
ELSEVIER 

A new multiprobe method of 
roundness measurements 
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Aoba-ku, Sendai, Japan 

This paper presents a new multiprobe method for roundness measurements 
called the mixed method. In this method, displacements at two points on a 
cylindrical workpiece and an angle at one of  the two points are simulta- 
neously monitored by two probes. The differential output of  the probes can- 
cels the effect of  the spindle error, and deconvolving the differential data 
yields the correct roundness error. The mixed method is compared to the 
traditional 3-point method with respect to the transfer function and resolu- 
tion. Unlike the 3-point method, the mixed method can completely separate 
the roundness error and the spindle error, and can measure high-frequency 
components regardless of  the probe distance. Resolution can also be im- 
proved throughout the entire frequency domain by increasing angular sepa- 
ration of  the probes. An optical sensor specifically suited to the mixed 
method is designed and used to make roundness measurements. A fiber 
coupler and single-mode fibers are used in the sensor to divide a light beam 
from a laser diode into two beams, resulting in a compact sensor with good 
thermal drift characteristics. The displacement meter of  the sensor is based 
on the imaging system principle and has a resolution of  O. 1 pm. The angle 
meter is based on the principle of  autocoll imation and has a resolution of  O.5 
in. A measurement system is constructed to realize measurements of  round- 
ness by using the optical sensor. Experimental results confirming the effec- 
tiveness of the mixed method for roundness measurements are also pre- 
sented in this paper. 

Keywords: metrology; on-machine measurement; roundness; spindle error; 
mult iprobe method; mixed method; 3-point method; resolution; optical sen- 
sor 

Introduction 

To measure roundness errors of cyl indrical work- 
pieces and spindle errors of machine tools in on- 
machine condit ions, it is important to separate the 
roundness error and spindle error from each other. 
Basically, there are two kinds of error separation 
methods. 1 One is known as the mult ior ientat ion 
me thod ,  2-4 and the o the r  is the m u l t i p r o b e  
method. 5-~4 Mul t io r ienta t ion methods inc lud ing 
the step method 2 and the reversal method 3'4 can 
separate the spindle error and the roundness error 
effectively, if the spindle error has good repeatabil- 
ity. Compared with mult ior ientat ion methods, mul- 
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t iprobe methods are more suitable for on-machine 
measurements, because the repeatabi l i ty of the 
spindle error is not necessary. In mult iprobe meth- 
ods, the 3-point method 7-12 is the most widely used 
one. The 3-point method uses three displacement 
p robes  to detect  r o u n d n e s s  er ro r  and two-  
dimensional (2-D) spindle error components simul- 
taneously. The effect of the spindle error is can- 
celled in the differential output of the probes, and a 
deconvolv ing operat ion on the differential data 
yields the correct roundness error. However, some 
high-frequency components cannot be measured 
accurately with this method. It should be pointed 
out that this problem exists in other mult iprobe 
methods. 

To overcome this drawback of the 3-point  
method when used for roundness measurements, 
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Figure 3 Transfer funct ion of the 3-point  method 

we inves t iga ted  the poss ib i l i t y  of app ly ing  the 
mixed method 15 that was developed for measure- 
ments of st ra ightness.  This method uses two dis- 
p lacement  probes and one angle probe to separate 
the roundness error f rom the spindle error com- 
pletely and to capture h igh- f requency components .  

In th is paper, character ist ics of th is new mult i -  
probe method for roundness measurements  are in- 
vest igated and compared wi th  the 3-point  method.  
An exper imenta l  optical sensor was fabricated for 
use in the mixed method.  A measurement  system 
wi th  the optical sensor was also constructed,  and 
roundness errors of cy l indr ical  mir rors  were mea- 
sured. The effect iveness of the mixed method for 
roundness measurements  is conf i rmed by the ex- 
per imenta l  results. 

The 3-point method and the mixed method 

M e a s u r e m e n t  p r i n c i p l e  

Figure I gives the pr incip le of the 3-point  method 
schema t i ca l l y .  Th ree  p robes ,  w h i c h  are f i xed  
around a cyl indr ical  workpiece,  scan it wh i le  it is 
rotat ing. Assume that point  O is the intersect ion of 
the three probes and is near the rotat ional  center of 
the workpiece. The f ixed coord inate axes X - Y  are 
also shown in the same f igure. Let P be a represen- 
tat ive point  of the workpiece and the roundness 
error be descr ibed by the funct ion r(0), where  0 is 
the angle between po in t  Pand the Y-axis. Let + and 
,r be the angles between probes. 

If the d isp lacement  outputs  of the probes are 

Figure 2 
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denoted by mA(O),mB(O), and mc(O), respectively, 
the outputs  can be expressed as: 

mA(O) = r(O) + ex(O) (1) 

mc(O) = r(0 - +) + ev(0) • s in+ + ex(O) • cos+ (2) 

mc(O) = r(0 - "r) + ev(0) • sin-r + ex(O) • cos-r (3) 

where  ex(O) and ey(O) are the X-direct ional  compo-  
nent and Y-directional componen t  of the spindle 
error, respect ively.  R r is the radius of the work- 
piece. 

The d i f ferent ia l  ou tpu t  mr(O) of the 3-po in t  
method can be denoted as 

mt(O) = mA(O) + a.  ms(0) + b .  mc(O) 
= r(0) + a.  r(0 - +) + b .  r(0 - -r) (4) 

where 

a = sinT/sin(-r - +) (5) 

b = sin+/sin(-r - +) (6) 

Consequent ly ,  the spindle error is cancelled. 
The pr inciple of the mixed method is shown in 

Figure 2. Two probes are used in this method. Let 
the d isp lacement  output  and the angle output  of 
probe 1 be ml(0) and IJl(0), and the d isp lacement  
ou tput  of probe 2 be m2(0), then 

m~(O) = r(O) + ex(O) (7) 

~(0)  = (dr(O)/dO)Rr + ev(O)/Rr (8) 
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m2(e) = r(0 - 13) + ey(8) • sinl3 + ex(O) • cosl3 (9) 

where [3 is the angle between the probes. 
There are three unknown variables in the out- 

put data of the probes shown in Equations (7-9). 
They are r(e), ex(0), and ey(O). The roundness error 
r(0) can be separated from ex(e) and ey(e) by using 
the three output data of the probes. The differential 
output m,,(e) of the mixed method, in which the 
spindle error is cancelled, can be given by 

mm(O) = ml(O) - m2(O)/cosl3 - R r • tanl3 • I J l ( 0 )  

= r(e) - r(e - 13)/cosl3 - tanl3 • (dr(e)/d0) 
(10) 

T r a n s f e r  f u n c t i o n  

Let us consider Equation (4) as a system. In this 
system, r(O) is treated as the input and mt(e) as the 
output• According to the theory of digital filters, 16'17 
the relation between the input r(0) and the output 
mt(O) can be defined by the fo l lowing transfer func- 
t ion of the 3-point method: 

Ht((o) = Mt(e~)/R(~o) 
= 1 + a • e -t''+ + b .  e -i°~ ( 11 ) 

where to is the spatial frequency, and Mt(oJ) and 
R(o~) are the fast Fourier t ransforms (FFT) of mr(e) 
and r(0), respectively. R(e) can be obtained from 
Mt(ee) and H(e), and r(e) can be evaluated by IFFT of 
R(to). 

Cyli  
mirr 

Figure 7 Optical sensor  for the mixed method 

The transfer funct ion of the mixed method can 
be expressed as fol lows: 

Hm(~o) = Mm(~o)/R(~) 
= 1 - e-i~r3/cos!3 -j~otant3 (12) 

where Mm(~o) and R(~o) are the Fourier transforms of 
ram(0) and r(O), respectively. 

Taking the angles between probes as param- 
eters, transfer funct ions Ht(e) and Hm(~) are shown 
in Figures 3 and 4, respectively. In the 3-point 
method, the ampli tude at some frequencies in the 
transfer funct ion approaches zero. This prevents 
the 3-point  method from measur ing the corre- 
sponding frequency components correctly. Such 
zero points are not found in the transfer funct ion of 
the mixed method. This means that the mixed 
method is superior when high-frequency compo- 
nents of the roundness error and the spindle error 
are important, as for example, on-machine mea- 
surements. 

R e s o l u t i o n  

The resolution of the 3-point method and the mixed 
method can be evaluated by calculating the reso- 
lution of each spatial frequency component in the 
measured roundness error. 

Figure 5 shows the resolut ion of the mixed 
method, where the resolution of the displacement 

Table 1 Specifics of devices in Figure 7 
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e 1 , e 2 

BS1, BS2 

L1, L2 

PSD1, PSD2, PSD3 

Flat mirror, size: 10 mm x 
10 mm 

Beam splitter, size: 10 mm 
x 10 mm x 10 mm 

Cylindrical lens, Diameter 
10 mm, focal distance 30 
mm 

Posit ion-sensing detector 
(Hamamatsu Hotonics 
$3979), sensitive area 3 
mm x 1 mm (one 
dimension), resolution: 
0.1 pm 
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Figure 8 Optical f iber  s y s t e m  for  p o w e r  t ransmis -  
sion 

meter and angle meter are taken to be 0.1 pm and 
0.5 in., respectively. The angles between probes 
are taken as parameters. It can be seen from Figure 
5that the resolution of the mixed method is almost 
the same as that of the displacement meter. In the 
low-frequency range, resolution improves as 13 in- 
creases. The resolution throughout the entire fre- 
quency range approaches that of the displacement 
meter when 13 /> 45 ° . 

The resolution of the 3-point method is shown 
in Figure 6. There are some low-resolution compo- 
nents in the 3-point method attributable to the zero 
points in the transfer function. In addition, the reso- 
lution of the mixed method when 13 = 30 ° is much 
higher than that of the 3-point method when (¢,~-) = 
(10 ° , 30°), which requires nearly the same angular 
distance for the spatial arrangement of the probes. 

Opt ical  sensor 

Structure of  the optical sensor 

Figure 7 shows the optical sensor developed for 
roundness measurements with the mixed method. 
Table 1 shows the specifics of the devices in Figure 
7. To improve the resolution of the mixed method, 
the angular distance between the probes is set to 
45 ° . The probes are mounted on individual stages 
so that their positions relative to the cylindrical mir- 
ror can be adjusted. 

In the mul t ip robe methods using optical 

Table 2 Specifics of devices in Figure 8 

LD (laser diode) 

Coupling stage 

Fiber coupler and 
single-mode fiber, 
CL1, CL2 
(Collimator lens) 

Sharp LT022MD, output 
power 5 mW 
(maximum), 
wavelength 780 nm 

Newport MF915, 
objective: diameter 7 
ram, Focal distance 
25.5 mm 

Acrotec 780-H-50/ 
50-R-NC, NA of the 
fiber: 0.1 

NSG 
OPAL-M-W1825-125-085, 
diameter 1.8 ram, 
focal distance: 1.85 
mm 

S i n g l e  m o d e  f iber  ~ , , ~ ~  

' ~ m  \ i 
ator  lens P S D  ~ . . . .  ' 

Figure 9 Experimental setup for investigating the 
stability of the fiber output 

probes, matching of the characteristics of the 
power sources of the probes is vitally important. 
For this purpose, an optical fiber system with a fi- 
ber coupler and single mode fibers is used to split- 
ting the light from one source into two beams that 
are used as the power sources of the probes. 

The collimated beams from the fiber system 
are projected onto points A and B on the measured 
surface. The reflected beams from points A and B 
are reflected again by the flat mirrors M~ and M2, 
and then accepted by the angle meter and the dis- 
placement meters. The angle meter utilizes the 
principle of autocollimation. It consists of lens L1 
and position-sensing detector PSD~ placed at the 
focal position of L~. The displacement meters use 
image formation systems in which points A' and B' 
on PSD 2 and PSD 3 are the image points of points A 
and B. The displacement meter 1 and the angle 
meter use the same lens L 1 for compactness of the 
structure. Probe resolut ion and measurement 
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(a) 3-D expression 
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Figure 11 Intensity distribution of the fiber output 

range are determined by the performance of the 
PSD, the focal length of the lens, and the relative 
position of the lens and PSD. In these experiments, 
the focal length of the objective is 30 mm, and the 
magnification of the displacement meter is 1. Given 
that the resolution of the PSD is 0.1 pro, the reso- 
lution of the probes is determined to be 0.07 pm 
and 0.34 in. 
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Opt i ca l  f i be r  s y s t e m  fo r  p o w e r  t r a n s m i s s i o n  

Figure 8 shows the optical fiber system. Table 2 
shows the specifics of devices in Figure 8. The sta- 
bility of the fiber output is investigated by the ex- 
perimental setup shown in Figure 9. According to 
the charaacterist ics of the PSD, s l  and s2 ex- 
pressed in Equations (13,14) show the stability of 
the positions of the sports at points C and D in 
Figure 8 and pl  and p2 expressed in Equations 
(15,16) show the stability of the intensity level. To 
ensure the performance of the sensor, sl and s2 
must be stable. It should be pointed out that basi- 
cally, the stability of the intensity level does not 
affect the performance of the sensor. 

sl = k l (v  1 - v2)l/k2(v 1 + v2) (13) 

s2 = k~(v3-v4)l/k2(v 3 + v 4) (14) 

pl  = k2(v I + v2) (15) 

p2 = k2(v 3 + v 4) (16) 

Figure 10 shows the measured results. It can be 
found from Figure 10a that the stability of the po- 
sitions of the spots is better than 0.1 pm, which is 
within the limitation estimated from the signal to 
noise ratio of the experimental system. It can also 
be seen that the stability of the intensity is better 
than 0.1%. Figure 10b shows the measurement re- 
sult when the fiber is shaken repeatedly. It can be 
seen that s l ,  s2, remains stable while p l ,  p2 varies 
with the shaking. 

Figure 11 shows the measured intensity distri- 
bution of the output beam, where (a) is the three- 
dimensional (3-D) expression, and (b) is the con- 
tour expression. The intensity of the output beam 

tM~m,rZ~t "~ ~ v . , - '  ' .  ~v,=-v , f . "  " 

~(rcmotor Sensor I ~ ~ } ~ r ~ t [ l ~ m  ! .  . ion I kt _~(xg L'l *V('? ) -_ = L ~ [  

Inggcr sign d 
P ........... ls]gna, ~ I / ~  

PC Computer 

Figure 14 Measurement  system 
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Figure 15 
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T h e r m a l  drift  of  the  s e n s o r  in s h o r t  

seems to have a Gaussian distribution, which is the 
typical distribution of laser beams. 

These results confirmed that the optical fiber 
system for power transmission has good perfor- 
mance when used as the power source for the new 
optical sensor. 

Basic performance of  the optical sensor 

A capacitance type displacement sensor (Micro- 
sense) was used to calibrate the newly developed 
displacement meters in a range of _+40 pro. Figure 
12 shows calibration result obtained in two sepa- 
rate measurements. The fitting error to linear ap- 
proximation is about 0.2 IJm. 

A photoelectric autocollimator with a resolu- 
tion of 0.1 in. was used to calibrate the angle meter 
in a calibration range of _+8 ft. Figure 13 shows the 
calibration results. The fitt ing error to linear ap- 
proximation is about 3 in. Estimating from the sig- 
nal-to-noise ratio, the resolution of the displace- 
ment meters is about 0.1 IJm, and that of the angle 
meter is about 0.5 in. 

Measurement system 

Figure 14 shows the system for roundness mea- 
surements. The sensor is fixed, and the cylindrical 
mirror is driven by a servomotor with an optical 
encoder. The profile of the mirror can be sampled 
by the probes with an equal sampling interval 

Figure 17 Procedure of data processing in the 
mixed method 

given by the encoder when the mirror is rotating. A 
ball bearing is used in the spindle. 

There are two displacement meters and one 
angle meter in the sensor, and two current output 
signals from the PSD of each probe. The output 
signals are changed to voltage output signals by 
/-Vconverter circuits. Then the two voltage output 
signals of each PSDs are calculated to determine 
the position of the optical spot on the PSD by a 
calculation circuit. The output signals of the calcu- 
lation circuits are taken into a personal computer 
via a 12-bit A/D converter. The output signals are 
sampled simultaneously so that the errors attribut- 
able to the sampling time delay can be avoided. 

The positional signal of the optical encoder of 
the servomotor is sent to the A/D converter as a 
trigger signal. An isolating circuit is used to isolate 
the noise in the positional signal from the A/D con- 
verter, because the noise in the positional signal is 
too large. In addition, a frequency divider circuit is 
used to change the decimal output of the optical 
encoder to a binary one. This is because an FFT is 
used in the data processing of the mixed method, 
and the sampling number must be binary. 

Experimental results 
Stabil ity of  the system 

Long- and short-term stability tests of the system 
were peformed in a circumstance without any tem- 
perature control or vibrat ion isolation. In these 
tests, the output signals were sampled without ro- 
tating the cylindrical mirror. Therefore, the differ- 
ential output of the mixed method calculated from 
these output data of the probes can be used to es- 
timate the stability of the system. 

Figures 15 and 16 show the long- and short- 
term stability of the system, respectively. In Figure 
15, because the test term is short, and the influence 
of the thermal drift is small, the output of each 
probe is almost the same level as the probe reso- 
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~3 

Figure 16 
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T h e r m a l  drift of  the  s e n s o r  in long t e r m  
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Figure 18 Stabil ity of roundness measurement 
estimated from the drift data in Figure 15 
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lution. The stability of the differential output of the 
mixed method is also the same level. On the other 
hand, in Figure 16, because the test term is long, 
and the influence of the thermal drift is large, the 
output of each probe varies much greater than the 
probe resolution. However, the differential output 
is almost the same level as that shown in Figure 15. 

The stability of the roundness measurement 
can be estimated from that of the differential out- 
put through the data processing shown in Figure 
17. 64 datapoints of m(0) shown in Figure 15 were 
used to calculate the stability of the roundness 
measurement, and the calculated roundness error 
r(0) is shown in Figure 18 It can be seen that the 
stability is about 0.05 tim. 
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Roundness measurement 

Two cylindrical mirrors with the same diameter of 
80 mm were measured. Figure 19shows the results 
of sample 1. The sampling number was 128, and 
the rotational speed was 43 rpm. Figure 19a shows 
the measured roundness errors of two separate 
measurements and the repeatability error between 
the two measured results. Figure 19b shows the 
spectrum of the repeatability error. The measured 
results of sample 2 are shown in Figure 20. It can be 
seen that the roundness error of sample 1 is about 
12 pro, and that of sample 2 is about 8 pm. The 
repeatability error in the case of sample 1 is about 
1 IJm, and that in the case of Sample two is about 
1.2 pm. The largest repeatability errors occurred at 
the second-order components, and the values in 
the cases of sample 1 and sample 2 are 0.1 IJm and 
0.2 pro, respectively. It can also be seen that the 
high-frequency components of the roundness error 
are measured with high repeatability. This con- 
firmed the effectiveness of the mixed method. 

The spindle error can be calculated by using 
the output of the displacement meter 1 and the 
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Figure 2 2  Reproducibility error between the re- 
sults at d i f f e r e n t  r o t a t i o n a l  s p e e d s  
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Figure 23 Di f ference between the measured 
spindle errors at different rotational speeds  

meter and angle meter is 0.1 pm and 0.5 in. 
The possibi l i ty of applying an optical f iber sys- 
tem for power transmission to the sensor has 
also been confirmed. 

3 A measurement system for roundness mea- 
surement using the mixed method has been 
constructed. Some techniques have been used 
to avoid the influence of the noise from the 
servomotor. The stabil i ty of the measurement 
system has been investigated. Estimating from 
the thermal drift characteristics, this system 
can measure roundness with a stabil i ty of 0.05 
pm using the mixed method. 

4 Roundness measurements  have been per- 
formed, and the effectiveness of the mixed 
method was confirmed basically by the experi- 
mental results. The improvement of measure- 
ment accuracy wil l  be done in our future work. 
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