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Exper imenta l  S tudy  o f  the  In f luence o f  Pos i t ion-dependent  Geomet r ic  Er ro rs  o f  Rotary
Axes  on  a  Mach in ing  Tes t  o f  Cone Frus tum by  F ive-ax is  Mach ine  Too ls

Kyoto University CCefu Hong, Soichi Ibaraki and Atsushi Matsubara

This paper first presents a statistical analysis to study the influence ofposition-dependent geometric errors associated with rotary axes on
machined geometric accuracy in the cone frustum machining test described in NAS 979. Then, an experimental study is presented to
demonstrate the application of R-test to measure the enlargement of a periodic radial or tilt error motion of C-axis with B-axis rotation,
which is shown by presented numerical simulations to be among potentially critical error factors for cone frustum machining test.

1. Introduction
A machining test of cone frustum, described in NAS

(National Aerospace Standard) 979 |1, is widely accepted to
evaluate machining performance of five-axis machine tools.
Kinematic errors l2l described as "position-independent
geometric errors" in this paper, or location errors defined in ISO-
230-7 l3l, associated with rotary axes, such as squareness error of
a rotary axis and a linear axis, can be seen as the most
fundamental errors in five-axis kinematics. However, more
complex error motions of a rotary axis, such as angular
positioning error ofa rotary axis, or tilt error motions ofa rotary
axis, become critical on the latest commercial small-sized five-
axis machine tools and must be reduced. Such more complex
error motions can be modeled as geometric errors that vary
depending on the angular position of a rotary axis, which is
referred to as "position-dependent geometric enor" [4].

This paper first presents a statistical analysis to study the
influence of position-dependent geometric errors associated with
rotary axes on machined geometric accuracy of a cone frustum.
Then, an experimental study is presented to investigate major
error factors in cone frustum machining test.

2. Statistical analysis result
This section reviews result of a statistical analysis to study

the sensitivity of each error motion to the circularity of cone
frusfum workpiece. A five-axis machining center, as is shown in
Fig. 1, was considered in this simulation. The simulation was
conducted under the following conditions: tilted angle of cone
fi:ustum about Y-axis in workpiece coordinate frame p=l5o and
half-apex angle ry:30" (pcyr). Diameter of tool path D was set to
be 129.9 mm. Details are presented in [4] and omitted here.

Table I shows the sensitivity of some major position-
dependent geometric errors to the circularity of cone Ausfum
workpiece. Note that B and C represent rotation angle ofB-axis
and C-axis, respectively. Equations (l)-(3) represent modeling of
the corresponding position-dependent geometric errors, as shown
in Table l.

Fig. I Five-axis machine tool with a tilting rotary table

Table I Statistical analysis result of each position-dependent

represcnts

stmdad deviation o. sgz is either *1 or 1 with 50% possibility.

3. Experimental study
Instead of actual machining test, a contour error profile was
measured with the same CL (cutter location) trajectory as in a
cone frustum machining test by a ball bar measurement. The
experimental five-axis machining center has the configuration
illustrated in Fig. l. Measurement with tilt angle q:15" and half-
apex angle qz:30o was tested. The ball bar nominal length is 150
mm, and the feedrate in the workpiece coordinate frame is 1,000
mm/min. Figure 2 shows measured contour error profiles. The
circularity error is 12.4 pm for clockwise (CW) rotation , and 9.2
pm for counter-clockwise (CCW) rotation.

3. I Influences ofposition-independent geometric errors
Position-independent geometric effors were experimentally

identifred by using a set of ball bar measurements presented by
Tsutsumi and Saito [5], as the result is shown in Table 2. Then
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