
ORIGINAL ARTICLE

Dynamic error budget analysis of an ultraprecision
flycutting machine tool

Yazhou Sun & Wanqun Chen & Yingchun Liang &

Chenhui An & Guoda Chen & Hao Su

Received: 1 May 2014 /Accepted: 8 September 2014 /Published online: 16 September 2014
# Springer-Verlag London 2014

Abstract This paper presents an error budget methodology
for designing and characterizing machines used to manufac-
ture or inspect parts with spatial frequency-based specifica-
tions. In this methodology, the static and dynamic error are
considered in the error budget; the static error affects the figure
accuracy, while the dynamic error introduces the spatial fre-
quency domain error. The error caused by the components of
the machine tool, the cutting process and the external interfer-
ence, are considered in this paper. Using the error budget, it is
able to minimize risk during initial stages by ensuring that the
machine will produce components that meet specifications
before the machine is actually built or purchased. This meth-
odology is used to predict and improve the performance of an
ultraprecision flycutting machine tool.
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1 Introduction

The spatial frequency-based specifications (SFBS) are very
important for the advanced optical and weapon system, such
as the potassium dihydrogen phosphate (KDP) crystal and
neodymium glass use in National Ignition Facility Project
[1, 2], and optical lenses use in space telescope system [3].
In the previous experiments, the damage caused by the

unsatisfied spatial frequency specifications (SFS) of the opti-
cal elements is found; Fig. 1b–e shows the damage of KDP
crystal based on the experimental observation; they are front
surface damage, body damage, back surface damage, and the
focused beam, respectively. Figure 1f shows the self-focus in
fused silica wedge. The reasons for this phenomenon are the
laser self-focusing effect and waviness modulation, which are
caused by the spatial frequency error in the machined surface
[4, 5].

The performances of the machining equipment determine
the SFS of the machined surface directly. Therefore, when
designing such kind of machine tool, the spatial frequency
domain error budget must be carried out. Error budgets pro-
vide the formalism whereby the designer account for all
sources of uncertainty in a process and sum them to arrive at
a net prediction to predict whether a manufactured component
can meet a target specification. By using the error budget, the
designers can minimize risk during initial stages by ensuring
that the machine equipment will produce components that
meet the required specifications before the machine is actually
built or purchased.

Donaldson used error budget to design the Large Optics
Diamond Turning Machine tolerance firstly [6]. In addition,
Slocum has donemuch work on the geometric aspects of error
budgeting using homogeneous transformation matrices [7].
Treib and Matthias used the error budget method to calculate
and optimize the volumetric error field of a multiaxis system
[8]. Walter et al. described how an error budget can be used as
a design tool to enhance the performance of an ultraprecision
diamond turning lathe, by understanding error sources and
their effects on the form of a workpiece [9]. Gouws defined
the error budgeting approach alongside the pure top-down
and pure bottom-up approaches for control system design
[10]. Hii et al. compared two design concepts of a precision
electro dischargemicromillingmachine by the error budgeting
approach [11].
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However, the current error budgeting procedure aims to
obtain a single number estimating the net worst case or root-
mean-square (RMS) error on the workpiece. This procedure
has limited ability to differentiate between low-spatial-
frequency form errors versus high-frequency surface finish
errors, which provides no formal mechanism for designing
machines that can produce parts with SFBS [12]. In this paper,
the spatial frequency domain error budget of an ultraprecision
flycutting machine tool use for KDP crystal machining is
presented, which can be used to budget the continuous spatial
frequency content of error of this machine tool. In order to
product the optical components that satisfy the SFBS, the
dynamic characteristics of the machine structure, oil supply
system, and cutting parameters as well as the machine com-
ponents and how they interact as a system to a precision
machine tool have been considered.

2 Spatial frequency domain error budget method

Figure 2 shows flowcharts for the dynamic error budget
method. The first step of the dynamic error budget is to
identify the physical influences that generate the dimensional
errors that propagate through the machine tool. These errors
include the effects such as dynamic response of the machine
structure, spindle motion error, oil source fluctuations, and
way non-straightness. The next step is to calculate the influ-
ence of the sources on the machining performance. A coupling
mechanism that converts these physical influences into a
displacement in frequency domain is given by the FE method
and numerical method. The output from this procedure is the
error in spatial frequency domain. Then, this number is com-
pared to the required specifications; if the prediction meets
target specifications, then the machine tool can be used to
machine the required optical parts. If the prediction does not
meet specifications, then the machine tool should be improved

by observing which sources are the dominating contributing
errors.

3 Spatial frequency domain error budget of a flycutting
machine

The KDP crystal mainly functions as harmonic frequency
converters in modern high-energy solid-state lasers, polariza-
tion rotators in Pockels cells, and laser fusion system in the
inertial confinement fusion (ICF) program, owning to its good
nonlinear optical and electro-optical properties [13, 14]. In
order to meet the optical requirements and reduce the laser
damage threshold of the KDP crystal, the KDP crystal has
extremely harsh requirements of the topography in spatial

a f

ed

cb

Back surface damage

Back surface damage

Periodic body damage

Periodic body damageFront surface damage

Front surface damage

Focused beam

Focused beam

Fig. 1 Damage of optical elements during experiment: a the damaged surface of KDP crystal, b front surface damage, c back surface damage, d periodic
body damage, e focused beam, and f the self-focus in fused silica wedge

No

Yes

End

Compare with the requirements? 

algorithm
CombinatorialSpatial frequency error budget

frequency domain
Transform to spatial

Couple to machine

structure
MachineSlideSpindle

Budgeting error sources

Start

Fig. 2 Flowcharts for the dynamic error budget method

1216 Int J Adv Manuf Technol (2015) 76:1215–1224



frequency domain. The specifications of the machined surface
are as follows [15]:

Specification 1: Roughness values (Ra) less than 3 nm in
0.01~0.12 mm;

Specification 2: RMS no more than 4.2 nm and PSD2 better
than 15 nm2⋅mm in 0.12~2.5 mm;

Specification 3: RMS less than 6.4 nm and PSD1 better than
15 nm2⋅mm in 2.5~33 mm;

Specification 4: Gradient root mean square (GRMS) better
than 11 nm/cm, in the range over 33 mm.

Specification 5: Flatness less than 3 μm in 415 mm.

The flycutting machine tool used for KDP crystal machin-
ing is shown in Fig. 3; the configuration of the flycutting
machine tool adopt a gantry structure. Avertical axis aerostat-
ic spindle with flycutter over a horizontal axis hydrostatic
slide is supported by a bridge. Mounted to the horizontal slide
is a vacuum chuck that clamps the workpiece.

The error in the machining process mainly contains the
spindle error, the slide error, the dynamic error of the machine
structure, and other errors caused by the cutting process.

In order to judge whether this machine tool can be used to
product the KDP crystal and how to improve the performance
of the machine tool, the spatial frequency domain error budget
is used as a sensitivity analysis tool to ensure that the optical
parts manufactured by a machine will meet the specified
component tolerances.

3.1 The errors of the aerostatic spindle

The rotation accuracy of spindle is the main factor influencing
the machining accuracy of ultraprecision machine tool. The
machine tool has an aerostatic spindle with a DC brushless

motor. The axial and radial error motions of the spindle are
tested by the spindle error analyzer (Lion Precision, Automat-
ed Quality Technologies, USA) with two precision balls and
capacitance gages as shown in Fig. 4.

Figure 5 shows the accuracy of spindle under quasistatic
condition; it can be found that the synchronization error
and asynchronous error in axial direction is 83 and 41 nm,
respectively (Fig. 6). The synchronization error and asyn-
chronous error in radial direction are 222 and 50 nm,
respectively, and from the synchronization error, 12-
frequency-multiplication component can be found, which
corresponding to the numbers of the orifice in the radial
bearing.

The error of the spindle will differ between the
quasistatic and high-speed rotation. In order to study
the spindle error in work speed, the test was carried
out with the rotation speed of 300 rpm. The synchroni-
zation error and asynchronous error in axial direction are
61.1 and 33.1 nm. The synchronization error and asyn-
chronous error in radial direction are 90.8 and 35.2 nm.
It can be noted that under the work speed, the motion
error is decreased both in axial and radial directions, and
the 12-frequency-multiplication component disappeared,
which indicate that the effect of the orifice has been
decreased owning to the dynamic pressure effect.

The axial error occurred in the sensitive direction of the
machining process, which has important influence on machin-
ing result. Transfering the test result of the axial error from
time domain to frequency domain (Fig. 7), two obvious fre-
quency components are found in 0.98 and 6.5 Hz; the ampli-
tude is 2.5 and 7.6 nm, respectively, which is caused by
gyroscopic effect and the rotation speed, respectively. They
belong to the low-frequency domain and will affect the profile
accuracy.
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3.2 The main errors of the hydrostatic slide

In order to improve the stiffness of the slide, the hydrostatic
bearing is used in the slide. The hydrostatic slide system

consists of the rail, hydrostatic bearing, worktable, and the
oil supply system. The horizontal straightness of the x-axis
was measured by the photoelectric autocollimator. Measured
result shows that the straightness of the x-axis is less than

c                                                  d
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under quasistatic condition. a
Synchronization error in axial
direction, b asynchronous error in
axial direction, c synchronization
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asynchronous error in radial
direction
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0.14 μm as shown in Fig. 8. The straightness of the slide
belongs to the low-frequency error, which mainly affect the
profile accuracy. In the hydrostatic slide system, the constant
pressure oil source fluctuations will introduce the displace-
ment error of worktable; the error occurred in the sensitive
direction; therefore, it must be considered in the error budget.

The test results of the pressure fluctuations of the oil
source and the displacement of the worktable caused by
it are shown in Fig. 9. From Fig. 9a, it can be noted
that though a constant pressure of 0.42 MPa is set for
the hydraulic oil supply system, the oil source pressure
fluctuations up to several KPa, which is caused by the
mechanical structure of the oil supply system. Accord-
ing to the hydrostatic principle, the relationship between
the pressure fluctuations and the slide displacement can
be obtained in Fig. 9b. It can be found that the dis-
placement of the slide is around 10 nm. The period of
fluctuations of the displacement is the same as the oil
source pressure fluctuations. From the PSD analysis
result shown in Fig. 9c, it can be found that the wav-
iness caused by the pressure fluctuations of the oil
source mainly gathered in 0.6–1.4 mm, it belongs to
the midfrequency error [16], which will affect the PSD2

a                                                     b
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Fig. 6 The error of the spindle
with work speed. a
Synchronization error in axial
direction, b asynchronous error in
axial direction, c synchronization
error in radial direction, d
asynchronous error in radial
direction
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specification. The detail for the influence of oil source
fluctuations on the machined result can be found in
Chen et al.

3.3 Errors caused by the machine structure

The dynamic error caused by the machine tool structure is a
very important error in ultraprecision machining; it cannot be
neglected in the error budget. The dynamic performance of the
machine tool structure is obtained as shown in Fig. 10a by FE
method; the detail of the FE model of the machine tool can be
found in Liang et al. Figure 10b shows the dynamic response
of the tool cutter; it can be found that under the cutting force,
the cutter will generate some waviness in the machined sur-
face [17–19]. Transfering the waviness to frequency domain,
it can be noted that the waviness mainly contain three fre-
quency 170, 192, and 336 Hz, which corresponds to the 1st,
2nd, and 4th order natural frequency of the machine structure,
respectively.

The relationship between the wavelength of the waviness
and the vibration frequency of the machine tool can be de-
scribed as [20]

TD ¼ πd � n0 � cosθ
60ωn

ð1Þ

where d denotes the diameter of the flyhead (d=630 mm),
n0 denotes the speed of spindle, θ denotes the maximum angle
of the tangent direction in cutting process (0=0o), and Td
denotes the period of the vertical stripes.

According to Eq. (1), if the rotation speed is less than
300 rpm, the wavelength of the waviness will be less than
33 mm and affect the PSD1 specification. In order to make the
waviness away from the PSD1 evaluation range, the spindle
rotation speed of 390 rpm is optimized as the work speed.

3.4 Machining process

During the machining process as shown in Fig. 11a, the cutter
will leave tool marks on the machined surface; Fig. 11b shows
the tool mark in ideal state; Fig. 11c shows the tool mark
considering the error in z direction; Fig. 11d shows the tool
mark considering the error in y direction. It can be found that
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the motion error of the cutter will leave different tool marks in
the machined surface.

Figure 12a shows the simulation surface considering the
motion error of the tool cutter. The following parameters are
used, cutting conditions: depth of cut of 15 μm, feed rate of
60 μm/s, and a spindle rotational speed of 390 r/min, and the
tool parameters: tool nose radius of 5 mm, tool rake angle of
−25°, and front clearance angle of 8°.

Figure 12b shows the PSD analysis of the simulation result;
it can be found that the tool mark mainly gathered in 35.7 and
66.7 μm mainly affect the roughness specification.

3.5 Errors caused by environment vibration

Environment vibration spreads through soil around to the base
of the machine or its located building, and eventually reaches
the ultra-precision machine leading to the accuracy reduction.
The vibration of the ground cause by the vehicle is the most

important and common component of the environment
vibration.

Nakamura et al. studied the ground slight vibration
caused by the vehicle based on the power spectral density
function of Kanai-Tajimi and given a correction formula
as shown in Eq. 2, which is used to simulate acceleration
power spectral density of ground motion caused by vehi-
cle in this paper [21, 22].

Sxx ωð Þ ¼
1þ 4τ2g1
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where ωg1,τg1,ωg2,τg2 are the parameters of the ground
motions, s0 is the amplitude parameters of the PSD.
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The signal of the acceleration power spectral density of
ground motion caused by vehicle is shown in Fig. 13a. It can
be found that the frequency mainly in 10–30 Hz, then the
signal is input to the FE model, and two output points in cutter
and workpiece are obtained, respectively, as shown in
Fig. 13b. Figure 13c shows the acceleration power spectral
density and displacement of the cutter and workpiece; it shows
that in the low-frequency range, the machine tool has the same
acceleration power spectral density of the ground, and though
the vibration of the ground is a low-frequency vibration, it can
cause high-frequency vibration of the machine tool. In the
high-frequency range, the influence of the ground vibration is
more obvious on the cutter than the workpiece, which is
because the amplitude of vibration is enlarged when passing
to the machine tool through the bottom. Therefore, in order to
ensure the accuracy of the machine tool, the isolation mount-
ing is necessary.

4 Spatial frequency domain error budget

Figure 14 shows the error budget table; the main influ-
ence factor on each specification is listed; it not only
help the designer to budget the spatial frequency error
of the machine tool, but also indicate the direction to
the designer by improving which performance of the
machine tool can meet the requirement of a specified
specification. It can be noted that the specification 1
mainly affects the mark of the cutter in the cutting
process; the amplitude is 2 nm. The specification 2
mainly affect the pressure fluctuations of the oil source,
the wavelength in 0.5–1.5 mm, the amplitude about
10 nm. The specification 3 mainly affect the dynamic
performance, and this work presents an opportunity to
optimize the rotation speed of the spindle from 300 to
390 rpm to minimize errors. The specifications 4 and 5
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mainly affect the slide straightness and the spindle mo-
tion error. From the error budget table, it indicates that
this flycutting machine tool can be used to product the
KDP crystal.

5 Conclusion

The performance prediction and spatial frequency domain
error budget method for designing and characterizing
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machines used to manufacture or inspect parts with SFBS is
presented, and this method is used to an ultraprecision
flycutting machine tool for KDP crystal machining. In terms
of the results and discussions presented, the main conclusions
drawn are as follows:

1. The dynamic error budget method bridges the gap be-
tween the spatial frequency domain error prediction and
the machine tool performance. It provides a better under-
standing of the further design of the performance of
ultraprecision machines from spatial frequency domain.

2. The error in machining process is analyzed in spatial
frequency domain, and the influence of each error on
the machined results is discussed. The dynamic perfor-
mance of the machine tool structure and the oil source
fluctuations have significant effects on the SFBS.

3. This spatial frequency-based error budget encompasses
the entire machine design as an entire system; the pro-
posed design approach can be used as a powerful tool for
supporting the full design process of machines used to
manufacture or inspect parts with spatial frequency-based
specifications.
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