throttle valve and supply pipes 72, to the
vertically extending sets of static pressﬁte fluid
10 pockets P7...... . and P8......, and serves to maintain a
thin high-pressuré oil tilm_bétween faces d and D, and
facés-d‘ and-D'. which serves to préveﬁt théSe faces
fﬁom coming into contact and thereby reduces friction
during raising or lowering of tooi mountiﬂg head 54

15 while machining operations are in progress and forces'

are therefore being applied against tool mounting head

54.
” . The other sets of vericaly extending static pressure
. | fluid pockets Pl..... . P2...... . P3........ Pa........ .
‘20 PS....-..., and P6......., serve to maintaiﬁ tool

mounting_head 54 in a fixed attitude, pzeventiﬁg tilting
from the vertical, and to prevent contact between tool
mounting head 54 and the guide columns 50 and 51. Por
example, if a gﬁided surface becomes tilted from the

25 vertical, i.e. with respect to a corresponding guide



r@le-t o-si de novenent, is elimnated. i.e. the systemis self-aligning:

Is static pressure control thereby ensures that the guided surfaces are
hel d parallel to the guide surfaces at all tinmes, while 15 tool nounting
head 54 is being raised . or |lowered. It can be understood fromthe above \J
that the self-aligning action described therein will serve to maintain the
extrenely small clearance between faces D and d and D and d' respectivel y»
whi ch are separated 20 only by a thin filnrgg hi gh- pressure |lubricating
oil. The guide surfaces D and D therefore determ ne the precise position
of tool nounting head 54, and can therefore be considered reference
surfaces. After passing through the static pressure fluid 25 pockets

Pl Pasurfacﬁ tﬂgi in the. %ﬂg between thgéepﬁurfaéﬂg wRich - is:
the static pressure fluid is recovered and passed through recovery p|p|ng

(not shown in tykaehHedVbyoThilsd tiq tingseanentluiacpressdréowi I péatic
pressure-fluid pockets under pressure. - The 5 Iubricating oi | which has
passed t hrough déardahgel.kothile7 in the gapawhiP8. is. narrowed h?sbh:ecovered

and then passed through a special oil filter. This utilizes an
tilting, the fluid pressure will be increased. Thus, a

_54. both with respect to back-tofront novement and with respect-to
U

5 force will be exerted within the tapered clearance *
between the guide surface and the guided surface, acting
in a direction such as to restore the orientation of
. tool mou@ting head 54 from the tilted to thg-vertical
'orientation. In this way tilting_of tool mounting head
10 54.:both_with iespect to back-tofront movement and with
.'respect to side-to-side movement, is eliminated, i.e.
the system is self-aligning. This static pressure
control thereby ensures that the guided surfaces are
held parallel to the guide surfaces at all times, while
15 tool mounting head 54 is being raised or lowered. |
It can be understood from the above that the
self-aligning action described therein will serve to
maintain the extremely small clearance between faces D &
and d and D' and d' respectively, which are separated
20 only by a thin film of nigh-pressﬁre Iubricating oil.
The guide surfaces D and D' therefore determine the
precise position of tool mounting head 54,.and can
therefore be'considered reference surfaces.
After passing through the static pressure fluid

25 POCkets Pl..ca..oo, Pz..tno-n. Pa.-buoo.. P4, ------ 2



oil tank having a plurality of conpartnents, with the oil flow ng ‘
successively froma recovery port through 10 these conpartnents, in which
contam nating elements in the oil are renoved. Upon exit fromthe final

compartnment, the oil is punped back for use as lubrication. 1In order to
meiat ain the oil tenperature constant to a high degree. it is punped out of
the 15 first. i.e. recovery port, conpartnent, passed through an oi

coster, and returned to the sane conpartment. This process is perfornmed in -
each of the successive conmpartnents, and in thpg way the oil tenperature is
hel d constant to within 5 Cin the first conpartnment, 20 and to within +0.1
Cor less in the final conpartnment. \Wen the shape of the grinding surface
of grinding tool 55 has deteriorated to a specific extent, a rotary dresser
70 shown in Fig. 1Pss pnessedahdtascontact vEhé static ipresapcuflads iso
correct the shape. This rotary 25 dresser 70 i s nmounted on mork | ece slide
4 and rotated SQ&PV&!Hﬂgﬁéﬁ BRseed hRFORER CREOYREHRIRLND nQQSQQPWE
notor M4. As-descri,bed in_the,abo cri bed enbodi nent, e S a

t
plurality of statl&“pF@?sﬂF@"bEHFang.gel?g gequently, nRTNLRed ar i ngs
thét the pressure %QaEH% @2Bssure fluid pockets under pressure. The

o

5 lubricating oil'which has passed through fluid pockets'
P7r..{..... and PB;..;..... is also recovered. and then
passed through.a'special oil filter. This utilizes an

'oiiltank having.a pluraiity of compartments. with the
oil flowing successively from a recovery port through

10 these compartments, in which contamlnatlng elements in

| the oil'are'removed. Upon exit from the fiual;
compartment. the.oil is.pumped.back for use as
;lubrlcatxon. In order to maintain the oil temperature
'constant to a high degree. 1t is pumped ouh of the

15 first, i.e. recovery port._compartment. passed through
an oil cooler. and returned to the same compartment.
This process is performed in each of the successive

" 'compartments. and in th1s way the oil temperature is

| he;d constant to w1th1n s C in the first compartment.

20 and to within +0.1 é'or less im the final compartment.

When the shape ofsthe_grinding surface of grinding
tool 55 has deteriorated to a specific extemt,.a rotary
dresser 70 shown in_fig. 1 is pressed into contact with'
the grinding surface.ato correct the shape. This rotary

25 dresser 70 is mounted on workpiece slide 4 and rotated



@,gstmeen a gui de surface and guided surface is held constant, and this is a
XPdkic reason for the high degree of precision obtainable with the described
enbodi nent. Al though not described in the above, neans can be 10 enpl oyed

to reduce guiding errors with respect to novenent along the cross slide
guide surface 2, i.e. pitch and yaw. These neans act to alter the gap .
bet ween the gui de surface and a_gui ded surface provided on the workpiece ;g
slide 4, such as to maintain a desired guide 15 position. Such nmeans can
enpl oy, for exanple, |aser neans to neasure the guiding errors of workpiece
“slide 4 at a nunber of different positions28f workpiece slide 4 before the
grinding machine is put into actual operation. Measured val ues. '
representing these errors 20 can then be stored in nenory neans, and a
control circuit and converter provided for .converting these neasured val ues
stored in the atndrhighes ﬁwguth%nﬁ%%m% geinddng tpads S5 3Vuds can t hen
~be utilized to control the guide surface error by controlling the fluid 25
. pressure supplPBH°Pd“fhe static pressure bearings, i.e. - 26 with the

Ut of SOTTeCt R0 RELSEL R LRLRE el{S 0 44 e iRSRY 10 44
: employs a plurality of static pressure bearings. It is ' '
5 a feature of suéh'ﬁeafings that the pteésure:in the gap
 between a guide surface and guidedlsurtace is held
constanﬁ.'and this ié a baéic reééon for thé.high degree
of preciéion'ébtainable with the described embodiment.
Although ﬁot descriﬁed in the above..meﬁns can be
1G empl§yed ﬁq_reduée quiding eriors with.;espect to
movement along the cross slide.gﬁid; surface 2, i.e.
pitqh and yaw{. These means act to a;téf the.gap between
the Quideléurféce &nd a guided surfaée p:ovided on the
workpiece slide 4, such as té.maintain a desitéd guide
15 éosition; Such means can émploy. for example. laser
| .means to heasu;e the guiding érrors of wqupiece slide 4
ét'a number of diff§:ent pbsi;ions.of_ﬁo:kpiece slidé q,
before the grinding macniné is put.into actﬁéi .
operation. Measured vélues representinq these errors “
20 éan tﬁen be stored in memory means, and a control
circuit.and conferter provided for converting these
measured values.stbred in the memory into hyd:aulic
pressure values. These_values can then be utilized to
control the guidé surface error by controlling the fluid

25 pressure supplied to the static pressure bearings, i.e.



In order to machine a plane surface tb a very high 5 degree of precision, .
It Is necessary that the attitude of that surface be maintained in a highly~.
constant attitude. Wth the present invention the pressure of the fluid
supplied to the static pressure bearings of the rotary table guide portions
seérye to ensure this 10 high degree of attitude accuracy, enabling such

high precision to be attained. As described above, the described enbodi ment
colpri-ses a workpi ece orientation neasurenent function, and a function for
controlling the attitude at which the 15 workpi¢ce is mounted with respect
to a reference direction, together with a systemfor rotating a rotary

table to a high degree of accuracy, in order to set the workpiece in a
predeterm ned position for machining. In addition, the described

enbodi ment conpri se¥ighogheoamounrpefisaerbectian being detnrnined \diyghheof
"the tool nounting heaq i,S supported, by neaps which are seaparate fromthe
means whereby the ®98i tﬁBGnPEn§°HEHHe¥§ fbvds %n%‘f’r&é?:?‘ferﬁppﬂ%q‘t ithe Gross

respect to the vertical dicecti - The descri bed enbodi ment further
conpri ses a.systenP11%§7g¥6§gnéﬁﬁfﬁggi%g,the tool nmounting head aligned in

a.h _ _ _In order to machine a plane:surface to a very high

| | 5 degree of precision..it is nécessary thaﬁ the attitude
of that surface be maintainéd in a highly constant
attitude. With the present invention, the pressure of
the fluid supplied to the static pressure Searings of
the'rotazy table guide portions serve to ensure this

10 high degree of attitude;accuracy..enabling such high
precision to be attainéd, |
| As described above, the described embodiment
comp:ises a wo:kpiece orientation measurement_function.
and a function~for_coﬁtrollinq.thé aﬁtitude at which the

15 workpiece is mountéd with respect to a reference
diréction. together with a system for rotating a rotary
table to a high degree-qf éccuracy..in orde; to set the
workpiece in a prédetermined éosition for machining.

In additioﬂ. the_describéd embodiment comp;isés a

20 loan-éoﬁpengation sYstém. whereby the weight of the tool
mounting head is supﬁorted.by means wnich are seaparate
from the means whereﬁy the tool mounting head is moved

' and fixed in positiqn.with respect to the vertical

direction. - o |

25 The described embodiment further comprises a system



recise fixed relationship with respect to a reference gui de surfadce,

' respective of vertical novenent of the tool nounting head and forces
applied thereto during the 5 nmachi ning operations. This system conprises a
plurality of static pressure guide surfaces and static pressure guiding f
surfaces, between which a flow of static pressure fluid acts to provide :
conpensation against any tilting of the tool nounting head, i.e. to provu{l‘t -
an 10 automatic self-restoring action. As a result of the conbination of
features descri bed above, the described gr| glng machi ne can machi ne a
wor kpi ece to.. a very high degree of precisi to an accuracy of |ess
than one mcron. 15 Al t hough the present |nvent|on has been descri bed
with respect to an enbodi ment which enploys hydraulic pressure in the

Static pressu goleautninsaihy! SnETLBLLYnaRRLLAG hEad ol lindit s PIOVIEL €

pressure in th rngs ernore esen lon is 2u

applicable to phecise 2ixEBECELTART0RSRLS ai@erﬁégf&erwda "Sef &irice Thus.

al t hough the present invention has been descri rei nabove wth

reference to aggrael bugragbdi FE8Epetbive J6BCVePEicdL i Rovemdiet i 0¥ afly eted
in an

tool mounting head and forces applied thereto during the
5 machiningloperations. This_sfstem'comprisés a plurality v
of static pressure guide sﬁrfaces:and.étaiic'p:essure
guiding surfaces, between which a flow;of static
pressure'fluid acts to provide.éompensation against any
t11t1ng of the tool mounting head, i.e. to provide an
10 automatic self restor1ng actlon._
| As a result of the combination of:featﬁtés described
 above. the described grinding maéhine can.macnine a
workpiecé'to“a Véry high degree of ?rebision; e.g. to an

accuracy of less than one micron. .

15 Although the present inﬁgntion has been descﬁibed '
with respect to an'émbodimeﬁt which emﬁloys hydraulic
pressure in the static pressure beaiings. it is equally ®

applicable to the uée of pneumatic pressure in thesé
bearings. Futthetmore. the ptésent invention is
2v  applicable to the use of machining toois other than
grinding tools.- |
Thus, althoujh the present invention has been

described hereinabove with reference to a specifiec

- embodiment, this description is to be interpreted in an



illustrativwe, and not in a linmting sense, since various changes and
nodi fications to the described enbodi nent may be envi saged. which fal
within the scope clainmed for the present invention, as laid out in the
appended 5 cl ai ns. 29 CLAIMS 1. Machine tool apparatus, conprising: a

bad having a pair of opposing guide colums fixedly nounted thereon, with a

pl'urality of guide surfaces including at |east one reference guide surface
5 %peing formed on said guide columms; a tool nounting head having a

t hreaded bore provided therein and a plurality of guided surfaces forned

t hereon, said tool nounting head being position@% bet ween sai d gui de
colums with each of said guided 10 surfaces opposing and cl osely adjacent
to .a correspondi ng one of said guide surfaces: neans for supplying a flow

f . ng one d gul oS M u f
ot hor thansai d at M1AHEEeBREvPeraRArREE ot Lib EEnd Hafth T Y, i Tous
surface opposed th%h%hgliaaagégrhkﬁi‘kiéﬁa@i‘&ﬁ diagflg_ée&é’ééf'&é@%ﬂdﬂ&nt

rotatably rmounted on's engaging wih's

~ may be envisaged. which fall within the scope claimed
SN _ .

for the present invention, as laid out in the appended

5 claims.

®



egﬁhreaded bore in said tool nounting head: a static pressure bearirng

rovided on said elevating 20 feed screw, said static pressure bearing
‘i hcl udi ng upper and | ower static pressure chanbers; an actuating rod
movabl y nounted on said guide colums and coupled to said tool mounting -
head: | oad conpensati on neans for sensing a difference bet ween t hHe ool
.pressures in said upper and | ower static pressure chanbers of said static”
pressure bearing, and responsive to said pressure difference for noving
said actuating rod and thereby noving said tool nounting ly,
in a direction such as to cancel said press#fte difference, whereby the
wei ght of said tool mounting head is effectively suppoq”ﬂﬂuwu”i w
actuating rod; drive neans for rotating said el evating nn/ n”“
selectively raise and | ower said tool mounting head; a t'ool° shaf¥ r%tatably
mounted in said tool nounting head; dri s for rotating said tool
shaft; a machining tool fixedly nDunted on.said tool shaft, 15 and;
wor kpi ece retaining means for holding a workpiece in a fi xed position bel ow

said naCh'n'ngltoohachine tool apparatus, comprising: o

a bed having a pair of opposing guide columns
fixedly mounted thereon, with a plurality of:guide
surfaces including-at 1east one reference guide surface

5 being formed on said guide columns:

a tool mounting head having a threaded bore provided
therein and a plurality of guided'surfaces formed
thereon, said tool mounting head being positioned
between said guide columns with each of said guided

1u  surfaces opposing and closely-adjacent to a
.corresponding one of said guide surfaces;

means for supplying a flow of static pressure fluid
passing between said guide and guided surfaces other
than said at least one reference guide surface and a

15 guided surface opposed thereto; |

a vertically extending elevating feed screw
rotatably mounted on said bed, engaging with said | ¥
threaded bore in said tool mounting head; | -

a static pressute bearing provided on said elevating

20 feed screw, said static pressure bearing including upper
and lower static pressure chambers:'
| an actuating rod movably mounted on said guide
columns and coupled to said tool mounting head:

load compensation means for sensing a difference



2. Apparatus according to claim1. wherein said | oad conpensati on neans
conprise’ 20 pressure sensors coupled to said upper and |lower static
pressure chanbers of said static pressure bearing, for producing electrica
signal s indicative of said pressure difference: servo-anplifier circut
mea responsive to said 31 electrical signals for _
sigpal s; a servo valve controll'ed by said control signals, and; a hydraulic
actuw&t or coupled to said actuating rod 5 and actuated by n | I e
to nove said actuating rod in a direction deteéﬂlned by ﬂﬂl Hﬂﬂ““ﬂﬂll"ﬂ r
signals such as to reduce said pressure difference. 3. Machi Se too? *
appar atus substantially as herei nbefore described with reference to the
acconpanyi ng draw ngs.

between the pressures in said upper and lower static

pressure chambers of said static pressﬁ:e bearing, and
responsive to said pressure difference for moving said

- actuating rod and thereby moving said tool mounting head

o

5 vertically, in a:directidn'such as to cancel said
. pressure difference, whereby the weight of said tool
mounting head is efﬁective;y supported by said actuating
rod; ;
drive means for rotating said elevating feed screw
10 - to selectively raise and iower said tool mounting head:
a tool shaft rotatably mounted in said tool'mouhting
héadi |
drive means fdi rotating said tool shaft;
a machining tool fixedly mounted on said tool shaft,
15 and:;

workpiece retalnlng means for holding a workpiece in

' : ' mui\tnmﬁ
(@/ a fled position below sa1i@-ﬁ-ﬁd~1~n§l tool.

4 r

2.. Apparatus according to claim 1, wherein said load
compensation'means comprise:

U pressure sensors coupled to said upper and lower
static pressure chambers bf said static pressure
bearing, for producing electrical signals indicative ot
said pressure difference;

servo amplifier circut means responsive to said



-

I
LT

31

electrical signals for productng“contzol signals;

‘'a servo valve controlled by said'control signals,

- and; _
_ _ _ : _ _iﬁ
a hydraulic actuator coupled to said actuating rod .
_ 32
and actuated'by'said control valve to move said '
actuatlng rod in a direction determined by said control
signals such as to reduce said pressure difference.
3. Machine tool apparatus substantially as hereinbefore
‘described with reference to the accompanying drawings.
&



