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1. Introduction 
Needs of digital devices increase rapidly in recent years, and the demand for a micro axis-symmetric 

aspherical glass lens of large NA (numerical aperture) is expanding rapidly especially in the device for digital 
camera, camera-equipped mobile phone, DVD pick-up and the optical transmission [1][2]. Moreover blue lasers 
have been increasingly used to make wavelengths short and the maximum tangent angle of the lens reaches to 
70 degrees. In addition, demand of glass lenses is high because glass lenses are superior to plastic lenses in  
optical characteristics. The glass lenses are manufactured by glass molding method by using ceramics dies such 
as WC (tungsten carbide) or SiC (silicon carbide) [3]. Therefore ultra-precision grinding technology of ceramic 
dies is gaining importance. 

Authors have successfully to develop inclined grinding method, and micro aspherical shape has been obtained. 
In previous researches the grinding system shown in Figure 1 was developed. The grinding wheel axis was 45 
degrees inclined from workpiece rotational axis. The grinding spindle was an air bearing and the maximum 
rotational rate of grinding wheel was 15×104min-1. The grinding head was actuated by two-axes (X, Z) drives, 
the wheel center point was calculated numerically by using Newton-Raphson method. This system was suitable 
for grinding micro aspherical surfaces and a form accuracy of less than 0.1 µmP-V was obtained. The 
improvement of the form accuracy will be required because the specifications of micro lenses become more and 
more strict in future. However, the shape correction cannot be done satisfactorily, because the wheel wear is not 
even and the grinding point on the wheel moves as shown in Figure 2. In this case, wheel truing is necessary and 
it will increase the non-processing time. In this paper, a new grinding method is proposed to solve the above 
problems. In this method, three-axes (X, Y, Z) are controlled simultaneously so that the position of the grinding 
point on the diamond wheel is fixed. Then the grinding system was developed and grinding experiments of 
using tungsten carbide micro dies were carried out. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1 Micro axis-symmetric aspherical grinding system 
 
 
 

Fig.2 Changes of grinding point and unequal
wheel wear (conventional micro aspherical
grinding method) 
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2. Wheel path of grinding point fixation method 
The rotation axis of wheel-spindle inclines by 45 degrees. The wheel center point O (Xo, Yo, Zo), grinding 

point G (Xg, Yg, Zg), and the normal vector ( )c,b,anr  at the grinding point are shown in Figure 3. An 
axis-symmetric aspherical function is given by Z=f((X2+Y2)0.5), and a normal vector in grinding point G (Xg, Yg, 
Zg) is given by Eq.(1). 

 
               
 
And the relationship between the wheel center point O and the grinding point G is obtained Eq.(2). 
 
  
                
  
 
 
 
 
Where,         ,         ,               and                   . 
To let the grinding point in radial position r=(X2+Y2) 0.5 , an aspherical function is expressed as follows: 
 

Z=f(r), X=r･cosθ, Y=r･sinθ                         (3) 
 

The normal vector is expressed as follows:  
=(-∂r/∂X, -∂r/∂Y, 1) 
=(-∂r/∂X･df/dr, -∂r/∂Y･df/dr, 1) 
=(-f'(r)･cosθ, -f'(r)･sinθ, 1)           (4) 

 
In the conventional method, ∠QPO becomes 45 degrees in case of r=0. On the other hand, ∠QPO always 
becomes 45 degrees in the proposed method as shown in Figure 4. Therefore, the next relationship is obtained.  

 
                                                   (5) 
 
From Eq.(5) of the following relationship is obtained  
 

a2=2bc                                            (6) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3 Calculation of tool path in the inclined grinding method            Fig.4 Calculation of tool path 
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The next expression is obtained from Eqs.(4) and (6).  
  

 
              
 

 
  

 
When a radial position of the grinding point on the ground workpiece surface is assumed to be rg, the 
relationship of the next expression is obtained from Eq.(3). 

  
Xg=rg･cosθ, Yg=rg･sinθ, Zg=f(rg)       (8) 
 

Therefore, in this method the angle θ in the grinding point on the workpiece is calculated from Eq.(7a), (7b), the 
coordinates G (Xg, Yg, Zg) of the grinding point is calculated from Eq.(8), and finally the coordinates of wheel 
center point O (Xo, Yo, Zo) is obtained by Eq.(2).  
 
3. Grinding experiments 

A view of the simultaneous 4-axis (X, Y, Z, C) controlled grinding machine (Toshiba Machine Co. Ltd. 
ULG-100D(SH3)) is shown in Figure 5. The grinding wheel actuated in X, Y and Z-axes by the linear scale 
feedback system of 1 nm positioning resolutions. In the grinding test, the aspherical workpiece was vacuum 
chucked to the workpiece spindle (C-axis). The diamond wheel was adjusted to grinding spindle with collet 
chuck on the Y-axis table. Table 1 shows the grinding conditions. As a wheel, a resinoid bonded diamond wheel 
of # 1200 was used and diameter was about φ 2 mm. The wheel shape was columnar shape and the tip end was 
trued to radius of 0.2 mm. As the workpiece, molding die of about 1.5 mm in radius curvature and radius was 
tested and the material was tungsten carbide (Figure 6). Micro aspherical surface was measured with contact 
type of surface measurement instrument (Form Talysurf) with a 2 µm radius stylus. 
 

Table 1 grinding conditions 
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Grinding wheel   Resinoid bonded diamond
   Grain size       #1200
   Diameter       φ2 mm
   Rotational rate       4×104 rpm
Workpiece    Tungsten carbide
   Rotational rate       3×102 rpm
Depth of cut    0.5 µm/pass
Feed rate    0.3 mm/min
Coolant    Solution type

Fig.5 A view of the simultaneous 4-axes 
controlled grinding machine 
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Fig.6 Shape of target aspherical molding die 
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4. Experimental results 
Figure 7 shows the form deviation profile of first workpiece in the proposed grinding method. The form 

accuracy was about 0.09 µmP-V. Figure 8 shows the change of form accuracy to the number of grinding passes 
in case of the conventional and the proposed method. The initial form accuracy was 0.09 µmP-V. After 200 
grinding passes (correspond to the finish grinding of 20 dies), the form accuracy was about 0.2 µmP-V in the 
proposed method and about 1.3 µmP-V in the conventional method. Moreover, wheel tip shape after 200 passes 
finish grinding is shown in Figure 9. It can be seen that there is a flat area in the wheel tip in the proposed 
method. 
 
5. Conclusions 

The micro aspherical grinding by the grinding point fixation diagonal axis grinding method of three axis 
control simultaneously was proposed, and examined in this research, therefore it was clarified that this proposed 
method was effective.  
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Fig.7 Form deviation profile after grinding 
 
 
 
 

 

 

 

 

 

 
 
 
 
 
 

(a) Conventional method (2-axes control)          (b) Proposed method (3-axes control) 
Fig.9 Wheel tip shape after 200 passes of finish grinding 

 

0.0

0.5

1.0

1.5

2.0

0 50 100 150 200
Pass

Fo
rm

 a
cc

ur
ac

y 　
µm

P-
V Conventional metod (2-axes control)

Proposed metod (3-axes control)

Fig.8 Changes in form accuracy of
conventional and proposed method

500µm500µm500µm500µm

Wheel
Wheel



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


