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A machine tool (1, 227) with a spindle (27, 229) which extends
pm?llel to Z-direction, is rotatable about an axis of rotation (29, 231) - '
whlchrunspamneltotheZ-direcﬁon.andisprovidedwiﬂzaho

(33, 235) for a workpiece (35, 237) to be manufactured, The machire - "/

tool (1, 227) has a holder (11) for a tool (13) which is displaceable i
. - - - » . m
::d Xme-dlrech tion perpendicular to the Z-direction. The spindle (27, 220) o
older (11) for the tool (13) are mutually displaceable parallel iy— g —
to the Z-direction a5 a function of the X-position of the tool (13) and ey ) -
n angle of rotation of the spindle (27, 229), so that the workpiece (35, ll -t ™
237) is provided with a surface which i not rotationally symmetrical R- "N
relative to the axi i ing to e i
ve to the axis of rotation (29, 231). According to the invention, -
the spmdlg (27: 22?) and the holder (11) are mutually displaced parallel ' 544
to the Z-direction in-that exclusively the spindle (27, 229) is displaced | SV x
parallel to the Z-direction. The workpiece (35, 237) is thus provided . = "3;'!" " 1114

with a desired basic surface and a desired correction which i
rotationally symmetrical, while a series of workpieces having dii‘!fix:;::t't
basic surfaces and corrections can be manufactured by means of only '

4

a single tool.




~.

25 rotatably supported in a bearing block by nmeans of ball bearfh@s. Thre>

spindle is supported parallel to the Z-direction by means of a further baLI?

bearing of which a stationary part is fastened to the bearing bl ock by
means of .a further elastically defornmable nenbrane. The known machi ne tool
further conprises an el ectromagnetic actuator of which a magnetic circuit
is fastened to the bearing block and of which an electric coil is fastened:
to the’ WO 96/ 03256

PCT/ 1 B95/ 00581 2 stationary part of the further ball bearing. The spindle
is displaceable over a limted distance parallel to the Z-direction by
means of the el ectronmagnetic—actuator—under el astic- deformation of said
menbranes. The tool holder of the known machine tool is fastened to a
carriage which is rotatabl e about a Y-axis whi'ch extends at right angles to
the X-direction and Z- 5 dlrectlon ‘The known nmachi ne tool and the nethod
whi ch can be carrled out with the known machine tool are used for the
application of 'a so-called astigmatic surface on a lens such as, for
exanpl e, a contact |lens or speetaele-glass _Such an astignmatic surface has
a spherical basic surface wth an-astigmatic correction which is not
rotationally symetrical 10  relative to an optical axis of the lens. For
this purpose, the tool is rotated about the Y-axis by neans of the
carriage, so that the tool is displaced along the lens in accordance with a
circular arc of a defined radius and the lens is provided with the

spheri.cal basic surface, while—at—the—Same—trre=the spindle is di spl aced ."

parallel to the Z-direction by the actuator. as a function of the angle of
rotation of the spindle, so that the spherlcal basic surface is 15 -

si mul t aneously provided wth the astlgnatlc correctlon The spherical basic
surface thus has a o :

FOR THE PURPOSES OF INFORMATION ONLY
. CodesusedtoxdenufySuwspmytoﬂchrontthpagesofpunpbleupublishmgmtemanonal

- applications under the PCT. _
AT Austria . GB  United Kingdom' MR  Mauritania
AU Ausiralia GE  Georgia MW Malawi
BB Barbados . GN  Guinea NE  Niger

. BB Belgum GR  Greece NL Netherlands
BF Burkina Faso HU - Hungary .- NO - Norway
BG Bulgaria IE Irelmd NZ'  New Zealand
B Benin - I . aly . PL Poland
BR Brazil JP ' Japan ~PT . Porugal
BY Belarus KE  Keoya " RO Rommia
CA Canada KG Kyrgystan RU Russian Federation
CF Central African Republic KP Democratic People’s Republic SD Sudan
CG Comgo : ' of Korea SE Sweden
CH  Switzetland KR  Republic of Korea st Slovenia
ca Clee d'Tvoire KZ  Kazakhstan sK Slovakia

° CM  Cameroon L1 Liechtenstein SN Senegal

CN China LK  SriLamka ™ Chad
cs Czechosiovakia w Luxembourg TG - Togo
cz Czech Republic LV Latvia ] Tajikistan
DE Germany - MC  Monsco ™ Trinidad and Tobago
DK  Denmark MD  Republic of Moldova UA  Uknine
ES Spain MG  Madagascar us United States of America
b4 Finland ML Ml vz Uzbekistan
FR France MN Mongolia . WN Viet Nam
GA Gabon '

9700495-6

)



fadi us whi ch corresponds to the radius of the circular arc. The limted

di st ance OV&’E)%& the spindle.is displaceable parallel tomg Eect i on
he ac 8

by means' of uator under elastic deformation of said i's
sufficient, because the displacenents of "the spindle parallel to the

Z- di r ect iNgfehindb I S . i e asfi tic correction,
are 20 (I:\grrpar at{}l\r}fgﬁﬁwiﬁrr%{lﬁ{ﬂg%ﬁ%{ﬁ@k&gwé‘%ﬁ?@y gfmwﬁ@%ﬁgi
par-al | el atworkpiece;-amdrcentrolofor swdhi £ maeliire wot.essary for appl yi ng the spheri cal
basi c surface and are achieved by rotation of the tool about the Y-axis. It
is a di sadvant age of the known nmachine tool and the known nethod that the
tool is displaceable exclusively along a circular arc with a previously
defined radius, so 25 that exclusively workpieces can be nanufactured by

t he known nmachi ne tool and method which have a spherical basic surface of a
previously defined radius. If a series of lenses is to be manufactured by

t he known nachi ne tool or known nethod, the basic surfaces of which have
nutual |y different raTheémentoariae toa machinetool aith aispindle hidhhedr@gses,

t he tool t. be readj usted for h | ens . or the carriage nust be provided
Wi te h gol B%Iégelﬁﬁ%b%'%“ﬁéfﬁqs"cfdﬁs? @HEE‘?@E" Wﬁ’&ét‘%ﬁ@&a‘ﬁ? fﬂatb‘;eftgéh%msm@?e‘éhgﬁ"nc\él from
t he Y- axigindlé Deing Gtoiatadle abicut b axi® of RAEEMP Whichiis Hner&daé;% g&e}ﬂgﬂ.tmzl}ﬁrem&l or

known et hod .to provide a workpiece with a roun i ch nerges
f 1 uen®| yand,being pravided with-a gplden forvaowrrkpiese, whilera displacemeéntcof the tooh holder

e e 151 TROHDABIY ke B0 G A o B 0 e
1t is fudiréctionpare the spindleadnidytool ippdderidie enutiaily displacesbi® gatafiel to the Z-direction
PC/ 1 B95/ 00581 3 the kno chi,ne ol or_ known nethod to provide a -
wor kpi ec® tion BFF'P éPéEPF??Fﬁ%"Iwa e spindle so as to provide the workpiece with a -
surface which is not rotationally symmetrical relative to an axis of the workpiece which
10 coincides with the axis of rotation.

.The invention also relates to a method whereby 'é workpiece is provided
with a.-'sul_'face which is not rotationally symmetrical relative to an axis of the workpiece, the
workpiece being mounted on a spindle which extends parallel to a Z-direction, and the
spindle being rotated about an axis of rotation directed parallel to the Z-direction and

15 coinciding with the axis of the workpiece, whereupon a tool is displaced relative to the
workpiece in a direction which has at least a component which is parallel to an X-direction
directed perpendicularly to the Z-direction. and the spindle and the tool are mutually
displaced parallel to the Z-direction as a function of an angle of rotation of the spindle.

' The invention also relates io a control suitable for use in a machine tool

20 according to the invention.

Amacliinetbolaﬁdamethodofthekindmentidnedintheoﬁening
paragraphs' are known from EP-A-0 370 788. The spindle of the known machine tool is
fastened in a bush by means _of two elastically deformable membranes, the bush being |

25 _ rotatably supported in a bearing block by means of ball bearings. The spindle is supported

' parallel to the Z-direction by means of a further ball bearing of which a stationary part is
fastened to the bearing block by means of a further elastically deformable membrane. The
known machine tool further comprises an electromagnetic actuator of which a magnetic
circuit is fastened to the bearing block and of which an electric coil is fastened to the



basic surface, so that the known machi ne tool or known nethod does not _
allow for, for exanple, the manufacture of a dynam c groove bear] nsg wth,a
pattern of Wg96@325€ which is present on pl ane basic sur f aBETABISPPSSY o oy «
object of the invention to provide a maChine tool and a nethod of the kind

mentioned jn the openi aragraphs wi.th whi ch & he disadvant S tioned
above arSRUQDHYRAE mﬁ&@%‘gﬂa‘s"aﬁﬁ&%ﬁf‘“é&%%‘? thsthaicga oA @%{%8‘1 distance
manuf actyiffieyey ﬂﬁiﬁ-@ﬁ'&d@ntﬂg SledrsOT R elbatfdmaghetid At@RorINIEE SlagticOdeférfation
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t ool hol nut ual Ty “di sp e para -direction 1 n that
excl usi \difeygtidthe spindle is displaceable parallel to the Z-direction. The

met hod according to the  inventigon is for, this r D! haracteri zed.in 15
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Z- i1 ClihORndvin dhin€ A6l 48 uRl Yol e dpplicition of & sdicalitgeigmatic sbifsde droa t he
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Il el .the X-di i i i - ' i
Gt or r riebetishl Pyt Slefape s eie (ORGaloR vARctf ok Ritafibhalt) ByRebilal =0 | ©
p?f aitz-elrglaﬁvé-]t}ﬁ?xﬁopﬁdapsﬁi:s Oﬂtlfélled hsﬁ@’oumhisnpmt'pmé,clhef.mﬁlis lfomntt I ah_ll_mt tfe 'fh_a;isangl e
rotati on o e spli.n e a e X;pasitiqQn,o ol .
oL st s b Rl b b b Bl b o
manuf aﬂ&gﬁ@ arttof £aefHedFadin®URd tHe 1bAS ProVlISRItR At Sphéridal BESS slirdace,

mut ual |y ering radiuses adapted to the relevant users of the |lenses in
t hat t hevhilepasghe same. tifnethe:spipdie ds displacedparallsl toothe Zrdisection byphe acruaiaeas as a
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possi$| iditaieaRsy plovided witts therstigmatic correbior. Fhersphéricd!l basicvsurfiice ehus has a

radius which corfesponds to the radius of the circular arc. The limited distance over which
the spindle is displaceable parallel to the Z-direction by means of the actuator under elastic
deformation of said membranes is sufficient, because the displacements of the spindle parallel
to the Z-direction, which are nécessary_ for applying the astigmatic correction, are

20 comparatively small in relation to the displacements of the tool parallel to the Z-dire;tion,
which are necessary for applying the spherical basic surface and are achieved by rotation of
the tool about the Y-axis. ' . .

It is a disadvantage of the known machine tool and the known method that

the tool is -displaceable exclusively alon_g a circular arc with a previously defined radius, so

25 that exclusively workpieces can be manufactured by'the known machine tool and method -
which have a'spherical basic surface of a previously defined radius. If a series of lenses is to
be mamufactured by the known machine tool or known method, the basic surféces of which
have mutually different radiuses adapted to the relevant users of the lenses, the tool must be
readjusted for each lens or the carriage must be provided with a large number of tools each

30 fastened at a different distance from the Y-axis. In addition, it is not possible with the known
machine tool or known method to provide a workpiece with a _rounded edge which merges
fiuently into a rear side of the workpiece from the surface of the workpiece to be
‘manufactured. The application of such a rounded edge.in a contact lens considerably - .
improves the wearing comfort of the contact lens. It is furthermore practically impossible in




Sortion of a rear side of the workpiece, so that, foor exanple, contact
L enses can pded wi th rounded edges. In addition, the ' ool or
et hod al so%gﬁ{)ws for the manufacture og workpi eces havi ngrg?@ygﬁgssgr
aspherically curved basic surface such as, for exanple, a 30 dynamc
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mat hemati cal rel ati on. Since the Z-position of the tool relatlvetothe

wor kpi ece is dependenty i@&ﬁldbydcvsme%védﬁsn%gw&éﬁﬂmaimé %l%ﬂlﬂ

cal cul ated Z-position need not be corrected as a function of p05| t I on
of the t 8 king mentionadciashe ppening paragmplshwitk which thdidisativantages mefifonedabave

788. Cal d it f h al cul ation of
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of a macHiffererit dasic sarfaves ibygnéans of ehe muchike @0l bﬁnﬁhﬁ&;’iﬁﬁ@mﬂﬂﬂlbbﬁof hat the
e is hol | o haft whi ch i s supported perpendi cul arly to the

-;pldlmrj]@ctf‘@ﬁ POSSBY ‘&FS pf the nasbine; tagl angithe methad; ig imrzeasedig i s bounded by a
circular-cylindrical %&@rﬁ b'thé’fnv&ﬁlgod" ﬁﬂ@{&of 'sqgkﬁgfbﬁ‘#’&e use of

the holl ow shaft, the spi n has a conparati vely so that a
conpar at théagtemﬂeg rinfthas doespindie and shectonbbolderi are In;utqpilyadlslﬂaqeabde parfallehio the

spi ndl e ¢i dlre |on eved.. Such a -
conpar at I%Vﬁﬂcﬁéfi}g@%g I:Pcifs‘i\'e:lfh*g md?e[ ﬁé ?Wéﬂ qﬁ*’e? Cligf-e i s
constructionally posstrhé tnethod according to the invention is for this purpose characterized in
15 that the spindle and the tool are mutually displaced parallel to the Z-direction in that
exclusively the spindle is displaced parallel to the Z-direction.

. Since it is exclusively the spindle which is dlsplaced parallel to the Z-
dlrectxon, while the tool is displaced exclusively parallel to the X—dlrectlon, the surface to be
applied on the workpiece is determined exclusively by the displacements carried out by the

20 spindle parallel to the Z-direction during an operation as a function of the angle of rotation of
the spindle and the X-position of the tool. Thus it is possible by means of the machine tool
- or by the method, for example, to manufacﬁlre a'series.of astigmatic lenses whose basic
surfaces have mutually differing radiuses adapted to the relevant users of the lenses in that
: the Z-position of the spindle is controlled in a suitable manner as a function of the X-poéition
25 of the tool and the angie of rotation of the spindle. For example, when a bol having a bent
rod is used, it is also possible by means of the machine tool or by the method to machine a
portion of a rear side of the woﬁm_iecé, so that, for example, contact len_ses can be provided
with rounded edges__. In addition, the machine tool or method éiso allows for the manufacture
of workpieces _having a plané_ or aspherically curved basic surface such as, for example, a
30 dynamic groove béaring with a pattern of grooves present on a plane basic surface, which
pattern is not rotaﬁonally symmetrical relative to an axis of rotation of the groové bearihg
A further advantage of the machine tool and the method according to the
invention is that the Z-position of the spindle is controllable as a function of the X-position
of the tool and the angle of rotation of the spindle in accordance with a comparatively simple



owing to the use of the radial fluid bearing. As a result of its
conparatively small. mass, the spindle has a great nechani cal bandwi dth as
regards diwpbaessents parallel to the Zz- 15 direction, scPGHEPSHHR '
di spl acements of the spindle parallel to#the Z-direction are particularly
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15 direction, so that the dispiacements of the spindle parallei to the Z-direction are particularly

accurate. |
_ A further embodiment of a machine tool according to the invention is
characterized in that the spindle is supported parallel to the Z-direction by means of an axial
fluid bearing with two cooperating bearing surfaces which extend perpendicularly to the z-
20 direction, a first of the two bearing surfaces being coupled to the spindle and a second of the
two bearing surfaces being coupied to an actuator by means of which the spindle is
displaceable parallel to the Z-direction. The use of the axial fluid bearing couples the spindle
to the actuator in a constructionally simple manner, while a linear drive unit which is known
| andusualpersémaybeusedasmeacmator. -
25 A yet further embodiment of a machine tool according to the invention is -
charactefized in that the spindle is supported and displaceable parallel to the Z-direction by
" means of only one ele(:tromagnetié actuator, which actuator is provided with a permanent
magnet fastened to the spindle an_d with an electric coil fastened to a frame bf the machine
tool. The electromagnetic actuator thus has a dual function, so that the machine tool is of a
30 particularly simple construction. When the electromagnetic actuator is controlled in a suitable
manner, a particularly small rotation error and a particularly high axial stiffness of the
spindle are provided by the ele'étromagx:etic actuator. Owing to these favourable properties,
the Workpiece can be provided by means of the machine tool with a surface of optical quality
which requires no aftertreatment. When the machine tool is used, for example, for the'
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A special embodiment of a method according to the invention is '
characterized in that a desired Z-posmon of the spmdle is calculated through addition of a Z-
position calculated in accordance with a mathem_a_ucal algorithm as a function of an X-
20 position of the tool, whereby the wbrkpiece is provided with a desired basic surface which is
rotationally symmetrical relative to the axis of the workpiece, and a correction bf the Z-
position which is laid down in table form as a function of the X-position of the to_bl and the
angle of rotation of the spindle, whereby the basic surface is provided with a desired
correction which is not rotationally symmetrical relative to the axis of the workpiece. -
25 The control unit of saxd control controls the X-position of the tool and the
Z-posmon of the spmdle necessary for providing the desired basic surface, and carnes out a
new calculation of said X-position and Z-posmon once or a hmlted number of times per
revolution. The correction of the Z-position necessary for applymg the desxred non- _
rotationally-symmetrical correction of the basic surface is to be carried out a great number of
30 times, for example, a hundred times per spiﬁdle r_evolhtion. Since the correction of the Z-
. position of the spindle is stored in the processor of the said control in table form as a |
~ function of the X-position of the tool and the angle of rotation of the spmdle a fast
- determination of the Z-position correction is possible, so that also at a comparatxvely high
.spmdle speed the correcqan can be carried out a sufficient number of times per spindle
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the workpiece. Since the é_ng'lé' of rotation of the spindle as a funiction of which the processor

15 determines the correction of 'th_e Z-po#iiion of the spindlé is the sum of the measured angle of
rotation of the spindle and said rotation angle correction, said difference is compensated by
the rotation angle correction, so that said undesirable distortion of the correction of the

spindle Z-position relative to the reference axis is avoided. _
‘It is noted that EP-A-0 602 724 discloses a machine tool provided with a
20 spindle extending 'par.'allel to a Z-direction 'w'ith a workpiece holder and a tool holder which is
displaceable parallel to an X-direction perpendicular to the Z-direction, while the spindle and
the tool holder are mutually displaceable parallel to the Z-direction in that exclusively the
spindle is displaceable parallel to the Z-direction. The spindle of the machine tool known
from EP-A-0 602 724, however, is not displaceable relative to the tool as a function of the
25 anglé of rotation of the spindle, so that the known machine tool is not used for providing a |
workpiece with a surface which is not rotationally symmetrical relative to an axis of the
workpiece which coiﬁcides"v'vith the axis of rotation.

The invention will be explained in more detail below with reference to the
30 drawing, in which o | N - -
| Fig. 1 is a plan view of a first embodiment of a machine tool according to
the invention for carrying out a method _accdrdiné to the invention,
' " Fig. 2 in cross-section shows a spindle, an axial fluid bearing, a coupling
member, and a rotation angle sensor of the machine tool of Fig. 1,
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1, 15 and the rotation angle sensor of Fig. 6, and

- Fig. 8 dlagrammancally shows a control for the machme tool of Flg 5

The first embodiment of a machine tool 1 according to the invention
shown in Figs. 1 to 3 is provided with a frame 3 which can be placed on a Support surface.
20 A guide block 5 with a straight guide 7 extending parallel to an X-direction is present on the
frame 3. The machine tool 1 comprises a carriage 9 which is displaceably guided along the
guide 7 by means of a static fluid bearing which is not visible in Fig. 1. A holder 11 for a
tool such as, for example, a cutting tool 13, is present on the carriage 9. The carriage 9 is
displaceable along the guide 7 by means of a drive unit 15, so that the holder 11 with the
25 ‘cutting tool 13 is displaceablé parallel to the X-direction. The drive unit 15 comprises a drive
rod 17 which extends parallel to the X-direction, is coupled to the carriage 9, and is guided
in a housing 19 fastened to the frame 3 by means of a number of guide wheels 21 which are
indicated diagrammatically only in Fig. 1. A friction wheel 23 which has its rotation
 bearings in the housing 19 and can be driven by an electric motor 25 fastened to the housmg
30 19, bears with prestress on the drive rod 17, so that the carriage 9 is dxsplaceable by means
of the motor 25 pa;allel to the X-direction via the drive rod 17 and the friction wheel 23.
| As Fig. 1 further shows, the machine tool 1 comprises a spindle 27 which
extends parallel to a Z-direction directed perpendicularly to. the X-direction and which is
rotatable about an axis of rotation 29 directed parallel to the Z-direction. The spindle 27 is
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- statje Ui d ReahiNuitbesing 51 Bothprides aefitrilbetifig plate 59 bichels fasientdito an
end 61 of the hollow shaft 37 and is provided with a central opening 63. The bearing plate .
57 is provided with a bearing surface 65, 67 at either side, these surfaces extending
’ perpendicularly to the axis of rotation 29. The axial fluid bearing 51 further comprises a first )
aerostatically supported foot 69 which is arranged in the hollow shaft 37 and is provided with |
15 a bearing surface 71 extending perperidicularly to the axis of rotation 29 for cooperation with
the bearing surface 65 of the bearing plate 57, and a second aerostatically supported foot 73
which is provided with a béaring surface 75 which extends perpendicularly to the axis of
rotation 29 for cooperation with the bearing surface 67 of the bearing plate 57. Between the
bearing surfaces 65 and 71 there is a bearing gap 77, while a bearing gap 79 is present
20 between the bearing surfaces 67 and 75. The bearing gaps 77 and 79 are each connected
| through a feed channel 81, 83 to a pressure source (not shown) for a fluid, such as e.g. air,
the feed channel 81 for the bearing gap 77 extending through the central opening 63 of the
bearing plate 57. The first aerostatically supported foot 69 is coupled to the second
aerostatically supported foot 73 by means of a flexible tension rod 85 which also extends
25 - through the central opening 63 of the bearing plate 57 and through an opening 87 in the first
| aerostatically supported foot 69 and an opening 89 in the second aeroStatically supported foot
73. The spindle 27 is supported and pretensioned parallel to the Z-direction by means of the
axial fluid bearing S1. - |
The coupling' member 53 shown in Fig. 2 and mentioned above is of a
30 kind known from EP-A-0 602 724 and is provided with a first fastening part 91, which is
fastened to the second aerostatically supported foot 73, and a second fastening part 93, which
is fastened to a drive rod 95 of the drive unit 55. The fastening parts 91 and 93 are
interconnected by an elastically deformable bridge 97 which is rigid in a direction parallel to
the Z-direction and is provided with a number of incision-defined hinges 99. The incision-
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to a dri ! Yhe e un| tg55 e 4ce 65 of the bearing plate 57, so that also inaccuracies in the
15 perpendicularity of the cooperating bearing surfaces 65 and 71 relative to the axis of rotation

29 have no influence on the Z-position of the spindle 27 during rotation of the spindle 27
about the axis of rotation 29. _ |
* The drive rod 95 of the drive unit 55 shown in Fig. 2 and mentioned
above extends parallel to the Z-direction and is guided along a number of guide wheels 107
20 which are shown diagrammatically only in Fig. 1 and which have their rotation bearings in a
housing 109 fastened to the frame 3. The drive unit 55 further comprises a friction wheel
111 which also has its rotation bearings in the housing 109 and can be driven by an electric
motor 113 fastened to the housing 109. The friction wheel 111 bears with prestress on the
drive rod 95, so that the spindle 27 is displaceable parallel to the Z-direction via the drive
25 rod 95, the coupling member 53, and the axial fluid bearing 51. As Fig. 1 further shows, the
spindle 27is rotatable about the axis of rotation 29 by means of a further electric motor 115,
which is also fastened to the frame 3 and is coupled to the hollow shaft 37 via a pulley 117,
a rope 119, and a pulley 121 integrated with the bearing plate 57 of the holiow shaft 37. The
rope 119 has sufficient elasticity for being capable of following a displacement of the hollow
30 shaft 37 and the pulley 121 parallel to the Z-direction.
. 'The control 123 of the machine tool 1 as shown in Fig. 3 shows a
numerical control unit 125 which is usual and known per se, with a first electrical input 127
for ‘receiving a first electrical input signal uy, which corresponds to a measured X-position of
the cutting tool 13, and a second elecﬁjical input 129 for receiving a second electrical input
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'nad rﬁ?tfcttllog r<]>f %%r &'!s&reeé )E-Sosition of the cutting tool 13. Since the desired Z-position of the
'workplece 35 is calculated exclusively as a function of the desired X-position of the cutting
tool 13, the workpiece 35 as a result of the displacements of the cutting tool 13 and of the

20 workpiece 35 in accordance with the desired X-position and the desired Z,-position,
respectively, is provided with a basic surface which is rotationally symmetrical relative to an
axis 149 of the workplece 35 coinciding with the axis of rotation 29 and shown in Figs. 4a,

4b and 4d.

_ As Fig. 3 further shows, the control unit 125 comprises a first comparator

25 151 which compares the signal u of the desired X-position of the cutting tool 13 with the
input signal uyy of the measured X-position of the cuttmg tool 13. The first comparator 151

‘supplies an output signal ucy = Uy - Uxx, Which is multiplied by a factor Ky by a first
multiplier 153. The control unit 125 comprises a first electrical output 155 for supplying a .
first electrical output signal ugy = Kx™ucx = Ky*(uy - Uxx). As Fig. 3 shows, the output’

30 signal ugy is offered tq a first electrical amplifier 157 which supplies the electric motor 25 of
the drive umt 15. The amplifier 157, the motor 25, the drive unit 15, and the first position
sensor 131 together have a transmission factor Hy, so that the first input signal uyy =
Hy*uge = Hy*Ky*(tly - Uxy), and Uxy = ux*Hy*Ky/(1 + Hy*Ky). It is achieved through a
suitable adjustment and choice of the factors Hy and Ky that Hy*Ky > > 1, so that uyy, i.e.
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gui de Wheglohd bftrrical input signal u,,, which corresponds to a measured angle of rotation ¢ of the
15 spindle 27 about the axis of rotation 29. The second input signal u,, is supplied by an optical
| rotation angle sensor 171 which is diagrammatically depicted in Fig. 2. The rotation angle
 sensor 171 comprises an annular collar 173 which extends concentrically around the axis of
rotation 29 and which is integrated with the bearing plate 57. In the collar 173 there is a
raster of slots 175 which are provided at mutually equal distances in the collar 173, while a
20 single reference slot 177 is provided next to the slots 175, defining a zero value of the angle
of rotation ¢. The rotation angle sensor 171 further comprises a furcate holder 179 fastened
' to the second fastening part 93 of the coupling member 53. Two optical sources 181, 183
and two optical detectors 185, 187 are mounted in the furcate holder 179. The source 183
- - and the detector 187 are positioned next to the raster of slots 175 and detect the passage of
25 the reference slot 177 durmg rotation of the spindle 27, ¢ being zero then. The source 181
and the detector 185 are positioned on either side. of the raster of slots 175 and detect the ,
passage of the slots 175 during the rotation of the spindle 27, the measured angle of rotation
¢ increasing by a value ¢ = 2x/N (N being the number of slots 175) each time upon the
passage of a slot 175. Sihce the sources 181, 183 and the detectors 185, 187 are mounted on
30 the holder 179, and the holder 179 is displaced parallel to the Z-direction simultaneously
with the spindle 27, it is achieved that the position of the sources 181, 183 and the detectors
185, 187 relative to the collar 173 does not change as seen in the Z-direction, so that the
rotation angle sensor 171 can function during the full stroke of the spindle 27.
| . The processor -165.. has an electrical output 189 for supplying an electrical
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= H*(ugz + ) 298 Ko 2SS A, and upy = up*H 4K/ (L + H K +

- u,*Hz/(1 + Hz*Kp). Through programming of the processor 165 such that v, = Kz*uz,

where Uy = 5Z*uz/Zo (Z, and 8Z are the Z-positions of the basic surface and the correction
of the basic surface, respectively), it is achieved that uz = (uz + u)*Hz*K/(1 +
H,*K,). It is achieved by a suitable adjustmént and choice of the factors H; and K that
Hz*Kz > > 1, so that Uy, i.e. to the measured Z-position of the workpiece 35, is
substantially equal to uz, + g, i. e. the sum of the desired Z,-position of the workpiece 35
and the desired correction 8Z of thé Z-position of the workpiece 35, and the mtatiohally
symmetrical basic surface and the non-rotationally-symmetrical correction are provided on

‘the workpiece 35 in an accurate manner. S

It is noted that owing to the inertia of the processor 165, the adder circuit
191, the amplifier 193, the drive unit 55, and the rotation angle sensor 171, there will be a
difference: between the measured angle of rotation u,, of the spindle 27, as a function of
which the processor 165 determines the desired correction 6Z of the Z-position of the spindle
27, and the angle of rotation ¢ of the spindle 27 at which the desired correction 6Z of the Z-
position of the spindle 27 is actually realis_ed by the drive unit 55. Said difference increases
with an increase in the speed of the spindle 27 and causes an undesirable distortion of the
correction 6Z about the axis 149 of the workpiece 35 relative to the reference slot 177 of the
rotation angle sensor 171. To prevent said undesirable distortion, a corrector 195 is

~ connected between the rotation angle sensor 171 and the secohd electrical input 169 of the

processor 165. The corrector 195 comprises a first electrical input 197 for receiving the
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t he carriage 9. The second input signal u[err] is supplied by a second
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- whi ch suphe Kepositiva off the tiittifig 160133 ahd thé angle of rotation ¢ of the spindle 27. Since the
cutting tool 13 is displaceable exclusively parallel to the X-direction, the workpiece 35 and
the cutting tool 13 are mutually displaced parallel to the Z-direction in that exclusively the
20 spindle 27 is displaced parallel to the Z-direction. Since the non-rotationally-symmetrical
correction is provided as a function of the angle of rotation ¢ of the spindle 27, the
displacements of the spindle 27 parallel to the Z-direction have a frequency which is at least
equal to the frequency of the rotational movement of the spindle 27. The spindle 27 has a
. comparatively small mass because it is provided with a hollow shaft 37, so that a
25 compkratively high frequency in combination with a comparatively great stroke of the
displacements of the spindle 27 parallel to the Z-direction are achieved. Since there is no
mechanical contact between the spindle 27 and the bearing block 47 of the radial fluid
- bearing 39, such a great stroke of the spindle 27 is not hampered constructionally by the
. radial fluid bearing 39. In addition, the control 123 of the Z-position of the spindle 27 has a
30 great mechanical band_width owing to the comparatively small mass of the spindle 27, so that
the displacements of the spindle 27 parallei to the Z-direction are particularly accurate. The
control unit 125 generates the X-position of the cutting tool 13 and the Z,-position of the
-workpiece 35 which are necessary for providing the desired basic surface. The calculation of
said X-position and Z,-position is carried out only once or a comparatively small number of




the drive unit 15. The anplifier 157, the notor 25, the drive unit 15, and

the first posi.tion sensor 131 together have a transm ssion .
so that thwa96/03286i nput signal u[err] = Herr]*u[err]= Paﬁﬁﬁyooﬂlerr] 3

Horr) o] (ulerr] - aterrl), and u#l = ulerrlorerr] Genrli(l 2
). i eve [ ' '

e b M evaotonso oyl e il 1 SR 125 1 b
& | B9 #pﬁ%géuﬁ%%?%ordance with aJ: accurate m_athematical algorithm. The correction of the Z-

PCT/ _ e neasure X-position of the cutting tool 13, is.
subst antpogition of qheaivotkpieck S5riecessary. for Applyiog itha-desited sen-rotationsliysymmetrical g

't ool 13., and . an accurate contr.ol t, - L1 : '
“is obt almFt‘%°¢F§%a§wf fe rh°§‘ﬁgé53 lpﬁﬁeé %gﬁ%&r Bﬁuﬁﬂg‘?ﬁ@é‘%fﬁﬁﬁéﬁe@% +
; F g?p g,gstiﬁﬁgg%e g»%ﬂ{l%tﬁ%ﬁr/{ie _@binatagngars_afcﬁ ttlmﬁcamgawn speedt of thefcontrel wit13%d
- , | ece. t N Si

gﬁas u [ ed_: Lmitedi ﬂlecﬂ#k?@ialipﬁ%fqg'dh%B?%’E@X\{waui'ﬁgml@ggﬁtﬁhgﬁgé’? g%'ﬁo{ k%ggrs'fﬁga ies

out . pu rel m<uU ; : [ liforiTof the bd i
Lorr] " igpe By BE pof bl 125; 5k o cofeBltn of e 2ot e omee oY 33 acond
el ect ri cqdred it et pro€sdrot65sinytably ifomn as 8 dunstion of dher Xinosition of the c'ﬁﬁi%%?PF

0 oo 13 Yl 10 s S 254 kgl o orron of b2 1.0
]?Pgsltf@g‘l’%)cs?fr?alhco;ff{he Wiokkbicee! 35 15 tposkilsie by means iof fiet pro€e8sdrol65; sx dhiavsaig sai d
r I nput” signal uferr], which correspopds to the, X-position
o e arctos il te ol bR e T 0
spoond el SOUTTCal | ki Myl SEAPA YRS O uBlptt s darkuced | 00l
Sl o 48 okt syt ot s e e el b |
depi ct eceqnackieps 283 manutachired. tgﬁg%q%s eORY tranSgartfl . GRyden-fliAedvid HRAicaR! | Y
15 synthetic resin. The contact lens 203 comprises a spherical, concave contact surface 205 by
~means of which the contact lens 203 can be placed on an eye, and an outer surface 207
proVided with an astigmatic surface 209 and a spherical, convex positioning surface 211
which surrounds the astigmatic ‘surface 209. The astigmatic surface 209 forms the effective
optical part of the contact lens 203, which is present in front of the eye pupil during use,
20 while the positioning surface 211 is partly covered by the eyelids during use. In the
manufacture of the contact lens 203, a circular-cylindrical initial product is fastened to the
hoider 33 of the spindle 27, and the initial product is first providéd with the hollow contact
surface 205 by means of the cutting tool 13. Then the contact lens 203 is provided witha
rounded edge 213 and with a small portion of the positioning surface 211, the rounded edge
25 213 merging ﬂﬁéntly from the contact surface 205 into the positioning surface 211. Such a
rounded edge 213 leads to a considerable improvement in the wearing comfort of the contact
lens 203. As Fig. 4c shows, a further cutting tool 215, placed at an acute angle relative to
the Z-direction, is used for the application of the rounded edge 213. Since the spindle 27 is
displaceable parallel to the Z-direction over a comparatively great distance, the further
30 cutting tool 215 can partly reach the positioning surface 211, so that the rounded edge 213
and a sfnall portion of the positioning surface 211 can be provided by means of the further
cutting tool 215. After the contact surface 205, said portion of the positioning surface 211,
and the rounded edge 213 have been provided, the contact lens 203 is glued with its contact
“surface 205 to a spherical carrier 217 of the holder 33 visible in Fig. 2, after which the




sensor 171 conprises an annul ar collar 173 which extends concentrically

around the g, 6"%"% rotation 29 and which is integrated Wthms\%@srsi ng
: I C

plate 57. Inthe collar 173 there is a raster of slots 175 are
provi ded at nmutual ly equal distances in e collar 173, while a 20 single

ref erenc : .- | ue
of the aﬁasﬁ?%ﬂﬁt#sﬁ%{ab? Fg% d ﬂﬁ]%ﬂl‘%ﬁ%ngﬁ %c{rgx Sﬁh% %lzgle %?ﬂ’f urt SQdé/cfj‘
conpri sesbyethé cuttiag eodid3dAs Fig® %mﬂeﬁbesﬂoWo thdpnsnmmg?)dsuﬂ‘:ed 2hi u:g:h;mrdl_ Iy 93 of
the co 53., ., Two optical sou and t ti
ot cor o SoORBESEE Sneidit HAAS sRacec i 3 RS Rp ooy M asGpgariciuils 0P8, 155
and the ¢einpgisedra dphéricdlabio Suifhcd With a&xam tahe al dbreBliorP$Z WiidhSisIn6p and
det ect the assage of 25 the reference sl of\ 177 duri n%ﬂrot ation of the

t

spi ndl% ?lallw]squﬁ@caié?lemt%@ﬁhem 148 of the aomtach jens 203. The men-or 185 are
posi t i 0”‘?&aﬁ y HRimetich? cOrediidf A735F Bk cBhuad '19£§%q57§a5§%trﬂsaﬁﬁh  pifiyRass age

of the slots ngtherotatlono € nea angl e -
of rotat ponec{tmns ]BZpdgcwhmlangpte,sem oncd centfeting 1219: a&ﬂawo]dlﬁim&mhmgmvet he

f | th lqt 1 Si th
Cour ces garections SZule, SHich dre dResERCon 8 6enckiips 39F T, hrinelions 0 desrpass o o
179, and cir&ﬁnfé?éﬂé@‘ fof HOastigndti® Béﬂéé@@wq{tﬁﬁﬂlye bioh® alra@ud 164 dr&S theWUntre of the

simul taneously with the spindle 27, I S aC|evedathat t e position of the
sour ckk  2gigmatigsurfaes 208 m&emosreszw 62 857zere| Betveen the manimuoi p@smv;?a;xddoes

not changg t ct| gle sens
10 con" Pledite S8hGrdbs won, Sl RS, W LorkibROlz b Alheth pPlaROk cRERRE!
165 has #mamosdance edth aosihe shapéBSméeatt is exahisively ﬂigrkgﬁidﬂieﬁﬂ withl the coﬂﬂéltggﬂs03256
PCT/ 1 B95/,Q05 12 u ener at e rocessor as -a
functi onzgg“ﬁ\'@ ﬁpﬁfcgqﬁ ﬂ@ﬁ [‘Eé %r]"i éﬁ‘?gmb[ the bpsic W‘Sﬁ? the positieRingu[ err |
cor r espoggiface 213 #A'the sszig&miefsuffs& Zo9PRSWéll qu{afnoht}smﬁeﬁm' Ghfinetrical
15 correction 6Z of the-a'stigmatic surface 209 can be provided by the cutting tool 13 in a Singl'e
operation in that the Z-position of the spindle 27 is controlied by the control 123 in a suitable

manner. In addition, the cutting tool 13 is capable of manufacturing a series of astigmatic

contact lenses whose basic surfaces of the positioning surface and astigmatic surface have

‘mutually differing radiuses adapted to relevant users of the contact lenses, and whose non-
20 rotationally-symmetrical corrections of the astigmatic surfaces are mutually different.

Fig. 4d shows a second example of a workpiece 35 manufactured with a
machine tool 1 by the method according to the invention. The workpiecé 35 is a bearing
surface 223 of a dynamic fluid bearing which is usual and known per se and which is
provided with a pattem of grooves 225. The bearing surface 223 has a plane basic surface

25 226, while the grooves 225 constitute the correction 6Z of the basic surface 226 provided by
the machine tool 1 as a function of the X-position of the cutting tool 13, i.e. the radius r |
shown in Fig. 4d, and as a function of the angle of rotation ¢ of the spindle 27. It is noted
that the frequency of the Z-displacements of the spindle 27 necessary for the manufacture of
the bearing surface 223 and dependent on the number of grooves 225 is greater than the

30 frequency of the Z-displacements of the spindle 27 necessary for the manufacture of the
contact lens 203 discussed above, while the stroke of the Z-displacements for manufacturing
the bearing surface 223 is smaller than the stroke of the Z-displacements for manufacturing
the contact lens 203. It is further noted that the.bearing surface 223 may be provided with a
spherical basic surface instead of a plane basic surface, so that the bearing surface 223 in
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Z-posit it())er?ari?lé AP eTELLHIANE 229 is supported by the electromagnetic actuator 243 parallel to the -
20 Z-direction, while the spindle 229 is displaceable paraliel to the Z-direction also by means of
the electromagnetic actuator 243. As Fig. 7 further shows, a pulley 257 is fastened near the
actuator 243, and the spindle 229 can be driven into rotation by an electric motor 263 visible
in Fig. 5 via the pulley 257, a rope 259, and a pulley 261. The rope 259 has a sufficient -

elasticity for following a displacement of the spindle 229 parallel to the Z-direction.

25 The Z-position of the spindle 229 is controlled by means of a control 265
of the mai:hine tool 227 shown diagrammatically in Fig. 8, which ;ontrol in the main is.
identical to the control 123 of the machine tool 1. The differences between the controls 123

and 265 only will be discussed below. As Figs. 6, 7 and 8 show, the Z-position of the

spindle 229 of the machine tool 227 is measurable by means of an optical position sensor 267 |
30 provided with an optical source 269 and an optical detector 271 which are _fgstened toa
carrier 273 fastened to the bearing block 255, and provided with a reflecting surface 275
which is ﬁrovided on a second end 277 of the spindle 229. The angle of rotation ¢ of the
 spindle 229 of the machine tool 227 is further measurable by means of an optical rotation
angle sensor 279. As Fig. 6 shows, the rotation angle sensor 279 comprises an annular raster

<
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293 by the magnetic field present in the gap 301, which current is proportional to the speéd
of the spindie 229 parallel to the Z-direction. An output signal uyy of the speed sensor 293 _
accordingly corresponds to said speed of the spindle 229. As Fig. 8 shows, the control 265
of the machine tool 227 comprises a control member 305 with a first electrical input 307 for
20 _ receiving the output signal uyy of the speed sensor 293 and a second electrical input 309 for -
receiving the output signal Uy, of the adder circuit 191. The control member 305 has an
electrical output 311 for supplying an electrical output signal Uy = C,*u;,,; + C*uyy =
Ci*Uz.iz + C,;™i’z, Where U’z = Sug/ét. As Fig. 8 shows, the signal uy is applied to the
amplifier 193. Owing to the use of the control member 305, the electromagnetic actuator 243
25 exerts not only the force necessary for reaching a desired Z-position but also a damping
force on the spindle 229, so that a particularly stable control of the Z-position of the spindle
229 is achieved by the control 265. The electromagnetic actuator 243 pfovi'des a particularly
accurate support and positioning of the spindle 229 parallel to the Z-direction. The axial
stiffness of the actuator 243 is particulaﬂy great. In addition, the so-called rotation error of
30 the spindle 229, i.e. the undesirable axial displacements of the spindle 229 caused by axial
forces arising from the rotation of the actuator 243 about the axis of rotation 231 and from
cutting forces, are negligibly small. The machine tool 227 is thus eminently suitable for the
manufacture of products with an accuracy in the sub-micron mnge or for the manufacture of
surfaces of optical quality. When the machine tool 227 is used, for example, for the




symetrical correction are provided on the workpiece 35 through a
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It is further noted that instead of the drive unit 55 or the electromagnetic
actuator 243, an alternative type of actuator may be used for displacing the spindle 27, 229
parallel to the Z-direction. When the machine tool 1, 227 is used for the manufacture of
workpieces for which only a limited stroke of the workpiece is required, such as, for
20 example, in the maliufacmre of bearing surfaces of dynamic groove bearings, it is possible,
for example, to use a piezoelectric actuator. a '
It is further noted that instead of the controls 123 and 265 discussed above
a different type of control may alternatively be used. Instead of the numerical control unit
125 and the processor 165, for example. a microprocessor my be used which generates both
25  the basic surface and the correction which is not rotationally symmetrical. With the use of
the conventional numerical control unit 125 in combination with the processor 165, however,
the machine tool 1, 227 is controlled by the numerical control unit 125 in a known and usual
manner for conventional rotationally-symmetrical operations, whereby a desired rotationally
symmetrical basic surface cin be programmed in a practical manner by means of a
30 mathematical relation, while the use of the processor 165 for non-rotationally-symmetrical
_operations renders it possible to calculate a non-rotationally-symmetrical correction of the
basic surface in a fast and effective manner. Furthermore, the control 123 just as the control
' 265 ‘may be provided with a feedback of the speed of the spindle 27 parallel to the Z-
direction. Moreover, the controls 123 and 265 may be provided with a feedback of the speed




14 tinmes per revolution of the spindle 27, so that said calculation by the
control uni twé?ﬁ%ﬁ be carried out in accordance with an a‘:ﬂ#

pat hematical a gorlgd:hm The correction offgthe Z- position of @%sﬁlpl ece
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surface 2¥a ducoratidedatokd.n an astigmatic surface 209 and a spherical, convex
positioning surface 211 which surrounds the astigmatic surface 209. The
astigmatic surface 209 fornms the effective optical part of the contact |ens
203, -which is present in front of the eye pupil during use, 20 while the
positioning surface 211 is partly covered by the eyelids during use. In the
manuf acture of the contact |lens 203, a circular-cylindrical initial product
is fastened to the holder 33 of the spindle 27, and the initial product is
first provided with the hollow contact surface 205 by neans of the cutting
tool 13. Then the .contact lens 203 is provided wth a rounded edge 213 and
with a small portion.of the positioning surface 211, the rounded edge




25 213 nmerging fluently fromthe contact surface 205 into the positioning

surface 211. Such a rounded edge 213 |eads to a consi deraﬁ%w&gg‘enent “in
t he weari rqyooem32sét of the contact I_en? 203. As Fig. 4c s ) urther ’

cutting tool 215, placed at an acute anfgle relative to the Z-direction, is
-used for_the application of the rounded edge 213. Since the spindle 27 is
di spl acMar allel to the Z-direction over a conparativety great

- distance, the further 30 - cutting tool 215 c he positioni.ng
surface 211, so that the rounded edge 213 anmmmm“!&mﬂm of the
positioning surface 211 can be provi ded by neanscortt sur wher cutting
tool 215. After.the contact surface 205, said portion of the positioning
surface 211, and the rounded edge 213 have been provided, the contact |ens

203 is glued with its contact surface 205 to a spherical carrier 217 of the
hol der 33 visible in Fig.,2, .afte L.C : . 7 _directi
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correction Terblf i thaf e Spindfe #R5He tdUE nofit B MERARNY ti¥FladéaBle parallel to the
10 Z-direction in that exclusively the spindle is displaceable parallel to the Z-direction.

2. " A machine tool as claimed in Claim 1, characterized in that the spindle is

a hollow shaft which is supported perpendicularly t0 the Z-direction by a radial fluid bearing,

which fluid bearing is bounded by a circular-cylindrical outer wall of the hollow shaft.

' 3.' A machine tool as claimed in Claim 1 or 2, characterized in that the

15 spindle is supported parallel to the Z-direction by means of an axial fluid bearing with two

cooperating bearing surfaces which extend perpendicularly to the Z-direction, a first of the

two bearing surfaces being coupled to the spindle and a second of the two bearing surfaces

being coupled to an actuator by means of which the spindle is displaceable parallel to the Z-

~ direction. _ _

20 4. A machine tool as claimed in Claim 1 or 2, characterized in that the
spindle is supported and displaceable parallel to the Z-direction by means of only one
electromagnetic actuator, which actuator is provided with a permanent magnet fastened to the
spindle and with an electric coil fastened to a frame of the machine tool.

5. A machine tool as claimed in any one of the preceding Claims,

25 c.:haracterized in that the. machine tool comprises a control provided with a control unit for
supplying a first electrical output signal which corresponds to a desired X-position of the
tool, and a second electrical output signal which corresponds to a Z-position of the spindle
calculated by the control unit in accordance with a mathematical algorithm as a function of

' ihe X-position of the tool, so as to provide the workpiece with a desxred basic surface which
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negative corrections [err]Zerr] and [err]Z[err], the corrections [err]Z
have 'a fluent gradient, for exanple, in accordance with a sine shape. Since
it is exclu¥QWO326he spindle 27 with trﬁ contact |ens 203 W@P"’fo&sl

di spl aced parallel to the Z-direction, t4te basic surfaces of the

positioni,ng surface 211 an he astigmatigc surface 209 as well as fhe
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i nvention. The workpiece 35 is a bearing surface 223 of a dynamc
beari ng dffoat optpuysigaal of the ronswol upisand shesomtpuiisignal pfthe poedeston with a

attern @f grooves 225 ' f a | c.surface
25 226, &/hi Ige the gr ooivrggé}gg‘g%?ghggﬂa%deﬁt gﬁ%gf rec |‘%1c‘[§g§}@ﬁ%ﬁaqgee° asic
sur f alde 2®@86tigu of/the spindle, ahie fomctionrof which the pascessof dewtmings tHe doecttorpofihei on
of - the cutting tqQol 13,.i.e..the radius r sho in Fi.g. 4d, and as a
functi on%%?ésftﬂ’é' 03}?5? éplb‘fufer Btthe syR érrPTaSB‘feataHg;% irﬁﬁp& 2*’731=|591qd£e #kad t hat
the frequgiton figld Edtrebridh TRICAGRADY! the gfocEQSr 39h Heliceiort 6f Qt?ﬁ@ﬁﬁzg%eeﬁ ¥ qué"e

manuf acture of the bearing surfacé 223 and dependent on t er o
grooves BiBAlIEs greater than the 30 frequency of the Z-displacenents of the

spi ndl e ‘87 necessary f,0 f .lens 203 di scussed

above, V\zi |l e the stro eéogyafﬁl‘{emgiéd@ghyég’eﬁeh#@ﬁ?go@%g%l’né%]ﬂr%ﬁ'é“Shoé' °u

bearilfg Burface 223 i A methbd avhetébgra workpiece i<provided hdth7a slirfage adesRER ot T Or
lens 203. ]t is further noted that the bearing

Tl S S e 8 o e o A2 s b s
pl ane bagh @ spitidieawRich tRtehliparhtiél 1537 ditectioh! hatf fhe 3pihdie being rotated about an
axis of rotation directed parallel to the Z-direction and coinciding with the axis of the
workpiece, whereupon a tool is displaced relative to the workpiece in a direction which has
20  at least a component which is parallel to an X-direction directed perpendicularly to the Z-
direction, and the spindle and the tool are mutually displaced parallel to the Z-direction as a
function of an angle of rotation of the spindle, characterized in that the spindle and the tool
are mutually displaced parallel to the Z-direction in that exclusively the spindle is displaced
parallel to the Z-direction. =~ _
25 9. A method as claimed in Claim 8, characterized in that a desired Z-
position of the spindle is calculated through addition of a Z-position calculated in accordance
with a mathematical algorithm as a function of an X-position of the tool, whereby the |

workpiece is provided with a desired basic surface which is rotationally symmetric'al relative
to the axis of the workpiece, and a correction of the Z-position which is laid down in table
30 form as a function of the X-position of the tool and the angle of rotation of the spindle,
| whereby the basic surface is provided with a desired correction which is not rotationally
symmetrical relative to the axis of the workpiece.

_—

T



WD 96/ 03256
16 conbi nat

f.unction. Th@“?@% d

PCT/ | B95/ 00581
a snmooth ball has a radial as well as a ' aring
enbodi mrent of a nachi ne tool 227 accorHF%é’?}goﬁ e ’
invention shown in Figs. 5to 7 is identical to the first enbodi ment of the
machine tool 1 in a nunber of respects. Correspondi ng components of the
machine tools 1 and 227 have been given e 5 sane reference nunerals. in
the Figures. The differences only between the machine tools 1 and 227 will
be di scussed below. As Fig. 5 shows, the machine tool 227, |ike the machine

tool 1, has a spindle 229 which Extends parallel to the Z-direction and
which is rotatable about an axi s# of rotation 231 directed parallel to the
Z-direction. Adjacent a first end 233, the spindle 229 is 10 provided with

a holder 235 for fastening a workpiece 237. As Fid. 7 shows, the spindle
229 is provided with a hollow shaft 239, as is the spindle 27 of the
machi ne tool [, which shaft is sjupport ‘perpendicularly to the Z-di}tection
by a radial sgatic fluid be{fi 248, /Thgy radial fluid bearing 241 ip of a
kind simlar o the radi ' ig. 39 of the nachine tool 1. Af Figs.
6 and 7 further show, the mac r*“] 227n§as an 15 el ectromagnetit
actuator 243.f The actuatjor(§4 am”_annul ar magnetic circuit] 245
which is fastned to @ sﬁlndLgF?Z I S |provided wk ber maneng
magnet 247, magnet i ég:ctﬁsn g YpRkEP#9, and an a jap 251.| An
annul ar el ectfical col®53 | b jpr psehi—ihsPlg the annu ar gap 251 anfl is
fastened to a beari ngppHocK ZESehe Thd,a gfI uid begaring P4js The
spindl e 229 ifs supported by t ronEgne actuatlor 243} paralle| to
the 20 z-dirlection, while th e 2pabds displ acdabl e phrallel fo the
Z-direction a so by neans of t | ectrojragnetic actuator 24B. As Fig. 7
further shows|, a pullg¥ 257 is tened pear the
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actuator 243, and the spindle 229 can be driven into rotation by an

el ectric notor 263 visible in Fig. 5 via the pul l ey 257, ope 259, and a
pul l ey 261. WO96/03%8pe 259 has a sufficient elasticity for foPFE’W"ﬁ@“s&l :
di spl acenent of the spindle 229 parallel to the Z-direction. _
The Z-position of the spindle 229 is controftled by neans of a control 265
of the machi ne tool 227 shown dlagranngglgflly inm Fig. 8, which control in
the main is identical to the control t he machine tool 1. The
differences between the controls 123 and 265 only will be discussed bel ow.
As Figs. 6, 7 and 8 show, the Zz- pos tion of tﬁb spi ndl e 229 of the machine
tool 227 is neasurable by ne allposjtion sensor 267 30

provided with an optical s \ detector 271 which are
fastened to a carrier 273 fastjgned {o t beari bl ock 255, and provided
with a reflecting surface 2 [ | ovi ded fps) a second end 277 of the
spi ndl e 229. The angl e of rotatfidn fe rii188 thespindle 229 of the machi ne
tool 227 is further measurabl an o cal rotation angle sensor
279. As Fig. 6 shoms ~the retaty qniandgl ¢| sensor A¥Y9 conprises an annul ar
raster WO 96/ 032 I R
PCT/ 1 B95/ 00581 17 8 refl ecgng vier ks §7 ; re_provided with equal
i nterspaci ngs around the ghol | g e-mecond end 277 of the
spindl e 229, and a S|ngle- e Ln efferddce &k 283 provided next to
the marks 281 and defi R = val 7yl e of rotation of the
spindl e 229. The rotati on IR b o IRMASE Qcorrprl ses a first.
optical source 285 and 5& | St ik 2] T287, which are provided
in the bearing block 255 §$sigé50f t ks 281 during -
rotation of the spuddLa* n pIN source” 289 and a second
optical detector 291 ' ' ng bl ock 255 and detecting
the passage S' I~ = — . .
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of the reference mark 283 during rotation of the spindle 229. As Figs. 6, 7
and 8 furth show, the control 265 of the machine tool 227 10 also
conprises avep¥¥26ensor 293 for neasuring a speed of the s FIGTaRE95Y
directed parallel to the Z-direction. The speed sensor 293 conprises an
annul ar magnetic circuit 295 which is fastened to the spindle 229 and is
provided with a pernmanent magnet 297, a neti zabl e cl osi ng yoke 299 and
an annul ar gap 301. In the annul ar 'gap there is an annul ar el ectrical
coil 303 which is fastenedyst 0 sai-d carrier 273. Wien the spindle 229 is .
di spl aced 15 parall el_tﬁne Z-direction, an electric current is induced
in the coil 303 of thg speed sg 98<by the magngtic field present in
the gap 301, which current r opor Jhal to the speed of the spi ndl e 229
parallel to the Z-dirgqcti t signal uw of|the speed sensor 293
accordingly correspongs tq said @b 229 As Fig. 8 shows,
the control 265 of thg machine tjool 227 conpri siesia coﬂ:trol menber 305 with
a first electrical ingut JO7& or 20[] j vieQ put puj_ si gnal uw of ‘the
speed sensor 293 and a sedqifelectr nput s &ei ving €08 out put
signal Uerr] of the adder||grrcdits—391. alhe cegrem=peiber 305 hagDn
el ectrical output 311}for [quppl iR f E}ect.ri allffloultijopit si gnal UBP==
Clerr]*uferr] + (errfrulgir] =]C prp7U e er'tJ U [err], vabee
u'ferr] =[err]uferr] [err]ﬁt."‘ﬁt&‘ e owsh ilohal u[err] is applied
to the anplifier 193. |Om g |to tjhelfise)Vf n o.II renber 305, the
el ectromagneti c actuajor 443 25} exer not o el[if pece necessary for
reachi ng a desired Z-posiftildn byt al s& a danpi e| ot he spindle 229,
so that a particularl sgztlﬁ)le control o € Z: n of the spindle 229
¢

i s achieved by the cohtroll|2365 | ect orytgn'etlt'act uat or 243 provides a
particul arly accurate|supp¢rt—hnd pop< o\ & of the spindle 229 p§3|al | el
to the Z-direction. The axial ; of \Fhe actuator 243 is parfacutarly

great. In addltlon t he s;r- called rot®)on error of 30 the spindlg 229,
()

i.e. the undesi grpxrafrTars = € S5 i S Gl i 'y axi al
forces arising romt1e r
rotation 231 and fron]cutg§jng forces, n gllglblésmall The mac
tool 227 is thus em ngntlyjsuitable f ne
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ation of the est ator 243 about the axis
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manuf acture of products with an accuracy
manufact ur f aces of optical qualit
ysed, for g%@ﬁﬁ@g%%for t he WD 96/ 03256
PCT/ | B95/ 00581 18 nmanufacture of the asti
Fig. 4a, an optical surface quality of th
such that the contact lens 203 require
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wor kpi eces for which only a limted stroke of the workpiece is required,
such-as, for 20 exanple, in the manufacture of bearing surfaces of dynanlc
groove bear?‘%%‘mﬁ‘ is possible, for exanple, to use a piez p3s1
“actuator. It is further noted that instead of the controls 123 and 265

.di scussed above a different type of control may alternatively be used.

| nstead of the nunerical control unit &ﬁ Eﬁnd t he processor 165, for
exanpl e. a mcroprocessor may be used i Ch generates both 25 the basic
surface and the correction which is not rotationally symetrical. Wth the
use of the conventional nunerical control u in conbination with the
processor 165, howeyer, the machine tool 1, 127 s controlled by the
nunerical control udgit 125 in a known and usyal manner for conventional
rotationally-symetiical operations, wherelyla dg bt at i onal |y
symmetrical basic syrface can be programed ijn a al manner by neans
of a 30 nmathemati¢al relation, while the uge o' wqcessor 165 for
non-rotationally-sy trical operations renders Ale to calculate a
non-rotational ly-syfmetrical correefign of th2llbg 1236,200 a fast and
effective manner. Fyrthernore, tle conkrol 12 e control 265 may
be provided with a.feedback of Ahe splelixgs Y parallel to the
Z- direction. Mreoyer, the gbntro 12  plovided with a

f eedback of the speed {96/ 03256

PCT/ 1 B95/ 00581 19 of the ALarrigde 9 parb XAisdction. In the
machine tools 1, 227 degcribed above, eng AL pémned for the workpiece
35, 237 were an astijgratic o‘%act | ens, MdoseArasi o surface is spherical,
and a bearing surfa«e forfa dyNam c grﬁﬂwe bearing, #bose basic surface is

plane It is finall

FIG.4C




% noted that basic surfaces of different shapes may al so be provided with
t he machi ne_tqol 227 and by the nmethod according to the j | for
gxam')l e, b&b?%ﬁ%‘? aces having an ellipsoidal or other _asphiéﬁ/’@g%bogg%t our,
I'n the case of aspherical |enses, or basic surfaces having a saw ooth '
contour, in the case of so-called fresnel lenses. It is also possible wth-

the machi ne tool 1, 227 and by the net according to the invention to
apply non-rotationally- 10 synmetrica rrections other than the
corrections described above, for exanple, corrections of a decorative
nat ure. WD 96/ 03256 PCT/ | B95/ 00581 20
CLAI Ms: 1. A machrne tool Wwth a sSprnare wircn extenas

parallel to g Z-direction and a tool holder which is novable relatije to
the spindle, {this spindle being rotatable about an axis of rotation|which
is directed garallel to the Z-direction and being provided with a hql der

for a workpi gce, while a displacenent of the tool holder has at |eaqt a

conponent whijch is 5 parallel to an X-direction directed perpendicylarly
to the Z-dirgcti'on, and the spifdle and tool holder are nutually
di spl aceabl e|parallel to the Z-direction as a functi o zan]angl e qf
rotation of tthe spindle so as t# provi de the workpiecg with @ surfade which
is not rotatijonally symetrical r@ative to an axis off the wgrkpi ecg which

coi ncides wi tth the axis of rotat40n, characterized bg t hat the spindle and
- the tool holder are nutually digpl aceabl e paraIIeI2 y [the 10| Z-dirdction
in that exclysively the spindlejis displaceable paralljel to tlhe
Z-direction. |2. Almachjne tool as claingd in Claim1
characterizedq in that the 4pindfeni s _62 70I I ogﬁhaft ch—s4 supportled -
per pendi cul-afly to the Z-direé;ggj’ﬁ_ é radi dY7f | ui d beEHRT,
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&hich fluid bearing is bounded by a ci

hol I ow shaft. 3. A mach
characteri z®®96032%at the 15 spindle
Z-direction by neans of an axial fluid

rcular-cylindrical outer wall of the

ne tool as clainmed in_Caim1l or 2,
i s supported parall el %0581
‘bearing with two cooperating bearing

surfaces which extend perpendicularly to the Z-direction, a first of the

two bearing surfaces being coupled to t
J

beari ng surfaces being coupled to an a
is displaceable parallel to the Z- dir
machine tool as clained in daim1l or

i's supported and di spl aceabl e parall el
- one el ectromagnetic actuator,

spindle and a second of the two
tor by means of which the spindle

ection. 20 4. A :
2, characterized in that the spindle
to the Z-direction by neans of only

whi ch actuator is provided with a pernanent

magnet fastened to the spindle and with an electric coil fastened to a
frame of the machine tool. 5. # nmachine tool as clainmed in any
one of the preceding dains, 28 chFrajt i2%ed in that the nmachine too
conprises a control provided wsih cohtrol urft for supplying a first
el ectrical output signal whichQbd(resppnds tlo @ desired X-position of the
tool, and a second el ectLi oytiput st gnal I responds to a
Z-position of the spindfg c ted by the |[Coptr it in accordance with
a mat hematical algorith fAdfctionfof t ogl ti on of the tool, so as
to provi de the workpiec a esirejppasi u whi ch WO 96/.03256
PCT/ 1 B95/ 00581 21 is rofafi symrgiesi c: | 2 i to the axis of the
wor kpi ece, while the cofft 0l AsAurthel-pro eg’w a processor for
suppl ying an el ectri cal LSuppuy” sflgnag- whi ch resp s to a correction of
the Z-position of the spiAd ch (S{Syorgd i bhe formin the -
processor as a -
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function of the X-position of the tool and the angle of rotation of the
spindle so as to provide 5 the workpiece with a desired correéﬁi n_qn the:
basi ¢ surfa¥O M2 is not rotationally symetrical rel ati v&FE %sﬁ)gssgxi_s of
the workpiece, and the control is further provided with an el ectroni c adder
circuit for supplying an electrical output signal which is the sumof the
second out put signal of the control unigggpd'the out put signal of the
processor. 6. A machine t06™ as clainmed in Caimb5,
characterized in that the angle of 10 rotation of the spindle, as a
function of which the processor determ nes the correction of the Z-position
of the spindle, is the sumof a neasured angle of rotation of the spindle

. and a rotation angle correct.ion calculated by the processor as a function
of a rotation speed of the spindle. 7. A control suitable for
use in a machine tool as clainmed in daim5 or 6. 15 8. A
met hod whereby a workpiece is provided with a surface which is not
rotationally synmetrical relative§§o an axis of the workpiece, the

wor kpi ece being nounted on a spindle which extends parallel to a
Z-direction, and the sphndl e bermgTotated-ahout an axis of rotati

directed parallel to tial Z-directilo ﬂiu--,-,- drRg Wt h S]e axi s of. the

wor kpi ece, whereupon a toQI\i sSeH MHS\“@”) & 0 e mor kpi ecf&h a

direction which has 20 & Nast—ancnpepdmMehi ch)is palallel toan
X-direction directed :‘@&% '&/ii!a ,’/[?/"/ml’- i on, And t heldmindl e
and the tool are nutu®y /Sll.l"-,'@‘.!f:-@w‘@;;;;i’ :,‘J“ he Z-diredtion as a
J’i-"-“@*“i?;;’-?v q'i,a;‘ ! B8 zed in that the
K ced :‘»-.-q_.-]',\:!- o +tfe Z-direction in

o—t-he direction. 25
ha+eaCterized in that a
rRageh Bddition of a*

function of an angle ofty ftatée
spindle and the toej ar® /Q&- [ R
that exclusively tRd~sp] Nl e~-sd NG e d B

9 e > RNy

= L > Y
desired Z- position oRe{ pi N FOA\NAT S /! =3Y
Z-position cal cul at & _i h\ﬁgw"flﬂ'i’ﬂﬂ:{ﬁ; g 1re 90” thmas a
function of an X-pogjti]o ROT<T TGN ..(.;nj:‘“:; _fg,_:x}‘ e ok Py Je s i's provided
with a desired basi &s#+aTs .,x.rm.;;"'Pfr__,g,,\;r‘,}f.;). 2 / R ifal relative
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to the axis of the workpiece, and a correction of the Z-position which is
taid;down in table 30 formas a function of the X-position of the tool and
the angl e oVO%0#Bon of the spindle, whereby the basic surPEEEB8I ovi ded
with a desired correction which is not rotationally symetrical relative to
the axis of the workpiece.
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