
Department of Mechanical Engineering 

College of Engineering 

National Taiwan University 

Master Thesis 

Research on measurement of geometry errors on rotary table 

Wen-Po Sun 

Advisor: Kuang-Chao Fan, Ph.D. 

103 7

July, 2014



i 



i 



ii



iii



iv

ABSTRACT 

Rotary axes are widely used in industry, such as in robotic arm, machine tool and 

coordinate measuring machines (CMM). The cutting of special curved surface, like 

turbine blade or helical thread, could be performed through multi-axis machine tool. To 

improve the accuracy of machine tools, it is important to research on the geometry 

errors of rotary axes. Consequently, how to measure the accuracy of rotary table is 

essential. There are some measurement systems that had been developed and some 

systems can reach high resolution.  

In this study, several measurement systems have been developed, some can 

measure tilt error and the others can measure eccentric error. There are three kinds of tilt 

error measurement systems, one using dial gauge, another using polygon and  

autocollimator, the other using gauge block and autocollimator. There are two kinds of 

eccentric error measurement system, one using dial gauge and master ball, another using 

laser diode, QPD and corner cube as reflector. In the measurement process, some setting 

errors cause the measurement results unstable. Therefore, it is important to minimize or 

eliminate setting error. Through the analysis and comparision of measurement results, it 

can be used to evaluate the reliability of the measurement system, and find out the 

correlation between linear errors and angle errors of axes. The result can be used as the 

basis of analyzing the errors of rotary axis in the future.  
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v 

....................................................................................................................................i 

................................................................................................................................. iii 

ABSTRACT .....................................................................................................................iv 

...................................................................................................................................v 

LIST OF FIGURES ....................................................................................................... viii 

LIST OF TABLES .......................................................................................................... xii 

.....................................................................................................................1 

1-1. .............................................................................................1 

1-2. .........................................................................................................4 

1-2-1 ...............................................................4 

1-2-2 ...............................................................9 

1-3. ...................................................................................13 

...............................................................................................14 

2-1. ...........................................................................................................14 

2-1-1 .....................................................................................14 

2-1-2 .............................................................................17 

2-1-3 .....................................................................................20 

2-2. ...........................................................................................................20 

2-2-1 .....................................................................................20 

2-2-2 .....................................................................21 



vi

2-2-3 .................................................................................23 

2-3. (polygon)........................................................................................24 

2-3-1 .........................................................................24 

2-3-2 – ...................................................25 

...........................................................................................................28 

3-1. ...................................................................................28 

3-1-1 .................................................................................28 

3-1-2 .............................................................................30 

3-1-3 .................................................................................38 

3-2. ...................................................................................41 

3-2-1 .................................................................................41 

3-2-2 .........................................................................42 

3-2-3 .................................................................................45 

...........................................................................................................47 

4-1. ...........................................................................................47 

4-2. .......................................................................................50 

4-2-1 .............................................................................................50 

4-2-2 .............................................................................................51 

4-2-3 .................................................................................52 

4-3. .......................................................................................................53 

.......................................................................................................55 



vii 

5-1. ...............................................................................................55 

5-2. .......................................................................58 

...............................................................................................60 

6-1. ...............................................................................................................60 

6-2. .......................................................................................................60 

References ....................................................................................................................... 61 



viii 

LIST OF FIGURES 

1-1-1 [1]...................................................................................1 

1-1-2 [1]..............................................................2 

1-2-1 Suk-Hwan Suh [2] .....................................4 

1-2-2 [3]...................................................5 

1-2-3 [4]...................5 

1-2-4 [5].......................................6 

1-2-5 [6]...................6 

1-2-6 Kengo Fujimaki [7]........................7 

1-2-7 H.F.F. Castro [8].................................................7 

1-2-8 Jindong Wang [9] ...................................8 

1-2-9 Muhummad Madden [10] ......................8 

1-2-10 Hiroshi Murakami [11] ....................9 

1-2-11 [13] ...................................................................9 

1-2-12 R-test [16] .................................................................................10 

1-2-13 [20]............................................10 

1-2-14 [21]........................................................11 

1-2-15 [24]........................................11 

1-2-16 [25]............................................................12 

2-1-1 ................................................15 

2-1-2 ................................................................................15 



ix

2-1-3 ................................................................................16 

2-1-4 ........................................................................................17 

2-1-5 ....................................................................................17 

2-1-6 Pitch ......................................................................18 

2-1-7 Yaw ...................................................18 

2-1-8 Pitch ..................................................19 

2-1-9 Yaw ..........................................................................19 

2-1-10 Pitch ........................................................................20 

2-2-1 ........................................................................................21 

2-2-2 ........................................................................................21 

2-2-3 ................................................................22 

2-2-4 ....................................................................................22 

2-2-5 ........................................................................23 

2-2-6 ........................................................................................23 

2-3-1 ........................................................................................24 

2-3-2 ............................................................25 

2-3-3 ....................................................26 

2-3-4 ........................................................................27 

2-3-5 ........................................................................................27 

3-1-1 ............................................................................28 

3-1-2 ........................................29 



x 

3-1-3 ........................................................................................29 

3-1-4 ................................................................30 

3-1-5 ....................................................................................31 

3-1-6 Catia ...............................................................................................32 

3-1-7 ............................................................................................32 

3-1-8 ................................................33 

3-1-9 Pitch ............................................................................33 

3-1-10 – ....................................................34 

3-1-11 – .............................................................34 

3-1-12 0 60arc sec ................................................35 

3-1-13 45 60arc sec ...............................................36 

3-1-14 45 60arc sec ...............................36 

3-1-15 – ............................................................39 

3-1-16 – ........................................................39 

3-1-17 – .................................................................40 

3-2-1 ............................................................41 

3-2-2 ................................................42 

3-2-3 ........................................................................................42 

3-2-4 X ....................................................................43 

3-2-5 X ...............................................43 

3-2-6 Y ...............................................44 



xi

3-2-7 X ........................................................................44 

3-2-8 Y ........................................................................45 

3-2-9 – ..............................................................45 

3-2-10 – ........................................................46 

3-2-11 – .....................................................46 

4-1-1 ............................................................................................................47 

4-1-2 ........................................................................................................47 

4-1-3 ........................................................................48 

4-1-4 ( )..............................................................................48 

4-1-5 ( )..............................................................................49 

4-1-6 ( )..............................................................................49 

4-2-1 [27]..............................................................50 

4-2-2 ............................................................51 

4-2-3 ............................................................................52 

4-3-1 ....................................................................................53 

4-3-2 ....................................................................................54 

5-1-1 ................................................................................56 

5-1-2 ................................................................................56 

5-1-3 - ...........................................................................57 

5-2-1 ........................................................................................58 



xii 

LIST OF TABLES 

4-2-1 ................................................................................52 

5-1-1 .................................................................................56 

5-2-1 ................................................................................59 



1 

1-1.

ISO230-7 [1] 1-1-1

(EXC EYC) (EZC) (EAC

EBC) (ECC) EAC E A

C

1-1-1 [1] 



2 

ISO230-7[1] 1-1-2

(standard bar,

)

1-1-2 [1] 

( )



3 



4 

1-2.

(1). (2).

1-2-1

Suk-Hwan Suh [2]

X-Y-Z 1-2-1

1-2-1 Suk-Hwan Suh [2] 

[3] X-Y

PSD

1-2-2



5 

1-2-2 [3] 

[4]

1-2-3

1-2-3 [4] 



6 

[5]

1-2-4

1-2-4 [5] 

[6]

X-Y

1-2-5

1-2-5 [6] 



7 

Kengo Fujimaki [7]

QPD

1-2-6

1-2-6 Kengo Fujimaki [7] 

H.F.F. Castro [8]

1-2-7

1-2-7 H.F.F. Castro [8] 



8 

Jindong Wang [9]

1-2-8

1-2-8 Jindong Wang [9] 

Muhummad Madden [10]

1-2-9

1-2-9 Muhummad Madden [10] 



9 

Hiroshi Murakami [11]

1-2-10

1-2-10 Hiroshi Murakami [11] 

1-2-2

M. Tsutsumi Dong-Mok Lee [12-15]

1-2-11

1-2-11 [13] 



10

S. Weikert [16] R-test

1-2-12

X-Y-Z R-test

[17-19] 

1-2-12 R-test [16] 

Soichi Ibaraki [20]

1-2-13

1-2-13 [20] 



11

Michael Gebhardt [21] Cefu Hong [22] ISO/DIS 10791-7

[23] 1-2-14

1-2-14 [21] 

Soichi Ibaraki [24]

1-2-15

1-2-15 [24] 



12

[25]

X-Y-Z

1-2-16

1-2-16 [25] 



13

1-3.



14

2-1.

2-1-1

[26, 27]

(Photodiode)

(QPD, 

Quadrant Photodetector)

2-1-1 2 12 μm

(2.1) (2.2)

( ) ( )A D C B
X

A B C D

V V V VX K
V V V V   (2.1) 

( ) ( )A B C D
Y

A B C D

V V V VY K
V V V V (2.2) 



15

2-1-1

2-1-2

-

(Differential Amplifier) (Summing amplifier)

2-1-2

2-1-3



16

θ

2θ

tan 2f

2-1-3

2-1-4

(Collimated LD) (PBS, Polarizing beam splitter)

(QWP, Quarter-wave plate) (Focusing Lens) (QPD, 

Quadrant Photodiode) 2-1-5



17

2-1-4

2-1-5

2-1-2

2-1-6

HP5529A

HP5529A



18

±150 arc-sec Yaw 2-1-7 Pitch

2-1-8 HP5529A

Autocollimator

2-1-9 Yaw 2-1-10 Pitch ±150 arc-sec

±1 arc-sec

2-1-6 Pitch

2-1-7 Yaw

y = 495.85x + 3.9165
R² = 1

-200 

-150 

-100 

-50 

0 

50 

100 

150 

200 

-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 

A
ng

le
 (a

rc
se

c)

Autocollimator output voltage (V)

Yaw calibration



19

2-1-8 Pitch

2-1-9 Yaw 

y = 492.44x + 0.8625 
R² = 0.9999 

-200 

-150 

-100 

-50 

0 

50 

100 

150 

200 

-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 

A
ng

le
 (a

rc
se

c)

Autocollimator output voltage (V)

Pitch calibration

-1.5 

-1 

-0.5 

0 

0.5 

1 

1.5 

-200 -150 -100 -50 0 50 100 150 200 

E
rr

or
 (a

rc
se

c)

Angle (deg)

Yaw residual error



20

2-1-10 Pitch

2-1-3

(corner cube)

2-2.

2-2-1

Parker 2-2-1

(OEM57-83)

Parker OEM750 RS232

2-2-2 OEM750 36000

180 1 0.2 arc-sec

-1.5 

-1 

-0.5 

0 

0.5 

1 

1.5 

-200 -150 -100 -50 0 50 100 150 200 

E
rr

or
 (a

rc
 se

c)

Angle (deg)

Pitch residual error



21

2-2-1

2-2-2

2-2-2

0.05 (180 arc-sec)

0.01 (36 arc-sec) Autocollimator



22

2-2-3

15 2-2-4

130 arc-sec

2-2-3

2-2-4

ix (2.3) x

(2.4) (N )

-40 

-20 

0 

20 

40 

60 

80 

100 

120 

0 50 100 150 200 250 300 350 400 

ar
c 

se
c

(deg)



23

1

1 N

i
i

x x
N

(2.3) 

2( )
1

i
x x

N
(2.4) 

6 arc-sec 2-2-5

2-2-5

2-2-3

2-2-6

2-2-6

0 

1 

2 

3 

4 

5 

6 

7 

0 50 100 150 200 250 300 350 400 

ar
c 

se
c

(deg)



24

2-3. (polygon)

2-3-1

[28]

1. 2-3-1

2. 100 m

3.

4.

5.

10  arc-sec

2-3-1



25

2-3-2

0.30 arc-sec

2-3-2

2-3-2 –

[29, 30]

2-3-3 Face A Face B Autocollimator

R1 R2 Si i T



26

Autocollimator 2-3-3 (2.5)

1 2S R T Ri (2.5) 

(2.6)

2 1T (R
24

)
1

RSi
i

(2.6) 

2-3-3

S =360i (2.6) 24 (2.7)

2 1T (R R )360
24 24 24 (2.7) 

R1 R2 (2.7)

T (2.5) i

(2.8)

(2.9)

2 1
2 1 2 1

(R R )
S T (R R ) 15 (R R )

24i (2.8) 



27

2 1
2 1

(R R )
E S 15 (R R )

24i i                (2.9) 

2-3-4 15arc-sec

2-3-5

2 arc-sec 0.07 0.2

2-3-4

2-3-5

-25 

-20 

-15 

-10 

-5 

0 

5 

10 

15 

0 50 100 150 200 250 300 350 400 

ar
c 

se
c

(deg)

-2.5 
-2 

-1.5 
-1 

-0.5 
0 

0.5 
1 

1.5 
2 

2.5 
3 

0 5 10 15 20 25 30 ar
c 

se
c

Face number



28

3-1.

3-1-1

3-1-1 3-1-1

R

R

3-1-1



29

3-1-2

3-1-2 X

3-1-3

3-1-3

3-1-4



30

0.15 m

0.1 m

3-1-4

3-1-2

3-1-5 t (0)z

t x y



31

3-1-5

x y Catia

3-1-6

3-1-7

x y Catia

3-1-8 x y

3-1-9

cos



32

3-1-6 Catia 

3-1-7



33

3-1-8

3-1-9 Pitch

3-1-10

3-1-11

0 

10000 

20000 

30000 

40000 

50000 

arc sec

Rotation angle (deg)

Pitch

Catia cos



34

Yaw y

Pitch x

3-1-10 –

3-1-11 –



35

0 60arc sec

X Autocollimator y

( )z i ( )y i

3-1-12 (3.1)

( ) cos ( )y t zi i (3.1) 

3-1-12 0 60arc sec

(0)z

3-1-13 (3.2)

(3.3)

( ) cos( ( ) (0))y t z zi i (3.2) 

( ) cos( ( ) (0)) cos (0)y t z z t zi i               (3.3) 

-80 

-60 

-40 

-20 

0 

20 

40 

60 

80 

0 50 100 150 200 250 300 350 (a
rc

se
c)

(deg)



36

3-1-13 45 60arc sec

3-1-14 45 60arc sec

(3.3) (3.4) (3.4) (3.5)

i

matlab cos (0)t z sin (0)t z

( ) [cos( ( ) 1)cos (0) sin ( ) sin (0)]y t z z z zi i i (3.4) 

-80 

-60 

-40 

-20 

0 

20 

40 

60 

80 

0 50 100 150 200 250 300 350 (a
rc

se
c)

(deg)

( 45 )

-120 

-100 

-80 

-60 

-40 

-20 

0 

20 

40 

0 50 100 150 200 250 300 350 

(a
rc

se
c)

(deg)

( )



37

(1)cos (1) 1 sin (1)
cos (0)

(2)cos (2) 1 sin (2)
sin (0)

yz z
t z

yz z
t z

(3.5) 

cos (0)t z a sin (0)t z b

(3.6)(3.7)

2 2
t a b (3.6) 

1

2 2
(0) cosz

a
a b

(3.7) 

x y x y

(3.8) (3.9)

X Y x y r 1C 2C x y

1

2 2 2
1 1 2( ) ( )X C Y C r (3.8) 

2 2 2 2 2
1 2 1 1 2 1 1 22 2r C C C X C Y X X (3.9) 

2 2 2
1 2 3r C C C (3.9) (3.10)

1C 2C r

2 2
1 1 1 1 1

2 2
2 2 2 2 2

3

2 2 1
2 2 1

X Y C X Y
X Y C X Y

CC33C3

(3.10) 



38

3-1-3

R 63mm ( z ) (3.11)

3-1-15 20.84 arc-sec

85.91 R 1mm 0.5mm

0.163 arc-sec

z = yR (3.11) 

3-1-16

24.1 arc-sec 96.2 deg

20.28 arc-sec x 1.17 arc-sec

y 0.88 arc-sec

3-1-17 X y 21.35 arc-sec

116.11 arc-sec Y x 18.41 arc-sec

26.37 arc-sec 89.74 X-Y 90



39

3-1-15 –

3-1-16 –

-40.00  

-30.00  

-20.00  

-10.00  

0.00 

10.00  

20.00  

30.00  

40.00  

0 50 100 150 200 250 300 350 400 (a
rc

 se
c)

(deg)

-30 

-20 

-10 

0 

10 

20 

30 

40 

0 50 100 150 200 250 300 350 400 (a
rc

 se
c)

(deg)



40

3-1-17 –

-40 

-30 

-20 

-10 

0

10 

20 

30 

40 

0 50 100 150 200 250 300 350 400 (a
rc

 se
c)

 

(deg)

X

Y



41

3-2.

3-2-1

3-2-1

X-Y bR xyL X-Y

sL

3-2-1

3-2-2

QPD 3-2-3

[5, 31]

X-Y



42

3-2-2

3-2-3

3-2-2

QPD

QPD HP5529A

3-2-4

HP5529A



43

± 40 m X 3-2-5 Y 3-2-6

HP5529A

3-2-7 X 3-2-8 Y

± 40 m ± 0.3 m

3-2-4 X

3-2-5 X

y = 216.79x - 0.4696 
R² = 1 

-50
-40
-30
-20
-10

0 
10 
20 
30 
40 
50 

-0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2 

D
is

pl
ac

em
en

t(
m

)

QPD output voltage (V)

QPD HP (X )



44

3-2-6 Y

3-2-7 X

y = 218.37x + 0.4928 
R² = 0.9999 

-40

-30

-20

-10

0 

10 

20 

30 

40 

-0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2 

D
iso

la
ce

m
en

t(
m

)

QPD output voltage (V)

QPD HP (Y )

-0.3 

-0.2 

-0.1 

0 

0.1 

0.2 

0.3 

-60 -40 -20 0 20 40 60 

er
ro

r 
(

m
)

position( m)

QPD HP (X ) -



45

3-2-8 Y

3-2-3

3-2-9 X Y 4 m

3-2-9 –

-0.3 

-0.2 

-0.1 

0 

0.1 

0.2 

0.3 

-40 -30 -20 -10 0 10 20 30 40 50 

er
ro

r 
(

m
)

position( m)

QPD HP (Y ) -

-8.00  

-6.00  

-4.00  

-2.00  

0.00  

2.00  

4.00  

6.00  

0 50 100 150 200 250 300 350 400 

(
m

)

(deg)

-

(X ) (Y )



46

3-2-10

X 5 m Y 7 m

3-2-11 Y 1 m

3-2-10 –

3-2-11 –

-6.00  

-4.00  

-2.00  

0.00  

2.00  

4.00  

6.00  

8.00  

10.00  

0 100 200 300 400 

(
m

)

(deg)

X
Y

0 
0.2 
0.4 
0.6 
0.8 

1 
1.2 
1.4 
1.6 
1.8 

0 50 100 150 200 250 300 350 400 

m

(deg)

X
Y



47

4-1.

4-1-1 1mm

[32]

4-1-2 (1 cos )L

3 L 20 m 27nm

4-1-1

4-1-2



48

4-1-3

4-1-3

Talyrond 365

1.5mm

4-1-4 4-1-5 4-1-6

4-1-4 ( )



49

4-1-5 ( )

4-1-6 ( )

0.39 m



50

0.52 m 0.56 m

1 m

4-2.

QPD

1 arc-sec [27] 

4-2-1 [27] 

4-2-1

4-2-2 zlasery zlaserx

D QPD x



51

(3.1)(3.2)

D L D 4mm L 30mm 1arc-sec

170nm

( ) tan( )x zlaseryD L (3.1) 

( ) tan( )y zlaserxD L (3.2) 

4-2-2

4-2-2

4-2-2 zlasery zlaserx

QPD (3.1)(3.2)

(3.3)(3.4) 1 arc-sec 19.4nm

tan( )x zlaseryD (3.3) 

tan( )y zlaserxD (3.4) 



52

4-2-3

(QPD) 4-2-3 QPDx

QPDy

(4.5)(4.6) 8 m 3 11nm

  

4-2-3

4-2-1 200nm

1 arc-sec 170 nm

1 arc-sec 19.4 nm

3 ( 8 m ) 11 nm

4-2-1



53

4-3.

4-3-1

1 m

2 m

4-3-1

4-3-2

X-Y



54

4-3-2

-100 

-50 

0 

50 

100 

150 

200 

-100 -50 0 50 100 150 

Y
(

m
)

X ( m)



55

5-1.

5-1-1

5-1-1 5-1-2

(wobble)

5-1-3

X X

roll

X



56

5-1-1

5-1-1

5-1-2

-40 

-20 

0 

20 

40 

0 50 100 150 200 250 300 350 400 (a
rc

 se
c)

 

(deg)

-30 

-20 

-10 

0 

10 

20 

30 

40 

0 50 100 150 200 250 300 350 400 (a
rc

 se
c)

 

(deg)

(arc-sec) (deg)

20.84 85.91

24.11 96.2

20.28 116.11



57

5-1-3 -



58

5-2.

5-2-1 O Ot x

y X Y (0)z L

5-2-1

(5.1) (5.2) (5.3) t

t tOO L (4.1) 

cos( (0) ( ))x z z i (4.2) 

sin( (0) ( ))y z z i (4.3) 



59

(L) 37.5mm

5-2-1

(arc-sec) ( m)

20.86 3.79

24.1 4.38

20.3 3.7

5-2-1

3~4 m

5~7 m

2~3 m



60

6-1.

6-2.



61

References 

[1] “ISO 230-7,2006 Test code for machine tools. Part 7: Geometric accuracy of axes of 
rotation”, 2006

[2] Suh S-H, Lee E-S, Jung S-Y, “Error modelling and measurement for the rotary table 
of five-axis machine tools” Int J Adv Manuf Technol, Vol.14, pp.656-663, 1998 

[3] Liu C-H, Jywe W-Y, Lee H-W, “Development of a simple test device for spindle 
error measurement using a position sensitive detector” Measurement Science and 
Technology, Vol.15, pp.1733-1741, 2004

[4] Liu C-H, Jywe W-Y, Shyu L-H, Chen C-J, “Application of a diffraction grating and 
position sensitive detectors to the measurement of error motion and angular 
indexing of an indexing table” Precision Engineering, Vol.29, pp.440-448, 2005 

[5] Liu C-H, Jywe W-Y, Tzeng S-C, Lin Y-S, “Development of a novel optical 
measurement system for the error verification of a rotating spindle” Optical 
Engineering, Vol.44, pp.097003, 2005 

[6] Chen CJ, Lin PD, Jywe WY, “An optoelectronic measurement system for measuring 
6-degree-of-freedom motion error of rotary parts” Opt Express, Vol.15, 
pp.14601-14617, 2007 

[7] Fujimaki K, Mitsui K, “Radial error measuring device based on auto-collimation for 
miniature ultra-high-speed spindles” International Journal of Machine Tools and 
Manufacture, Vol.47, pp.1677-1685, 2007

[8] Castro HFF, “A method for evaluating spindle rotation errors of machine tools using 
a laser interferometer” Measurement, Vol.41, pp.526-537, 2008

[9] Wang J, Guo J, Zhou B, Xiao J, “The detection of rotary axis of NC machine tool 
based on multi-station and time-sharing measurement” Measurement, Vol.45, 
pp.1713-1722, 2012 

[10] Muhummad Madden MA, Shuhei Uesugi,, Takuya Kumagai EO, “Spindle error 
motion measurement using concentric circle grating and phase modulation 
interferometers” IntJ of Automation Technology, Vol.7, pp.506-516, 2013 

[11] Murakami H, Katsuki A, Sajima T, “Simple and simultaneous measurement of 
five-degrees-of-freedom error motions of high-speed microspindle: Error analysis”
Precision Engineering, Vol.38, pp.249-256, 2014 

[12] Tsutsumi M, Saito A, “Identification and compensation of systematic deviations 
particular to 5-axis machining centers” International Journal of Machine Tools and 
Manufacture, Vol.43, pp.771-780, 2003

[13] Lee D-M, Zhu Z, Lee K-I, Yang S-H, “Identification and measurement of 
geometric errors for a five-axis machine tool with a tilting head using a double 
ball-bar” Int J Precis Eng Manuf, Vol.12, pp.337-343, 2011

[14] Lee K-I, Lee D-M, Yang S-H, “Parametric modeling and estimation of geometric 
errors for a rotary axis using double ball-bar” Int J Adv Manuf Technol, Vol.62, 



62

pp.741-750, 2012
[15] Soichi Ibaraki YK, Takayuki Akai, Naoshi Takayama, Iwao Yamaji, Keiji Ogawa, 
“Measurement of Error motions on Five-axis Machine Tools by Ball Bar Tests”,
2012

[16] Weikert S, “R-Test, a New Device for Accuracy Measurements on Five Axis 
Machine Tools” CIRP Annals - Manufacturing Technology, Vol.53, pp.429-432, 
2004

[17] Ibaraki S, Oyama C, Otsubo H, “Construction of an error map of rotary axes on a 
five-axis machining center by static R-test” International Journal of Machine Tools 
and Manufacture, Vol.51, pp.190-200, 2011 

[18] Florussen GHJ, Spaan HAM, “Dynamic R-Test for Rotary Tables on 5-Axes 
Machine Tools” Procedia CIRP, Vol.1, pp.536-539, 2012 

[19] Hong C, Ibaraki S, Oyama C, “Graphical presentation of error motions of rotary 
axes on a five-axis machine tool by static R-test with separating the influence of 
squareness errors of linear axes” International Journal of Machine Tools and 
Manufacture, Vol.59, pp.24-33, 2012

[20] Ibaraki S, Iritani T, Matsushita T, “Error map construction for rotary axes on 
five-axis machine tools by on-the-machine measurement using a touch-trigger 
probe” International Journal of Machine Tools and Manufacture, Vol.68, pp.21-29, 
2013

[21] Michael Gebhardt WK, Konrad Wegener, “5-Axis Test-Piece – Influence of 
Machining Position” The Proceedings of MTTRF 2012 Annual Meeting, 2012 

[22] Hong C, Ibaraki S, Matsubara A, “Influence of position-dependent geometric errors 
of rotary axes on a machining test of cone frustum by five-axis machine tools”
Precision Engineering, Vol.35, pp.1-11, 2011 

[23] “ISO/DIS 10791-7 Test conditions for machining centers – Part 7: Accuracy of a 
finished test piece”, Document ISO/TC 39/SC 2, 2012-02-14 

[24] Ibaraki S, Sawada M, Matsubara A, Matsushita T, “Machining tests to identify 
kinematic errors on five-axis machine tools” Precision Engineering, Vol.34, 
pp.387-398, 2010

[25] Jywe W, Hsu T-H, Liu CH, “Non-bar, an optical calibration system for five-axis 
CNC machine tools” International Journal of Machine Tools and Manufacture, 
Vol.59, pp.16-23, 2012 

[26] Wang C-H, “Development of an Abbé error compensator for 3-axis NC machine 
tools” Master Thesis, Vol.National Taiwan University, 2012 

[27] Huang Z-N, “The Research of Laser Metrology on the Accuracy Improvement of 
Machine Tools” Master Thesis 

Vol.National Taiwan University, 2013 
[28] Probst R, Wittekopf R. “Angle Calibration on Precision Polygons: Final Report of 

EUROMET Project 371”: PTB, 2001. 
[29] Galyer JFW, Shotbolt, C. R. “Metrology for engineers”1980. 
[30] Gassner G, Ruland R, /SLAC. “Laser Tracker Calibration - Testing the Angle 



63

Measurement System”2008. 
[31] Shang-Liang Chen W-YJ, Tung-Hsien Hsieh, Chien-Hung Liu, Hsueh-Liang 

Huang,, Tung-Hui Hsu Y-RJ, Ming-Shi Wang, “THE DEVELOPMENT OF A 
3-DIMENSIONAL VIBRATION MEASURING SYSTEM WITH CORNER 
CUBES AND QUADRANT DETECTORS” Journal of the Chinese Institute of 
Engineers, Vol.Vol. 33, pp.71-80, 2010

[32] , , pp.35-38, 2007 8 5


