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Abstract: Circular path generation for ball bar measurement using the simultaneous movement of two axes with at least
one rotary axis requires the execution of CAM software. However, a change in the machine type or measurement
condition requires a new execution of the CAM software, which is cumbersome. This paper presents a circular path
generation technique that does not require CAM software and is applicable to different types of driving axes with an
arbitrary structural configuration of machine tools and any ball bar setup condition. Mathematical equations are derived
for three cases using the proposed technique. In addition, to inspect the measurement feasibility for avoiding physical
interference among the ball bar parts, a tilting angle calculation is proposed. The validity of the proposed technique was
verified by performing a ball bar experiment with A and C as the simultaneous axes of a five-axis machine tool.
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Fig. 1 Structure configuration and kinematic chain of
S5-axis machine tool with tilting rotary table
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Fig. 2 Generation of ball bar vectors on the spherical
space (a) and by simultaneous motion of two
axes (b)

bc =—Rvg A3)

do
ot i
rlr < oX,
. &
Lo,
ol
O o>
fo
o =
%)

[
kY
o
ey
)
=
=

ERREEED
B ) $17(Py )=

QA FA

Olﬂ ol
t
T
—
@)
w
=2
2
o
lo,
)

A
o
=l

12
off

2

=

off

i)

.

=

i)
2
>,

c
1R
e
(e}

offl
H
i
o
olt -
>
4
offf o Jo

48 dod= A U 785

B Bul wg e (b )E A ()9 2ol
ash=s
T
szpwoz{xw Y ZW} 4)
by =Pr —Py (5)

oA WA wEe ARAS ot AY TAso)h
714 P & b= YIS AR TB 9 %7
A 2 2 "o Eul .

=]
°F 378 A4 3 VL ol g 2

A (7 ol 71 Fol= e}

T
Ppy = {xz Y Zx} =Py +bcy (6

T(ry) = Pry 7

T e FEFH] B LB AAL A,

A WHE(r ) 271 91AY BE(n)dA EA

TE5Fo lFsh= WEo] WFEEA vt A HH
A= TB 914 HEH = 2 (8)3 o] vehdth

P =T(r) (®

]

HFEX o2 Fig. 2 oA} o] TUI F o
o) dlg vehlls 2 & B4 PEAe) dEgRe
2 3)9 (5)9 AHWEA e RTE dojxir)

be =by ©

4, Apd+

HEA 3 F FA7IA9 ds BEE A7
Uil G02(Go3)¥  #2 Y% HIK(Circular
interpolation) +% 7|5oE s = A o]
7hsstth ANt 5 & T AS} ol I F&
A e FoE ARgSTH, AdEF 2 dF
o] 2§ W FEHEC] A Bl ol et
2471 & 719-8 mElo] )

WS ol gstel Al ZEA Abdlel sl 2 & B4
TEol Ud 9E 42 A4 PEe R W
A g FAE BARe) EAGE AA%Y 84
22 BA6 FENS ASE AuL T WAL
ge naxd A 445 035 A
TENS A9E AWin. mARen FA4E



786 EE - olFH - 5T

“

Toolball

\

\

1

A 1
1

I

1

/

(a) (b)

Fig. 3 Schematic of simultaneous Y&C axes
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Fig. 5 Schematic of simultaneous C&A axes
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Table 1 Specifications of the used ball-bar

o

Manufacturer Renishaw plc QC-20W
Measuring range 1.0 mm
Measurement accuracy £1.0 ym
Ball-bar length 100.0 mm
Maximum tilting angle 20°
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Tool ball =——s= Ball-bar

Table "-._ Workpiece ball

s

Center our — g
74

Fig. 10 Experimental setup

90

225 315

20 um
270

Fig. 11 Ball-bar measurement data with the gene
ra-ted circular path

o=z 4y dh.
7.2 2

Bl 24 A FFAE FEAT7) A8 2
3 Ao A4S YT AR A, BA FEF
o] A48 9y A, NCHolH 4=, Bvl Ad F
o] 8¢t AAHA EAE FE Evte] AH§-
24 3 F Ar] g AZEYAE AFsta o
] Y 3FHIHG02, G03) WHS o]83 NC do|H
A 71sTrs A Ysi e g8 Eup A2
Edoje] 7 dEvton: IHdHS Xt

05 SA 75 540 BE7FssH CAM AXE
dojel o T AR WY Z2aPS 85k
oF &t} AW CAM AZEgo]E &83lo] &
vl 248 455 AstE A T &

o, AEHE A TE F D 34 A 27
5 o A as e 24 B we

Wy we A7) e Baw d
B ATE S & TA/AY Bk 23S A
qele] 2 H& BA TEAE

||\

ol
oo
(o
fo
o
i
ox

2,

=
)

LT §2 2 ok g 1o ot
Erlr
)
hur]
(e}

-

[¢]

>
[ 4t
o

a

t

ot
e
EL
mE
E

N

N
g

>

r0 > o
-4 r2

2 2012 9% AH (S

)l )

(1) Hong, C., Ibaraki, S. and Matsubara, A., 2011,
"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, No. 1, pp.1~11.

(2) Uddin, M. S., Ibaraki, S., Matsubara, A. and T.
Matsushita, 2009, "Prediction and Compensation of
Machining Geometric Errors of Five-axis Machining
Centers with  Kinematic  Errors,"  Precision
Engineering, Vol. 33, No. 2, pp.194~201.

(3) Thara, Y., Lin, S., Kakino, Y. and Ahmad, Z.A., 1998,
"Analysis of the Motion Accuracy of 5-Axis
Controlled Machining Centers Using DBB Method,"
International Journal of the Japan Society for
Precision Engineering, Vol. 32, No. 3, pp. 188~1983.

(4) Mayer, J. R. R., Mir, Y. A. and Fortin, C., 2000,
"Calibration of a Five-Axis Machine Tool for Position
Independent Geometric Error Parameters Using a
Telescoping Magnetic Ball Bar," Proceedings of the
33rd International MATADOR Conference 2000, pp.
275~280.

(5) Lee, D. M., Zhu, Z., Lee, K. 1. and Yang, S. H., 2011,
"Identification and Measurement of Geometric Errors
for a Five-axis Machine Tool with a Tilting Head
Using a Double Ball Bar," Infernational Journal of
Precision Engineering and Manufacturing, Vol. 12,
No. 2, pp.337~343.

(6) Tsutsumi, M. and Saito, A., 2004, "Identification of



790 ol & - °]&

Angular and Positional Deviations Inherent to 5-axis
Machining Centers with a Tilting-rotary Table by
Simultaneous Four-axis Control Movements," International
Journal of Machine Tools and Manufacture, Vol. 44, No.
12-13, pp. 1333~1342.

(7) Lee, K. 1., Lee, D. M. and Yang, S. H., 2012,
"Parametric Modeling and Estimation of Geometric
Errors for a Rotary Axis using Double Ball bar,"
International Journal of Advanced Manufacturing
Technology, DOI 10.1007/s00170-011-3834-0.

(8) Liang, H., Hong, H. and Svoboda, J., 2002, "A
Combined 3D Linear and Circular Interpolation
Technique for Multi-axis CNC Machining," ASME
Journal of Manufacturing Science and Engineering,
Vol. 124, No. 2, pp. 305~312.

(9) Bohez, E., Makhanov, S.S. and Sonthipermpoon, K.,
2000, "Adaptive Non-linear Tool Path Optimization
Technique for Five-axis Machining," International
Journal of Production Research, Vol. 38, No. 17, pp.
4329~4343.

(10) Sorby, K., 2007, "Inverse Kinematics of Five-axis
Machines Near Singular Configurations," International

6] . 01:% 3

[¢]

“

Journal of Machine Tools & Manufacture, Vol. 47, No. 2,
pp- 299~306.

(11) Lei, W. T., Sung, M. P, Liu, W. L. and Chuang, Y.
C., 2007, "Double Ballbar Test for the Rotary Axes of
Five-axis CNC Machine Tools," International Journal
of Machine Tools & Manufacture, Vol.47, No. 2,
pp.273~285.

(12) Tsutsumi, M., Yumiza, D., Utsumi, K. and Sato, R.,
2007, "Evaluation of Synchronous Motion in Five-axis
Machining Centers With a Tilting Rotary Table,"
Journal of Advanced Mechanical Design, Systems,
and Manufacturing, Vol. 1, pp. 24~35.

(13) Manato, K. and Ihara, Y., 2007,
Measurement of Five-axis Conical
Lamdamap 2007, Vol.7, pp. 34~43.

(14) Renishaw, 2010, QC20-W Wireless Ballbar System
Description and Specifications.

(15) Lee, J. H,, Yang, S. H., 2005, "Measurement of
Geometric Errors in a Miniaturized Machine Tool
Using Capacitance Sensors," Journal of Materials
Processing Technology, Vol. 164-165, pp. 1402~1409.

"Ball Bar
Movement,"



