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High-accuracy roundness 
measurement by a new error 
separation method 
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This paper  presents a new er ror  separation m e t h o d  for accurate roundness  
m e a s u r e m e n t  called the or thogonal  mixed  method .  This m e t h o d  uses the 
informat ion  of  one d isp lacement  probe and  one  angle probe to separate 
roundness  e r ror  f rom spindle error.  This m e t h o d  was developed f rom the 
mixed me thod ,  which uses the informat ion  of  two displacement  probes and 
one  angle probe to carry out  the e r ror  separation. In the present  paper,  the 
relat ionship between the characteristics of  the mixed m e t h o d  and the 
probe a r r a n g e m e n t  is analyzed. Well-balanced ha rmonic  response of  the 
mixed m e t h o d  is verified to be obtainable for the case where  the angular  
distance between the d isplacement  probe and  the angle probe is set at 90 ° . 
This or thogonal  mixed m e t h o d  also has the simplest probe a r rangement ,  
because it requires only one d isplacement  probe and one angle probe to 
realize the e r ror  separation. Optical probes were used to construct  an 
exper imenta l  m e a s u r e m e n t  system that employs the or thogonal  mixed 
method .  The  d isp lacement  probe and  the angle probe both use the prin- 
ciple of  the critical angle m e t h o d  of  total reflection, and  they have stabilities 
of  1 nm and  0.01 in., respectively. The  m e a s u r e m e n t  results show that 
roundness  m e a s u r e m e n t  can be pe r fo rmed  with a repeatability on the 
o rde r  of  several nanometers .  © 1997 Elsevier Science Inc. 

Keywords: metrology; roundness  error;  spindle error; e r ror  separation; 
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Introduction 

Demand  for workpiece roundness  measurement  to 
nanometr ic  accuracy is increasing, and  on-machine 
measurement  is also required for improving ma- 
chining accuracy and efficiency. Separation of 
roundness  errors of  workpieces f rom spindle errors 
of machine  tools is essential for accurate measure- 
men t  of  roundness  unde r  on-machine conditions. 

Error separation techniques 1 employing multi- 
pie displacement probes to perform on-machine 
roundness measurement  have been developed. 
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Roundness measurement  involves three parameters; 
roundness error of  the workpiece, the X-directional 
component,  and Y-directional component  of the 
spindle error. The three-point method,  2-9 which em- 
ploys three displacement probes, can realize the er- 
ror separation and is in wide use. However, some 
high-frequency components  of roundness error can- 
not  be measured accurately using dais method be- 
cause of the problem of harmonic suppression. Al- 
though efforts have been made to overcome this 
weakness of the three-point method through use of 
more than three displacement probes, 1°-1'~ the prob- 
lem of harmonic suppression cannot be completely 
solved by merely increasing the number  of probes. 14 

The authors have proposed a new multiprobe 
method,  named the mixed method. 15 In contrast to 
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Figure 1 
(a) Without spindle error (b) With spindle error 

Roundness measurement by a displacement probe: (a) without spindle error; (b) with spindle error 

conventional multiprobe methods, this method  uses 
two displacement probes and one angle probe. The 
mixed method does not  suffer the problem of har- 
monic suppression and can separate roundness error 
from spindle error with the accuracy of  the probes. 

In a mul t iprobe  method ,  match ing  such char- 
acteristics of  the probes as f requency  responses, 
linearities and t empera tu re  coefficients is very im- 
portant.  For this reason, using the fewest possible 
probes is desirable, especially when  measur ing  the 
roundness  e r ror  to nanomet r i c  accuracy. 

In the present  paper, we investigate the possi- 
bility of  using fewer probes to realize the mixed 
me thod  and propose an op t imum mixed me thod  
called the orthogonal  mixed method.  This me thod  
uses only one displacement probe and one angle 
probe, arranged at an angular distance of  90 ° and 
yields good characteristics. Optical probes were 
used to construct an experimental  measu remen t  
system based on the orthogonal  mixed method.  
The effectiveness of  the orthogonal  mixed me thod  
is conf i rmed by the experimental  results. 

Roundness measurement using the 
single-probe method 

Figure 1 shows the principle of  roundness  measure-  
m e n t  by one d isplacement  probe. 16,17 A displace- 
m e n t  probe,  which is fixed spatially, is used to scan 
a cylindrical workpiece while the workpiece is ro- 
tating. Let P b e  a representative point  of  the work- 
piece, the roundness  er ror  be descr ibed by the 
funct ion r(O), and the local slope of  the surface 
can be described by the funct ion r '(0), where  0 is 
the angle between point  P a n d  the probe.  Let  a be 
the angle between the probe and  the Y-axis. 

If no rotational e r ror  of  the spindle exists, as 
shown in Figure l (a) ,  the roundness  e r ror  r(O) can 
be obta ined correctly f rom the probe ou tpu t  m(0). 
However, if spindle e r ror  exist, as shown in Figure 
l(b),  the probe ou tpu t  m(O) becomes  

m(O) = r(O) + Am(0) 

= r(O) + ex(O) sin a + er(0) cos a (1) 

where  ex(O ) and  ev(0 ) are the X-directional com- 
p o n e n t  and  the Y-directional c o m p o n e n t  of  the 
spindle error.  

As shown in Figure 2, we can also use one angle 
probe to per form roundness  measurement .  If no 
spindle error  exists, the local slope 18,19 r r (0) can be 
measured correctly by the angle probe, and the 
roundness  error  can then be obtained by integrat- 
ing r' (0). However, because of  the shift of  the mea- 
suring point on the c i rcumference of  the work- 
piece, spindle error  will generate  an angle change 
A#(0), 2° causing the probe output  to become 

tx(O) = r '(O) + zX~(O) 

= r'(O) + (ex(O)cosa  - e r ( O ) s i n a ) / R ,  

(2) 

where,  R, is the radius of  the workpiece. 

Error separation using the mixed method 

Figure 3 shows the principle of  the two displace- 
ment -one  angle (2D1A) mixed m e t h o d  schemati- 
cally. Two displacement  probes (probes 1 and  3) 
and one angle probe (probe 2), which are fixed 
a r o u n d  the workpiece,  scan the workpiece simul- 
taneously while it is rotating. Let a and 13 be the 
angles between the probes. 

If the outputs  of  the probes are deno ted  by 
mA(O), I.tB(O), and me(0), respectively, then  

mA(O) = r(O) + ey(O) 

~,(0) = r'(0 + c~) + (e~(0) 

× cos a - e~,(O ) sin a) / R, 

me(O) = r( O + [3) + ex( O ) sin [3 + er( O ) cos [3 

(3) 

(4) 

(5) 
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(a) Without spindle crror (b) With spindlc error 

Figure 2 R o u n d n e s s  m e a s u r e m e n t  by an angle  probe:  (a) wi thou t  spindle  error;  (b) with spindle  e r ror  

T h e  d i f f e ren t i a l  o u t p u t  m2D1A(0 ) o f  the  2D1A 
m i x e d  m e t h o d  can  be  d e n o t e d  as 

m2DIA(0 ) = mA(0 ) (tan c~ + cot /3) 

-- m c ( O ) / s i n  /3 + R , Ixn(O) /cos  c~ 

= r(0)  (tan c~ + cot/3) 

- r(0 + /3)/sin /3 

+ R , r ' ( 0  + u ) / c o s  c~ (6)  

C o n s e q u e n t l y ,  the  e f fec t  o f  the  sp ind le  e r r o r  is 
e l imina ted .  

T h e  charac te r i s t i cs  o f  the  m i x e d  m e t h o d  can  
be  e s t ima t e d  by its t r ans fe r  f u n c t i o n ,  ~,2~ which  
de f ines  the  r e l a t i onsh ip  b e t w e e n  the  r o u n d n e s s  
e r r o r  r(O) a n d  the  d i f fe ren t i a l  ou tpu t .  Le t  the  
F o u r i e r  t r a n s f o r ms  o f  r(O) a n d  memA(0) be  R ( n )  
a n d  M 9 m a ( n ) ,  respect ively,  the  t r ans fe r  f u n c t i o n  
o f  the  2 D I A  m i x e d  m e t h o d  can  be  d e f i n e d  by 

Probe 1, 3: Displacement probe %(0) 
Probe 2: Angle probe 

, y ! , e x ( O  ) 

~ Probe l 

0 ~ / @  PrObe 2 

~ obe 3 

Workpiece 
Figure 3 R o u n d n e s s  m e a s u r e m e n t  by the  2D1A 
mixed  m e t h o d  

H'2DIA(n ) = M2DIA(n)/R(Iq ) 

= t a n  c~ + c o t / 3  - / " C / s i n  /3 

+ jnd" '~/cos a (7) 

w h e r e  n is the  f r e q u e n c y  ( the  n u m b e r  o f  undu la -  
t ions p e r  r evo lu t ion ) .  T h e  t r ans fe r  f u n c t i o n  
HmgmA(n  ) r e p r e s e n t s  the  c o m p l e x  h a r m o n i c  sen- 
sitivity o f  the  2D1A m i x e d  m e t h o d .  T h e  a m p l i t u d e  
( h a r m o n i c  sensitivity) a n d  the  phase  ang le  o f  
Hm2DIA(n ) are  ex p re s sed  as follows. 

1 
z . . . . . . . . . . . . . . . .  IH~DIA(n) I COS c~ sin /3 [(sin c~ sin /3 

+ cos c~ cos/3 - cos c~ cos n/3 

- n sin nc~ sin /3)e 

+ (n cos nc¢ sin/3 

- cos c~ sin n/3)e] I e ( s )  

arg[H2DL.\(n)] = tan ' [ ( ,  cos nc~ sin /3 

- cos oe sin n/3) / (s in  o~ sin/3 

+ cos  ~ c o s / 3  - cos  ~ cos  n/3 

- n sin n~ sin/3) ] (9) 

We can  also use o n e  d i s p l a c e m e n t  p r o b e  a n d  
two angle  p r o b e s  to c o n s t r n c t  the  m i x e d  m e t h o d .  
T h e  p r o b e  o u t p u t s  o f  the  o n e  d i sp lacement - two  
angle  (1D2A) m i x e d  m e t h o d  shown in Figure 4 can  
be  e x p r e s s e d  as follows. 

tx~(O) = r ' (O)  + e x ( O ) / R ,  (]o) 

mn(O ) = r(O + c~) + e\.(O)sin c~ + e~(O)cos c~ 
(1l) 

~,Ao) = r ' (0  + / 3 )  

+ [ex(0)cos/3 - e~(0)sin /3] /R ,  (]2) 
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Probe 1: Displacement probe ey(0) 
Probe 2, 3: Angle probe l 

y , ex(0) 

[~ Probe 1 

[ ~  ~//~Probe2 # oe 
Workpiece 

1 0 0  . . . . . . . .  i . . . . . . .  

Figure 4 Roundness measurement by the 1D2A 
mixed method 

T h e  di f ferent ia l  o u t p u t  in which  the  e f fec t  o f  
the  sp ind le  e r ro r  is c a n c e l e d  can  be  given by 

mlD2A(0 ) = Rrl.ta(O ) (tan c~ + cot/3) 

- m B ( O ) / c o s  (x - R 4 x c ( O ) / s i n / 3  

= R,(tan c~ + cot /3) r ' (O)  

- r(O + c 0 / c o s  a - R~r'(O 

+ /3)/sin/3 (13) 

T h e  t ransfer  f u n c t i o n  o f  the  1D2A m i x e d  
m e t h o d  can  be  d e f i n e d  as follows: 

Hm2A(n) = MID2A ( n ) / R ( n )  

= jn ( tan  (~ + cot/3) - e /" /cos  c~ 

- j n g " ~ / s i n / 3  

IHID2A(n) I - 

(14) 

1 

[ ( n cos a sin n/3 
cos a sin/3 

- cos n a  sin/3)2 + (n sin a sin/3 

+ n cos c~ cos/3 - sin nc~ sin/3 

- n cos c~cos n/3)'~] I/2 (15) 

arg[Hm2A(n) ] = t an - l [ (n  sin a sin /3 + n cos oz cos/3 

- sin nc~ sin /3 

- n cos c~ cos n/3) / ( n cos c~ sin /3 

- cosna sin /3)] (16) 

With  the  angular  dis tances o~ an d  /3 act ing as 
parameters ,  the  ampl i tudes  o f  the  t ransfer  func- 
tions (ha rmonic  sensitivities) o f  the two m e t h o d s  
are p lo t ted  in Figures 5 and  6, respectively. As can  be  
seen  f rom the two figures, there  is no  f r equency  at 
which the h a r m o n i c  sensitivity a p p r o a c h e s  zero, in- 
d icat ing that  the  mixed  m e t h o d  can measu re  high- 

10 
< 

- -  1 

0.i 

Figure 5 
method 

,/ , . ,  / 1 - - ( 2 2 . 5  °,45 °) 

/~," " /  2 . . . . .  !17, 45 °) 
" / 3 . . . . .  !07  45.) 
/ 4 - - - - - ( 0  ~,80 ° ) 

i i i i i i i i i  i i i i i , , 

10 1o(1 
Frequency n 

Transfer funct ion of the 2D1A mixed 

f r equency  c o m p o n e n t s  correctly. In compar i son  
with the 2D1A mixed  m e t h o d ,  the 1D2A mixed  
m e t h o d  is m o r e  sensitive when  n ~< 7. O n  the o the r  
hand ,  the 2D1A mixed  m e t h o d  is super io r  to the  
1D2A mixed  m e t h o d  in the  h igher - f requency  
range.  T he  h a r m o n i c  sensitivity o f  the 2D1A mixed  
m e t h o d  in low-frequency range  and  that  o f  1D2A 
mixed  m e t h o d  in h igh- f requency  range  can be  seen 
to be  closely re la ted  to p r o b e  a r rangement .  As 
shown in Figure 5, the  m i n i m u m  h a r m o n i c  sensitiv- 
ity IH2mA(2)I is only 0.16 for  the  symmetr ical  p r o b e  
a r r a n g e m e n t  [((x,/3) = (22.5 °, 45°)].  This value can 
be  increased  by chang ing  the p r o b e  a r r a n g e m e n t  to 
o n e  that  is asymmetrical .  For  a f ixed/3,  the  largest 
IH2D]A(2) I is o b t a i n e d  when  o~ is equal  to 0 ° or/3.  In 
this p r o b e  a r r angemen t ,  the  angle  p r o b e  and  one  
o f  the  d i sp l acemen t  p robes  are p laced  at the same 
posit ion.  I/-/2D1A(2)I also improves  as /3 increases. 
W h e n  (a, /3) -- (0 °, 90 ° ) o r  (a, /3) = (90 °, 90°), 
IH2D1A(2)I reaches  its l imiting value. In this p r o b e  
a r r angemen t ,  the 2D1A mixed  m e t h o d  yields the 
mos t  well-balanced h a r m o n i c  response.  T he  same 
can be  said with regard  to the  1D2A mixed  me thod .  
We  call the  mixed  m e t h o d  with this p r o b e  arrange-  
m e n t  the  o r thogona l  mixed  me thod .  

100 

m 

~ "  10 

ZZ 
- -  1 

Figure 6 
method 

, , i i 

1 - - -  (22.5 °, 45 °) 3 . . . . .  (0 °, 45 °) 

,2 -~ ---(10°'45°),  , , , , , I  4 ~ ;(0°,80°! ,L,  

10 100 
Frequency n 

Transfer funct ion of the 1D2A mixed 
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egO) 

y T , ex(0 ) 

Probe 1 

Probe 2 

Figure 7 Roundness measurement bythe orthog- 
onal mixed method 

The orthogonal mixed method 

Figure 7 shows the principle of  the or thogonal  
mixed method .  The  ou tpu t  mA(O ) of  the displace- 
m e n t  p robe  and the ou tpu t  IxB(O) of  the angle 
p robe  can be  expressed as follows: 

m~(O) = r(O) + er(O) (17) 

tx,(O) = r' (O + 7r/2) - ev(O)/R, (18) 

Therefore ,  the differential ou tpu t  mom(O ), in 
which the roundness  error  is separated from the 
spindle error,  can be d e n o t e d  as 

rn, . . (0) = m~(O) + R, Ix.(O) 

(20) 

= r(O) + R,r'(O + 7r/2) (19) 

The  transfer funct ion  Hom(n ) of  the orthog- 
onal mixed m e t h o d  can be def ined as follows. 

(21) 

H,,,,,(.) = M,,,.( n) / R( n) 

= 1 + in/''~''-' 

IH,,,,( ~) I = [(1 - rt sin n'rr/ 2) ~ 

+ (n cos nTr/2)2] ]/'-' 
P 0 

1 O0 

B "E" 

10 
~Z 

I t I ~ I t I I I I I I t I I I 

arg[H,..(n)] = tan I [ ( n c o s n T r / 2 ) /  

(1 - n sin nw/2) ]  (22) 

As can be  seen f rom Figure 8, Hom(n ) yields a 
good  characteristics. The  min imum harmonic  sen- 
sitiviff IH,,m(2)I is 2.24. 

As shown in Figure 9, if a setting error  A~b in 
the angular  distance be tween  the two probes  ex- 
ists, the differential  ou tpu t  of  the or thogonal  
mixed m e t h o d  becomes  

f 

/ -  

. . /- /-  

1 , I I I I I I r l  r I I ' ' ' ' 

10 100 

Frequency n 

Figure 8 Transfer function of the orthogonal 
mixed method 

me(O) = r(O + A49) + R,r'(O + 7r /2 )  

-~r(O) + R,r '(0 + 7r/2)  + A4,¢(0)  (2~) 

An error  Am,,m(O) in the differential ou tpu t  
can be seen to occur: 

Am,,(O) = Acbr'(O ) (24) 

The  evaluated Fourier  transform R~(n) of  the 
roundness  error  then becomes  

R,~(n) = M~(n)/H,,,.(n) 

= R(n) + AM,~(n)/H,,m(n) 

= R(n) + ARe(n) 

where,  

ARe(n) = AM~( n) / H,.,,( n) (25) 

Here ,  R(n)  is the real Fourier  t ransform of  
the roundness  error. Me(n) and AM~(n) are the 
Fourier  transforms of  m,.(0) and Am~(O), respec- 

Probe 1: Displacement probe ev(0) 
Probe 2: Angle probe ~' y i , e×(0) 

Probe 1: 
Probe 2: 

l Probe 1 

A 

P r o b e ~  X 
B 

Workpiece 

Figure 9 Setting error of angular distance 
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1.5 

i::~ 0.5 

Figure 10 

I I I I I I I I I I I I I I I I 

10 1 0 0  

Frequency n 

Error caused by the setting error of 
angular distance 

tively. The relative error of IRe< )l to IR(n)l can 
then be evaluated as 

AE(n) = 1 - I R e ( ~ ) / n ( ~ ) l  

= nAq)/iHom(n)l (26) 

Figure 10 shows AE(n)  plotted versus n when 
2i~b = 0.5 °. The largest error can be seen to occur 
at n = 5(AE(5) = 1.1%). 

Experiment 

Principle of the optical sensor system 

An optical sensor system consisting of one dis- 
placement probe and one angle probe with an 
angular distance of 90 ° was constructed to realize 
the orthogonal mixed method• Both the displace- 
ment  probe and the angle probe use the principle 
of the critical angle method of total reflection. 2~ 

Figure 11 shows the optical schematic of the an- 
gle probe. The laser beam from a laser diode of 
780-rim wavelength is collimated by a microlens and 

Laser 
diode 

Figure 11 

Critical angle p r ~ ~ k  

Criti ~ - - . . - - - ~  Half prism 

' Polarization 
...[j_l -)/2t]- - L beam splitter 

Collimator lens ~ 1/4X plate 

Test surface 

Optical schematic of the angle probe 

Figure 12 
probe 

Critical angle_ prism 
- AI...._...........3~ 

Photo P.ho!o 
diode / i /  / )  l! U B , ,oae 

J I 
• • i . 

Crmcal ~ -  l l - [ ~ ,  I Half pr,sm 
angle prism "N~ ]! [ N] 

Laser Polarization 
diode beam splitter 

Collimator ~_ i L1/4Xplate 
lens ~ Objective 

mimm=|= | | m | m = m  P l  

 .tsu ac  . . . . . .  . . . . . .  

Optical schematic of the displacement 

passes through a pinhole with a diameter of 0.1 mm• 
The beam is then bent by a polarization beam splitter 
and projected onto the test surface. The reflected 
beam from the test surface passing totally through 
the polarization beam splitter is split into two beams. 
After being reflected on the hypotenuse faces of the 
critical angle prisms, the beams finally reach photo- 
diodes A and B. With respect to the incident beams, 
the hypotenuse faces are each arranged at an angle in 
the vicinity of the critical angle of air-glass boundary. 
When the test surface inclines, the output signals of 
the two photodiodes change in opposite ways: one 
increases, and the other decreases. The angular dis- 
placement A0 of the test surface can be calculated 
from the output signals A and B of the photodiodes 
as follows. 24,25 

T,,(AO) = (A - B ) / ( A  + B) (27) 

where, T,(AO) is defined as the output of the 
angle probe. 

r~ 
o 

¢9 
. ,_a  

o 

= 

4..a 

O 

Pl 

-d I~- 
Precision 

P2   s acement 
surface 

-d I~- 

Wide 
range range 

Figure 13 Precision range and wide range of the 
displacement probe 
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Displacement probe 

1 
C ' ! "  - -  

PZ N * 
Microsense 

Angle probe 

, 
~::~=:~'~::~¢ " ~ * ~ ,  utocollimator 
Lever system 

Figure 16 Experimental setup for angle probe 
calibration 

Figure 14 Experimental setup for displacement 
probe calibration 

P)gure 12 shows the optical schematic of  the 
d isp lacement  probe. 96 The  ou tpu t  Tp(Az) of  the 
d isp lacement  probe can be expressed as tbllows. 

7),(Az) = ( A - B +  C - D ) / ( A +  B+ C+D) 

(28) 

where  ~Xz is the d isplacement  of  the test surface, 
and  A ~ D are the ou tpu t  signals of  the photo- 
diodes. 

The relationship between 7),(Az) and Az is 
shown in lqgu',e 13. The area near  Pl, which is the 
tocal plane of  the objective, is called the precision 
range. Another  area, the wide range ,  27'2~ is also sen- 
sitive to the displacement. In the precision range, the 
light spot size is approximately 2/xm, and that in the 
wide range is approximately 0.1 mm. To match the 
light spot size of the displacement probe with that of 
the angle probe, the wide range was used. In addi- 
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Calibrated results of the displacement 

tion, three-time-reflection-type critical-angle prisms 24 
were used in the probes to improve the resolution. 

Basic performance of the optical 
sensor system 

Figure 14 shows the exper imenta l  setup for dis- 
p lacement  probe calibration. A capacitance-type 
displacement  sensor fADE Microsense) was used 
as the reference.  The surface was moved using a 
piezoelectric t ransducer  (PZT) actuator, and the 
displacement  of  the surface was simultaneously 
measured  by the developed displacement  probe 
and the Microsense. Figure 15 shows calibration 
results obtained in two separate measurements .  
The  residual er ror  f rom fitting with a third-order  
polynomial is also plot ted in this figure and  can be 
seen to be approximately 0.5% of  the calibration 
range. Comparison of the two results shows good 
repeatability'. 

F~gure 16 shows the exper imenta l  setup ti)r 
angle probe calibration. A Nikon photoelectr ic  
autocol l imator  was used as the reterence.  A lexer 
system was used to in t roduce  angular  displace- 
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Figure 17 Calibrated results of the angle probe 
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Figure 18 Experimental setup for investigating 
the characteristics of differential output 

ment. The lever was driven using a PZT actuator so 
that the lever could rotate about its fulcrum. The 
angular displacement of the lever was measured 
simultaneously by the developed angle sensor and 
the autocollimator. Two separate calibration re- 
sults are plotted in Figure 17. The residual error 
from fitting with a third-order polynomial is ap- 
proximately 0.5% of the calibration range. 

The experimental setup shown in Figure 18 
was used to investigate the feasibility of canceling 
the spindle error in the differential output of the 
orthogonal mixed method, which is defined in 
Equation (19). A precision ball with a diameter of 
1 inch was used as the target. The displacement 
probe and the angle probe were set with an angu- 
lar distance of 90 °. The spindle error ev(0) was 
introduced by moving the ball in the Y-direction 
by using a PZT. As shown in Figure 19, the spindle 
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Figure 19 Differential output of the orthogonal 
mixed method 
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Figure 20 Experimental system for roundness 
measurement 

error ev(0) is canceled in the differential output of 
the orthogonal mixed method. 

Roundness measurement 

Figure 20 shows the experimental  measurement  
system constructed for roundness measurement  
using the orthogonal  mixed method.  The mea- 
surement  system consists of the developed dis- 
p lacement  and angle probes, the precision ball 
shown in Figure 18, an air spindle, and an optical 
rotary encoder.  The displacement probe and an- 
gle probe are set with an angular distance of 90 ° . 
The ball is moun ted  on the air spindle, and the 
profile of the ball can be sampled by the probes 
while the ball is rotating. The output  signals of 
the probes are input  to a personal computer  via 
a 12-bit A/D converter. The rotational angle of 
the spindle was measured by the optical encoder.  
The positional signal of the optical encoder  is 
sent to the A/D converter as a trigger signal. The 
output  signals are sampled simultaneously in or- 
der  to avoid errors attributable to the sampling 
time delay. The ball can be adjusted in the X- and 
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Roundness r(0) 50nm/div 

0 

Repeatability error Ar(0) 10nm/div 

F(a) Polar plot of roundness error r(0) and repeatability error Ar(0) 

Spindle error ex(0 ) 400nm/div 

0 

Difference Aex(0 ) 80nm/div 

(a) Polar plot of spindle error e(0)  and difference Aex(0 ) 
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Figure 22 Measured roundness error: (a) polar 
plot of roundness error r(e) and repeatability error 
Ar(e); (b) rectilinear plot of roundness error r(e) 
and repeatability error 2~r(e); (c) spectrum of the 
repeatability error 

Y-directions by use of  ad jus tmen t  screws so that  
the eccent r ic  e r ro r  can be  ad jus ted  to fall within 
the m e a s u r e m e n t  ranges  of  the  probes .  The  
p robes  are m o u n t e d  on XYZ microstages,  and  the 
posi t ions of  the  p robes  relative to the ball can be  
ad jus ted  in the X-, Y-, and  Z-directions. 

F/gu,~e 21 shows the result of  a stability test of  
the optical sensor. In the test, the ou tpu t  signals 
were sampled without  rotat ing the ball. The  dis- 
p lacement  p robe  and the angle p robe  can be  seen 
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125 Frequency n 
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Figure 23 Measured spindle error: (a) polar plot 
of spindle error ex(e ) and difference 2~e.(e); (b) rec- 
tilinear plot of spindle error ex(e) and difference 
Ae~(0); (c) spectrum of the difference 

to have the stabilities of  I n m  and 0.01 in., respec- 
tively, in a test term of  20 s. 

Figure 22 shows the measured roundness errors 
of  two separate measurements and the repeatability 
e r r o r  between the two measured results. The sam- 
piing number  was 512. It can be seen that the round- 
ness error is approximately 60 nm, and the repeat- 
ability error is approximately 5 nm. The largest 
repeatability error occurred at the third-order har- 
monic, and the value is approximately 0.6 nm. The 
repeatability error may be caused by the positioning 
e r r o r  of sampling. The measured spindle errors of  
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the two repeated measurements and the difference 
between them are shown in Figure 23. The spindle 
error is approximately 800 nm, and the difference is 
approximately 140 nm. Vibration components  are 
found in the spindle errors. Comparison of the re- 
suits plotted in Figures 22 and 23 shows that the 
roundness error is separated fi-om large spindle er- 
rors with high repeatability, thus confirming the ef- 
fectiveness of the orthogonal mixed method.  

Conclusions 

l. The effectiveness of the two displacement-one 
angle (2D1A) mixed method  and that of  the 
one displacement-two angle (1D2A) mixed 
method were discussed. Both of these methods 
can separate the roundness error from the spin- 
dle error with high accuracy. In the low-fre- 
quency range, the 1D2A mixed method  is more  
sensitive than the 2DIA mixed method.  In the 
high-frequency range, the 2D IA mixed method 
is superior to the 1D2A mixed method.  

2. The  characteristics of  the 2D1A mixed  
m e t h o d  and  the ID2A mixed m e t h o d  were 
analyzed with regard to probe a r rangement .  
It was verified that  well-balanced ha rmonic  
response can be achieved over the entire fre- 
quency range when  the angular  distance be- 
tween the angle probe,  and  the d isp lacement  
probe is set to be 90 ° . The  mixed  m e t h o d  
employing this probe  a r r a n g e m e n t  is called 
the or thogonal  mixed method .  This probe 
a r r a n g e m e n t  is also the simplest one,  be- 
cause separat ion of  the roundness  e r ror  f rom 
the spindle e r ror  requires only one  displace- 
m e n t  probe  and  one angle probe.  

3. An optical sensor system consisting of  one 
displacement  probe and  one  angle probe was 
cons t ructed  to realize the or thogonal  mixed  
method .  The d isp lacement  probe and  the 
angle probe both use the critical angle 
m e t h o d  of  total reflection, and  they have 
stabilities of  1 n m  and 0.01 in., respectively. 

4. An experimental  measurement  system for 
roundness  measurement  based on the orthog- 
onal mixed me thod  was constructed. The ef- 
fectiveness of  the orthogonal  mixed me thod  
was conf i rmed by the experimental  results. 
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