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Abstract

This paper describes a case study devised to quantify the relative contributions of geometric, thermal, contouring, and cutting force errors to
machined part dimensional errors. Measurements were performed to independently evaluate the: (1) quasi-static geometric errors using the laser ball
bar; (2) variations in geometric errors due to thermal effects; (3) spindle thermal growth errors using a capacitance gage nest; (4) two-dimensional
contouring errors using a grid plate encoder; and (5) surface location error due to (stable) forced vibrations during cutting. The effects of the
first three error components were related to part dimensions using a homogeneous transformation matrix approach integrated into a Monte Carlo
simulation. A comparison of the individual influences of these error sources showed that the cutting force error was dominant for the high-speed

machining center/tool-holder combination selected for this study.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The accuracy of parts produced by machining operations has
been studied extensively over the past 80 years or more (see
early work by Schlesinger and Koenigsberger [1] and overview
in [2]). It is known that machined part accuracy, or “the degree
of conformance of the finished part to dimensional and geomet-
ric specifications” [2], has four major contributors: geometric
errors of the machine construction, thermally induced errors
from heat sources associated with the machine/cutting process,
trajectory following errors caused by controller and machine
structural dynamics, and errors due to the cutting forces. In
computer numerically controlled (CNC) milling, the desired
spatial trajectory of the rotating cutter is defined by the part
program. The purpose of the part program is to place the tool tip
at particular coordinates relative to the part at every instant in
time, leaving behind newly created surfaces which form a work-
piece of the proper dimensions. Errors in the final dimensions
of the machined part are determined by the accuracy with which
the commanded tool trajectory is followed, combined with any
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deflections of the tool, part/fixture, or machine caused by the
cutting forces.

As part accuracy demands have increased, these error
sources have received significant attention from researchers and
machine tool builders alike. Due to these efforts, manufacturers
now implement sophisticated error compensation algorithms to
reduce the effect of geometric errors in the machine structure.
Improved designs combined with software error compensation
have reduced the effect of thermal error, although this can still be
a major contributor. High performance axis drives coupled with
modern control algorithms have improved trajectory following
dramatically. Pre- or in-process compensation for milling force
errors is less common, however.

In this paper, a case study performed on a new high-speed
machining center (Mikron UCP-600 Vario') is described where
the contributions of the geometric, thermal, controller, and
cutting force errors to inaccuracies in geometry for the well-
known circle—diamond-square test part [3] have been quantified.
The paper is organized as follows. First, tests to identify the

! All tests were carried out just after installation of the new machining center in
the University of Florida Machine Tool Research Center. Although the machine
has five controlled axes (two rotary axes), it was operated as a three-axis prismatic
machine for this study.
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Fig. 1. Error motions for the x-axis. Five repetitions were completed; both the forward and reverse directions are shown.

quasi-static geometric errors and a Monte Carlo simulation for
determining the resulting parts errors based on a homogeneous
transformation matrix (HTM) formulation are detailed. Next,
thermal effects including both spindle thermal growth and vari-
ations in the geometric errors with changes in the machine’s
thermal state are reported. Measurements of the machine’s con-
touring errors at different feed rates are then described. The
cutting force error contributions are demonstrated by provid-
ing dimensions for parts machined over a range of spindle
speeds. Finally, the percent contributions for each source are
compared. Note that fixturing errors, tool wear, and quasi-static
loading effects (either through self-loading of the machine or
part mass) have not been considered and a thermal error index
(TED) [4] evaluation of the machine environment was not com-
pleted, although these can be performance limiting factors in
some instances.

2. Geometric errors

The parametric errors for the x, y, and z-axes of the machine
were measured using the laser ball bar, or LBB [5,6]. The LBB is
a two stage telescoping tube (length range from 426 to 896 mm)
with a displacement measuring interferometer aligned inside.
After an initialization step, the LBB can be used to sequentially
measure the six sides of a tetrahedron formed by three sock-
ets attached to the machine table and one socket attached at the
tool point. Given the lengths of the six tetrahedron sides, the
x, ¥, z coordinates of the tool point are computed by trilatera-
tion. The displacement error motions are determined from the
components of the vector difference between commanded and
measured tool point coordinates during motions where only a
single axis is actuated; the rotations are calculated from the rel-
ative error motions of multiple sockets offset from each other
on the spindle during the same single axis actuation. Orthogo-

Table 1

Axis orthogonality errors

Axes Angle (°) A (arcs)
Xy 89.99977 —-0.8

vz 89.99934 2.4

Xz 89.99860 =51

nality errors are determined from best-fit lines to the measured
tool point coordinates along each axis of actuation. The LBB
was not able to measure the entire machine work volume in a
single setup due to limitations in its maximum and minimum
lengths (the maximum x, y, and z-axes machine travels were
{600,450, and 450} mm, respectively). However, all subsequent
thermal, contouring, and cutting force error measurements were
carried out within the LBB measurement volume so the indi-
vidual effects could be compared. Machining tests were also
completed at the same axis locations as the contouring error
grid plate measurements.

For this portion of the study, all LBB measurements were
completed with the machine in a cold state and were repeated
five times. Six degree-of-freedom error motions (three displace-
ments and three rotations) were measured along each axis at
15 mm intervals for both the forward and reverse directions
of motion. Fig. 1 shows the five repeated measurement results
for each of the six x-axis error motions. Figs. 2 and 3 display
the y and z-axes results, respectively. Scatter in the rotational
errors is due to the measurement uncertainty of the LBB length
(approximately 1 wm) and are likely not reflective of the actual
repeatability of the machine”. Axis orthogonality data are pro-
vided in Table 1, where A is the difference from 90°.

2 The volumetric measurement uncertainty for LBB data was evaluated in [7].
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Fig. 2. Error motions for the y-axis.

An HTM model of the machine geometry errors was con-
structed and used to predict the positioning errors at points
along the tool path for a circle-diamond-square workpiece.
See Fig. 4 for the part geometry and nominal dimensions.
The HTM model predicts the actual tool point (center) coor-
dinates, in a coordinate system attached to the workpiece, for
any commanded position of the machine axes and any cutting
tool geometry. See Eq. (1), where the (4 x 4) T matrices describe
nominal displacements; the (4 x 4) E matrices are populated by
the translational and rotational errors measured by the LBB;
and the (4 x 1) P vectors represent the tool point coordinates
in the coordinate system identified in the superscript. See [8]
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Fig. 3. Error motions for the z-axis.
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for more information on modeling of machine tool errors using
HTMs.

pal.tPtool = parthExxTyEnyzEzthool (1

Examples of the T and E matrices for the x-axis are provided in
Eq. (2), where xcommand 1S the nominal motion in the x direction,
the ¢ terms are the rotation errors, and the § values are the trans-
lation errors. The matrices for the y and z-axes were defined in
a similar manner. Note that non-orthogonality between the axes
were included as linear terms in the appropriate straightness
error functions.

[1 0 0 Xcommand
Pme _ 01 0 0

0 0 1 0

L0 0 O 1

1 g(x)  —ey(x) Sx(x)

— 1 8

E, — &;(x) ex(x) y(x) )
ey(x)  —ex(x) 1 5z(x)
0 0 0 1

The measured errors shown in Figs. 1-3 were used in con-
junction with the HTM model to predict tool path errors due to
machine geometry errors. In order to incorporate the statistical
variation in the measurement results, the HTM model was evalu-
ated within a Monte Carlo simulation to determine the resulting
spread in machine positioning errors at each commanded point
along the tool path. Atincrements of 2—5 mm along the tool path,
a value for each of the 18 (six errors for each of the three machine
axes) machine geometric error components was selected from a
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Fig. 5. Predicted tool path errors (heavy dotted line) due to machine geometric
errors compared to commanded path (light dashed); the magnification is 2000 x
(a scale for the error magnification is provided).

normal distribution with the mean and standard deviation com-
puted from the five measurement values shown in Figs. 1-3 (at
the appropriate axis location). The normal distance from the
resulting tool point location to the nominal path was then com-
puted and saved. After many iterations, the spread in error at
points along the tool path were computed and the mean value
was plotted; see Fig. 5 (a 2000x error magnification has been
applied for viewing purposes).
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Fig. 6. Spindle thermal growth. The left column provides results for 5000 rpm (top panel is translation errors, the bottom panel is rotation errors); the right column

shows results for 15,000 rpm.
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3. Thermal errors

Significant heat can be generated during machining [9];
important contributors include the machine axes and spindle
motor. Additionally, heat is generated by the shearing action dur-
ing cutting (much of which is transferred to the deformed chip).
Various coolants are often applied to carry away the chips and
heat. These heat sources serve to distort the machine geometry
and cause errors in machined parts. In this study, the spin-
dle motor and machine axes were considered as primary heat
sources, although the heat generated during the cutting process
was naturally present during the tests to evaluate cutting force
contributions.

Errors associated with spindle thermal growth were mea-
sured using a nest of five capacitance sensors reading against
a cylindrical carbide tool blank held in the rotating spindle. The
capacitance gage outputs were recorded at 1 min intervals as the
spindle was exercised from a cold state to (nominally) equilib-
rium conditions at speeds of 5000 and 15,000 rpm. Results are
provided in Fig. 6. The axial (z), lateral (x/y), and tilt (rotations
about x and y) errors of the spindle were determined from the
capacitance probe data and mean and standard deviations were
computed.

To account for thermally induced changes in the geometric
errors, LBB measurements were completed at 2 h intervals dur-
ing a machine warm-up cycle in which the axes were exercised
at high speed (no machining). In comparison with the cold-state
machine geometric results shown in Figs. 1-3, there was no
appreciable change in the trends. The most significant errors
were again positioning in the x and y-axes (8x(x) and d,(y),
respectively) and the deviations with thermal state were 5 um
or less over an 8 h time period. The Monte Carlo HTM analy-
sis was updated with the new errors, represented by their mean
values and standard deviations, from the spindle and warm-up
cycle measurements. The new simulation results are provided in
Fig. 7.

The thermally induced errors measured for this machine are
significantly smaller than thermal errors measured and reported
by other researchers for other machines [8,9]. The manufac-
turer of this machine states that the machine has “thermal error
compensation” incorporated into the machine control system,
although no technical details are provided on how the compen-
sation is accomplished. There is no provision in the machine
software for turning this feature off, so the machine measure-
ments reported here were carried out with this compensation
active. While the compensation is not perfect, it does appear to
be effective.

4. Contouring errors

CNC motion controllers can introduce tool path trajec-
tory errors, particularly during high-speed motions. Trajectory
errors were measured using a Heidenhain grid plate encoder;
see Fig. 8. This instrument is capable of dynamic measure-
ment of two-dimensional motions of a read head held in
the (non-rotating) machine spindle relative to a grid encoder
plate attached to the machine worktable. For these tests, the
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Fig. 7. Predicted tool path errors including thermal effects (2000x magnifica-
tion).

part program used to machine the test parts was modified to
remove z-axis motions associated with the different heights of
the circle-diamond—square features. This z-axis motion was
assumed to introduce insignificant geometric errors into the tool
trajectory, enabling comparison between the tool path recorded
by the grid plate encoder and the path predicted by the geo-
metric machine model. Note also that the tool path for a part is
defined by the coordinates of the center of the tool. However,
since the milling cutter has a finite radius the resulting machined
part surface is offset from the tool path. This results in critical
part dimensions (circle diameter and diamond/square edge-to-
edge distances) that differ from the dimensions of the tool path
by the diameter of the cutter. Fig. 9 shows the tool path mea-
sured by the grid encoder at two different feed rates, 150 and
8000 mm/min, superimposed on the commanded tool path. The

Fig. 8. Grid plate encoder for dynamic, two-dimensional tool trajectory mea-
surements.
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Fig. 9. Tool path measured by grid plate encoder for two feed rates: (left) 150 mm/min and (right) 8000 mm/min.

difference between the commanded and measured paths is again
magnified by a factor of 2000 for viewing purposes.

If the geometric error simulation results shown in Fig. 5 are
compared with the grid encoder measurements shown in Fig. 9,
significant similarities are observed. Additionally, it is seen that
the path errors do not change appreciably with feed rate for
this machine (although the high spatial frequency noise does
increase). These results suggest that the dynamic contouring
errors are negligible in comparison to the geometric errors on
this CNC machine.

5. Cutting force errors

Errors introduced by the cutting process dynamics take the
form of surface location errors, or SLE [10-18]. Milling is, by
definition, an interrupted cutting process in which the teeth on
the cutting tool repeatedly impact the part and cut away small
chips from the workpiece. Therefore, even under stable (or
chatter-free) cutting conditions, the tool experiences periodic
forced vibrations. The magnitude and phase of these vibrations
depend on the process parameters, such as the dynamic response
of the system (represented by the frequency response function,
or FRF), the excitation frequency (which depends on the spindle
speed and the number of teeth on the cutter), the force model
represented by the cutting coefficients (of the tool/workpiece
system) which relate the cutting force to the undeformed chip
area, the radial and axial depths of cut, the feed per tooth, and the
cutter helix angle. The location of the machined part surface is
determined by the location of each tooth on the vibrating tool at
the instant it enters (up milling) or exits (down milling) the cut.
Depending on the excitation frequency (determined by the spin-
dle speed and number of cutter teeth) and its relationship to the
system natural frequencies, the tool may lie on either side of (or
on) the commanded path at this instant and, thus, may remove
less material than commanded (undercutting) or more material
than commanded (overcutting). Fig. 10 shows an example of
undercutting.

An interesting characteristic of stable milling operations is
that, because the tool experiences forced vibration at the tooth
passing frequency, the vibrational response occurs at the same
frequency and the amplitude and phase of the vibration is
approximately constant relative to the excitation. This results

in the generation of a smooth machined surface even though
the tool is undergoing vibrational excursions perpendicular to
that surface. In high-speed milling, cutting speeds are normally
chosen to place the tooth passing frequency near the system nat-
ural frequency to help stabilize against chatter. In this situation,
the vibrational amplitude of the tool can be large and, due to the
lowly damped nature of the system in general, the phase between
force and displacement can vary significantly with small changes
in spindle speed. This leads to potentially large amplitude SLE
(undercut or overcut).

As described in Section 4, the grid plate was used to measure
the geometric and controller effects only. Naturally, the SLE
effects were excluded since cutting did not take place. For the
machined part SLE tests, the geometric and contouring errors
were again present since the tool follows the same spatial path
under machine control as in the grid plate tests, but the effect of
forced vibrations on the final part dimensions was included as
well. The tool path was defined such that the tool center followed
the same contour used in the grid plate tests (with feature critical
dimensions of 152.4 mm). However, as noted previously, when
placing the cutting tool center along this tool path, the critical
feature dimension changed due to the cutter radius. The resulting
diamond was slightly smaller than the circle and square; the
diamond’s nominal critical dimension was 125.46 mm (across
the diamond faces) while the circle diameter and square side
length was nominally 133.35 mm. See Fig. 4, where the circular
pocket and four surrounding holes were machined prior to the
circle-diamond-square features in order to provide reference
features to define the part coordinate system and to facilitate
fixturing.

The cutting tests were performed with a 19.05 mm diameter,
four flute helical endmill clamped in a collet-type holder with
a 57 mm overhang (20,000 rpm, 16 kW HSK-63A spindle). The
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Fig. 10. Undercut surface in down milling due to the cutter vibration state at cut
exit. The error is dominated by y direction vibrations.
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Fig. 11. SLE results for circle, diamond, and square. The data are normalized
to the top spindle speed of 14,000 rpm. For all features the SLE is strongly
dependent on spindle speed.

parts were first rough machined while leaving enough material
to perform finishing cuts at 25% radial immersion (i.e., 25% of
the cutter diameter) and 8 mm axial depth of cut (the height of the
circle, diamond, and square features). All of the test cuts were
performed with a feed per tooth of 0.15 mm/tooth. The spin-
dle speeds were: {8000, 9000, 10,000, 10,500, 11,000, 11,500,
12,000, 12,500, 13,000, and 14,000} rpm. The 10 parts were
then measured on a touch trigger probe coordinate measuring
machine (CMM)?>.

In the case of the diamond and square, the side lengths where
determined by measuring the distances between opposing sides.
The circle was divided into four arcs and each was measured
individually. The arc lengths were selected to avoid the dia-
mond vertices. They were then fit to a single circle; the circle
measurements correspond to this fit performed by the CMM soft-
ware. To compute SLE from these data, the actual dimensions
for these features were differenced with the commanded dimen-
sions (10 total parts corresponding to the 10 different spindle
speeds). The dimensional errors were then divided by two (i.e.,
a constant SLE was assumed to be present on all machined sur-
faces so the total feature dimensional error is twice the SLE for
each surface). Additionally, the errors for the three features were
normalized to zero at the top spindle speed (14,000 rpm) for pre-
sentation purposes. Although the absolute magnitudes of SLE
for the circle, diamond, and square features differed slightly,
this normalization clarified the similarities in the SLE trends
with spindle speed for each feature. See Fig. 11, where the two
curves for the diamond and square correspond to the measure-
ments across the two available faces for each. As expected, the
same trends are observed in all cases.

The largest change in SLE occurs near 11,000 rpm, where the
tooth passing frequency (i.e., the spindle speed multiplied by the
number of teeth) coincides with the tool’s fundamental bending

3 The CMM accuracy is estimated as 5 wm or better over the workpiece
measurement volume.

100 cesel 1

75

50 r

25

Fig. 12. Comparison of tool path (grey solid line), nominal path (dashed) and
actual part errors for two spindle speeds—11,500 rpm (dotted) and 14,000 rpm
(solid). The error magnification is 250x.

natural frequency. It is of interest to note that this spindle speed
also corresponds to the peak of the stability lobe which identifies
aregion of increased allowable axial depth of cut without chat-
ter; the well-known stability lobe diagram is often used to select
preferred spindle speeds in high-speed machining applications
[19]. The total range of SLE variation is approximately 70 pwm,
which is significantly larger than the errors measured by the LBB
and grid plate. These results suggest that the process dynamics
should be considered in addition to the part geometry in evalu-
ating machine tool performance by a machined test part (such as
the NAS 979 [3]). The reader may note that spindle speed was the
only process parameter varied during the SLE tests. Varying the
axial depth, radial depth, and feed per tooth, for example, would
increase or decrease the SLE (a proportional relationship is gen-
erally assumed), but maintain the same general profile of the
SLE versus spindle speed curve. See, for example, Refs. [16,18]
for a more detailed description and modeling approaches.

To make a direct comparison with the dynamic tool path
errors shown in Fig. 9, the 8000 mm/min path from the grid
encoder is plotted together with the part dimensions determined
from the CMM measurements for spindle speeds of 11,500 and
14,000 rpm. See Fig. 12, where the error magnification is now
250x (note that this figure shows part dimensions relative to
the commanded feature size—no normalization was applied as
in Fig. 11). It is seen that the tool path errors are barely distin-
guishable in comparison to the SLE contributions.

6. Error comparison

A summary of the percent contribution of each error source
to workpiece accuracy for this machine tool (and selected tool-
holder combination) is provided in Fig. 13 using the worst-case
errors for all sources. The maximum contribution of geometric
error to part inaccuracy was calculated to be 6 pum (root sum
square of errors in each coordinate direction). Thermal growth
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Fig. 13. Percent contribution of error sources to workpiece accuracy.

of the machine contributed an additional 6 p.m (worst case) to the
cold-state geometric error effects. The combined geometric and
controller error sources obtained from the grid plate measure-
ments gave a maximum deviation from the commanded path
of 11 pm at the 8000 mm/min feed rate. At 150 mm/min, the
maximum deviation reduced to 6 pum, which can be attributed
to geometric error sources. The machine effectively compen-
sated for spindle thermal growth, limiting the z-axial growth
to 5wm as shown in Fig. 6. The range of the SLE test data
was approximately 70 wm although this varies with the tool-
holder-spindle FRF, workpiece material, and selected spindle
speed. At the worst spindle speed selection, 11,500 rpm, the
features were larger than commanded by approximately 45 pm,
while at a slightly different speed, 10,500 rpm, the features aver-
aged approximately 25 pum smaller than the commanded size.
At some speed between these, it should be possible to reduce
the SLE to near zero. For this small range of spindle speeds,
any of which would be reasonable and valid choices for high-
speed milling applications, the SLE contribution to part error
can be significantly larger than the other sources, but can also be
reduced to near zero if the correct speed is selected. However,
current procedures for selecting spindle speed in high-speed
milling are primarily oriented toward chatter avoidance and
provide less guidance for reducing part dimensional errors.

7. Conclusions

In this paper, a case study that quantified the relative con-
tributions of geometric, thermal, contouring, and cutting force
errors to part errors for a circle-diamond—-square workpiece
geometry under selected cutting conditions typical of high-speed
milling is described. The quasi-static geometric errors for a rep-
resentative high-speed machining center were measured using
the laser ball bar. Thermal effects were identified by repeat-
ing these measurements at regular intervals during a warm-up
period. Spindle thermal growth errors were measured using a
capacitance gage nest. These results were incorporated into a
Monte Carlo simulation to predict the resulting part errors using
a homogeneous transformation matrix formulation. Contouring
errors were recorded at different feed rates using a grid plate
encoder. The cutting force error contributions were identified

by machining the selected part geometry over a range of spindle
speeds and measuring the resulting feature dimensions. A com-
parison of these error sources showed that the cutting force error
can be an order of magnitude larger than the combined effect of
the other error sources for some choices of spindle speeds, but
may become insignificant at slightly different spindle speeds.
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