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Identification of Motion Error Sources on Five-axis Machine Tools by Ball-bar Measurements (1st Report)
— Classification of Motion Error Components and Development of the Modified Ball Bar Device (DBBS5) —

Soichi IBARAKI, Yoshiaki KAKINO, Takayuki AKAI, Naoshi TAKAYAMA, Iwao YAMAII and Keiji OGAWA

The inclusion of the application of the double ball bar (DBB) measurement to the accuracy calibration of five-axis
machine tools into the revision of ISO standards is currently under the discussion. This paper presents the modified DBB
measurement device, referred to as “DBBS5” in our study, where master balls are supported from the 45° direction to the
spindle axis. It can perform all the circular tests on XY, YZ, and ZX planes without changing the setup. This paper first
presents the classification of motion error components of a five-aixs machine tool into location and component errors.
Experimental application examples of the DBBS5 to the calibration of location and component errors assciated with rotary

axes on a five-axis machine tool are then presented.

Key words: five-axis machine tool, measurement, ball bar, component error, location error
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Fig. 1 Configuration of the experimental five-axis machining center 21
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Fig. 2 Example of a location error and a component error

Table 1 Location errors for the machine configuration shown in Fig. 1.

Symbol 20 | Symbol ™ | Description

Location errors associated with rotary axes

apy FEaoB Squareness error of B- to Z-axis
BBY EBoB Orientation of B-axis around Y-axis
YBY EcoB Squareness error of B- to X-axis
acB FEaroc — FaoB Squareness error of C- to B-axis
0Ty ExoB Linear shift of B-axis in x direction
7:3% EyoB Linear shift of B-axis in y direction
02BY FEzoB Linear shift of B-axis in z direction
droB Evyoc — Eyop | Linear shift of C-axis from B-axis in X
Location errors associated with linear axes

7Y X Ecoy Squareness error of Y- to X-axis
azy FEaoz Squareness error of Z- to Y-axis
Bzx EBoz Squareness error of Z- to X-axis

Fig. 4 Configuration of the modified DBB device, DBBS
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Table 2 Component errors and their possible causes (those associated with B-axis) for the machine configuration in Fig. 1

Possible major error causes

Errors in positioning mechanism

N

Errors in rotary encoder

Pitch error in transmission mechanism (e.g.

worm gear)

Inaccurate pitch error compensation

Errors associated with bearings

Run-out

“Angular motion” of rotation centerline

Profile error caused by geometric error of rings
Profile error caused by variation in roller size

Gravity influence

Deformation of rotating unit

Angular positioning error caused by gravity

influence

Symbol [ Symbol™ [ Description

Component errors of rotary axis

apr(B) Exs Orientation changes of B-axis with B rotation
BsA(B) Egs Angular error of B-axis rotation

78¥(B) Ecp Orientation changes of B-axis with B rotation
acp(C, B) Eac-Eap | Orientation changes of C-axis with C, B rotation
Bcs(C, B) Epc-Egs Orientation changes of C-axis with C, B rotation
7c8(C, B) Ecc-Ecs Angular error of C-axis rotation

Hpr(B) Exs Location changes of B-axis center with B rotation
Ssr(B) Evg Location changes of B-axis center with B rotation
Szpr(B) Ezs Location changes of B-axis center with B rotation
Scp(C, B) | Exc-Exs Location changes of C-axis center with C, B rotation
es(C, B) | Evc-Eys | Location changes of C-axis center with C, B rotation
Scp(C, B) | Ezc-Ezp Location changes of C-axis center with C, B rotation
Component errors of linear axis

7 Y) Ecy Yaw changes of Y-axis with Y motion

ayY) Eay Pitch changes of Y-axis with Y motion

BrdY) Egy Roll changes of Y-axis with Y motion

Sy(Y) Exy Straightness of Y-axis

SyyY) Evy Linear positioning error of Y-axis

IyY) Ezv Straightness of Y-axis
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Fig. 5 Error profiles of circular test on XY, YZ, and XZ planes.
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Table 3 Circularity error and mean radial error of Measurements C-X
(low), C-Y (High), C-X (Low), and C-Y(High).

CX((-Z) | CY(Z) | C-X(+Z) | C-Y (+2)
Circularity || 3 22 7.3 6.8
eIror [4m
Mean radial Tzl = Tyl = Tz2 = Ty2 =
error pm +3.2 -0.6 -1.0 +4.9
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(P2 — Tp1) /dy = +2.7um/271lmm  (6)
—(rz2 —r21) /dy = +1.4pm/271mm  (7)

YBY =

QBY

Table 4 Circularity error and mean radial error of Measurements B-X
(-Y), B-Z (-Y), B-X (+Y), and B-Z (+Y).

B-X(-Y) | B-Z(-Y) | B-X(+Y) | B-Z (+Y)
Circularity 19 27 13 20
error ym
Mean radial Tzl = Tz1 = Tz2 = rz2 =
error pm -7.3 +18.6 -4.6 +17.2
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Fig. 6 Measurement C-X and C-Y.
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Fig. 7 Measurement C-Z.
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Fig. 8 Measurement C-XY.
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Fig. 9 Measurement B-X and B-Z.
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Fig. 11 Measurement correnspoinding to cone frustum machining test.



