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Abstract
Ultra-precision machining (UPM) typically involves ultra-precision diamond turning (UPDT), ultra-precision raster milling
(UPRM), and ultra-precision grinding (UPG). In UPM, spindle vibration (SV) is a natural feature majorly influencing surface
topography. In this paper, a dynamic model for SV was generalized to study its distinctive effects on surface topography in
different UPM processes. The theoretical results were identified well by a series of cutting tests. In UPDT, constant cutting forces
induce harmonic SV to produce regular patterns. In UPRM, periodical impulsive cutting forces cause periodical impulsive SV to
generate quasi-regular patterns. In UPG, random impulsive cutting forces result in partially random impulsive SV to form
partially random patterns. The generalized model can be employed to predict the effects of SVon surface generation in UPM.
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Nomenclature
o(xyz) Fixed coordinate system
O(XYZ) Inertial coordinate system
x/y/z Displacement in O(XYZ)
ẋ /ẏ /ż Velocity in O(XYZ)
€x /€y /€z Acceleration in O(XYZ)
θ Rotation angle around x in o(xyz)
φ Rotation angle around y in o(xyz)
Ω Rotation angle around z in o(xyz)
θ̇ Angular velocity in o(xyz)
φ̇ Angular velocity in o(xyz)
Ω̇ Angular velocity in o(xyz)
€θ Angular acceleration in o(xyz)
€φ Angular acceleration in o(xyz)
€Ω Angular acceleration in o(xyz)
m Spindle shaft mass
X/Y/Z Machine-tool motion direction in O(XYZ)
l1/l2 Distance from the equilibrium center to air bearings

along the Z-axis
Jx/Jy/Jz Inertial tensor in o(xyz)
ω Spindle speed

fr Feed rate
Sr Step distance
R Radius of air bearing
r Tool nose radius
F x / F y /
Fz

Cutting force in O(XYZ)

K Angular stiffness
B/C Machine-tool rotational axis
X/Y/Z Machine-tool slide axis
kz Axial stiffness
kx/ky Radial stiffness
d Depth of cut
d1 Swing distance
e Eccentric distance
d2 Distance from the tool tip to the equilibrium center

along the Z-axis
xc/yc/zc Relative distance between tool and workpiece in

O(XYZ)

1 Introduction

Ultra-precision machining (UPM) was firstly developed to
manufacture high quality products in the 1960s [1]. It is one
efficient and low-cost means in the most advanced machining
technologies. It has widely been employed in manufacturing
medical, optical, telecommunication, and photonics products
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[2]. Surface quality can directly reach to sub-micrometric
form error and nanometric surface roughness without any sub-
sequent polishing.

Although UPM provides such high surface quality for
products, its surface topography is easily affected by a wide
variety of factors in a cutting process. The general factors [2]
majorly cover cutting conditions [3], tool geometry [3, 4],
machine tool [5–7], environmental conditions [8, 9], material
factors [10–12], tool wear [13–17], vibration [1, 11, 18–21]
etc. In UPM, the vibration is a physical feature as a crucial
factor influencing surface topography [1]. It can be catego-
rized into material-induced vibration, tool tip vibration, tool
hold vibration, slide vibration, table vibration, and spindle
vibration (SV) [1]. Although an ultra-precision machine sys-
tem has high loop stiffness, its effects on surface topography
cannot be ignored, since the SV amplitude can reach up to
several decades of nanometers [1].

In UPM, SVyields a crucial impact upon surface topogra-
phy [19, 20]. Some research has been conducted to study
dynamic characteristics of SVand its effects on surface topog-
raphy in UPM [18–21]. However, dynamic responses of SV in
ultra-precision diamond turning (UPDT), ultra-precision ras-
ter milling (UPRM), and ultra-precision grinding (UPG) are
distinctive due to the different excitation of cutting forces,
which are further imprinted at the machined surfaces to pro-
duce different surface topographies.

In this study, a dynamic model was generalized to describe
SV in different UPM processes, such as UPDT, UPRM, and
UPG. The aim was to provide a comprehensive understanding
of dynamic responses of SV and its effects on surface topog-
raphy in different UPM processes. Further, the theoretical re-
sults were identified by a series of cutting tests in different
UPM processes.

2 Experimental setup

All flat-cutting tests were conducted to study the distinctive
effects of SV on surface topographies in different UPM
processes, typically including UPDT, UPRM, and UPG.
In UPDT (Nanoform 200), the workpiece material was
cupro nickel alloy, which was flat-turned with the machin-
ing parameters of Table 1. As shown in Fig. 1a, a diamond
tool was mounted on a tool fixture with the Z-slide. A
workpiece was fixed by a vacuum chuck with an air spin-
dle. The spindle is moved with the X-slide. In the cutting
process, the employed diamond tool constantly cuts off sur-
face material. Hence, the cutting forces constantly acted on
the spindle.

In UPRM (Precitech Freeform 705G), a copper alloy
sample was flat-milled under the machining parameters of
Table 2. As shown in Fig. 2b, a diamond tool was
clamped with an air spindle moving with the C-axis, the

X-slide, and the Y-slide. In addition, a workpiece was
setup on the B-axis moving on the Z-slide. In the cutting
process, the employed diamond tool periodically intermit-
tently removed off surface material. Hence, the cutting
forces periodically intermittently excited the spindle.

In UPG (Nanotech 450UPL), the WCworkpiece was fixed
with a workpiece spindle (C-axis), and flat-grinded with the
machining parameters of Table 3. As shown in Fig. 1c, the
wheel spindle is fixed on the B-axis and the Z-slide and the
workpiece spindle is fixed on the X-slide. In the cutting pro-
cess, due to the random distribution of the diamond grits on
the wheel, surface material was randomly removed off.
Hence, the cutting forces randomly intermittently acted on
the spindle. All machined flat surfaces were measured by an
Optical Profiling System (WYKO NT8000) to detect surface
topographies under the effects of SV.

3 Generalized model of spindle vibration

In UPDT, as shown in Fig. 1a, X represents the cutting direc-
tion, Y is the feed direction, and Z is the thrust direction (depth
of cut direction). Fx is the main cutting force, Fy is the feed
cutting force, and Fz is the thrust cutting force. During UPDT,
the cutting forces constantly act on the air spindle.

In UPRM, as shown in Fig. 1b, X represents the feed
direction, Y is the cutting direction, and Z is the thrust
direction (depth of cut direction). Fx is the feed cutting
force, Fy is the main cutting force, and Fz is the thrust
cutting force. During UPRM, the employed diamond tool
intermittently removes workpiece material at the frequen-
cy of 1/ω where ω is the spindle speed, so the cutting
forces are pulse-like to excite the air spindle.

In UPG, as shown in Fig. 1c, X represents the thrust
direction, Y is the cutting direction, and Z is the feed
direction (depth of cut direction). Fx is the thrust cutting
force, Fy is the main cutting force, and Fz is the feed
cutting force. During UPG, the diamond grits randomly
distribute on the wheel to contact workpiece, so the cut-
ting forces randomly act on the air spindle.

Table 1 Machining parameters in UPDT

Spindle speed (ω) (rpm) 2000

Feed rate (fr) (mm/min) 73

Depth of cut (d) (μm) 25

Tool nose radius (r) (mm) 1.619

Tool rake angle (o) 0

Front clearance angle (o) 15

Workpiece material Cupro nickel alloy

2472 Int J Adv Manuf Technol (2018) 96:2471–2478



As shown in Fig. 1, the air spindle is modeled as a five-
DOF mass-spring-damper system according to Ref. [20]. The
axial stiffness of air bearing is denoted by kz. kx and ky are the
radial stiffness of air bearing. K = (kx + ky)(l1

2 + l2
2) + kzR

2 is
the angular stiffness of air bearing, where R is the radius of air
bearing.m is the mass of spindle shaft. e represents the eccen-
tric distance, which is equal to zero after balancing.

θ, ϕ, and Ω (ωt) are the precession, nutation, and spin an-
gles in the fixed coordinate system o(xyz), respectively. θ̇, ϕ̇,
and Ω̇ (ω) are the corresponding angular velocities, respective-

ly. €θ, €ϕ, and €Ω (0) are the corresponding angular accelerations,
respectively. x, y, and z are the displacements in the inertial
coordinate system O(XYZ), ẋ, ẏ, and ż are the corresponding

velocities, and €x, €y, and €z are the corresponding accelerations,
respectively.

Jx, Jy, and Jz are the inertial moments of spindle shaft in
o(xyz), respectively. d1 and d2 are the distances from the tool
tip to the equilibrium center along the Y-axis and the Z-axis,
respectively. d1 is also named the swing distance. l1 and l2 are
the distances from the equilibrium center to air bearings on
two sides along the Z-axis. In UPM, SV can be considered as a
transient response to influence surface generation. Hence,
damping is not taken into consideration in this study. Based
on Newton-Euler equations, a generalized model for SV is
expressed as Eq. 1.
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Fig. 1 Spindle vibration in a UPDT, b UPRM, and c UPG with d a generalized model
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In Eq. 1, the dynamic responses of SV (x, y, z, θ, and ϕ)
change the relative distance (xc, yc, zc) between tool and

workpiece, which is reproduced at the machined surface fur-
ther to affect surface topography. In this study, x, y, z, θ, and ϕ
are regarded as linear small quantities, so their quadratic small
quantities are considered equal to zero. Therefore, the relative
distance (xc, yc, zc) between tool and workpiece is simplified
and expressed as follows:

xc
yc
zc

2
4

3
5 ¼

xþ ϕd2
yþ θd2

z

2
4

3
5 ð2Þ

4 Results and discussion

Eq. 1 is a generalized dynamic model to express SVunder the
excitation of cutting forces in UPDT, UPRM, and UPG. It is

Table 2 Machining parameters in UPRM

Spindle speed (ω) (rpm) 4000

Feed rate (fr) (mm/min) 80

Depth of cut (d) (μm) 5

Swing distance (d1) (mm) 28.48

Step distance (Sr) (μm) 10

Tool nose radius (r) (mm) 0.619

Tool rake angle (o) 0

Front clearance angle (o) 15

Cutting strategy Horizontal cutting

Cutting mode Up-cutting

Workpiece material Copper alloy

Fig. 2 Machined surface in
UPDT. a Surface topography. b
Filtered surface topography with
Fourier filter window of rectangle
at low pass of 25 mm−1
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made up of three parts, input (cutting forces), state space (the
SV system), and output (dynamic responses). From Eq. 1, the
state space is the natural feature of SV, which involves axial
SV, radial SV, and coupled-tilting SV with the corresponding
frequencies. The dynamic responses (output) of SV are

influenced by the external excitation of cutting forces (input).
The relative distance (xc, yc, zc) between tool and workpiece
expressed in Eq. 2 is determined by the dynamic responses (x,
y, z, θ, and ϕ) in Eq. 1. It is reproduced at the machined surface
further to affect surface topography. Therefore, in UPDT,
UPRM, and UPG, the cutting forces are different to yield
distinctive surface patterns at the machined surfaces.

In UPDT, the cutting forces are considered constant to
act on the spindle, so the SV is harmonic. The dynamic
responses are harmonic to result in the harmonic relative
distance, which is imprinted at the machined surface.
Therefore, the SV produces regular patterns at the ma-
chined surface. In UPRM, the cutting forces intermittently
and periodically excite the spindle to cause periodical im-
pulsive SV. The dynamic responses are periodically im-
pulsive, which further result in the periodically impulsive

Table 3 Machining parameters in UPG

Wheel spindle speed (ω) (rpm) 20,000

Feed rate (fr) (mm/min) 0.5

Workpiece spindle speed (rpm) 120

Depth of grinding (d) (μm) 0.5

Wheel size (diameter) (mm) 20

Diamond grit (#) 1500

Distribution (%) 75

Workpiece material WC carbide

Fig. 3 Machined surface in
UPRM. a Surface topography. b
Filtered surface topography with
Fourier filter window of rectangle
at low pass of 48 mm−1
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relative distance. Consequently, the SV produces quasi-
regular patterns at the machined surface. In UPG, the cut-
ting forces randomly excite the spindle to induce partially
random impulsive SV since the diamond grits randomly
distribute at the grinding wheel. The dynamic responses
are partially random, which further induce the partially
random relative distance. Resultantly, the surface patterns
are partially random at the machined surface.

To identify the distinctive patterns produced by the
distinctive SV, a series of flat-cutting tests were carried
out in UPDT, UPRM, and UPG, respectively. The ma-
chining parameters are listed in Tables 1, 2, and 3, respec-
tively. The flat-cut surfaces were measured by Wyko
NT8000. The measured surface topographies were filtered

with Fourier filter window of rectangle at low pass pro-
vided by the measurement system software to reduce
other’s effects, such as material factors and tool marks,
whose high spatial frequency is determined by machining
parameters in UPDT, UPRM, and UPG. Therefore, differ-
ent low passes were adopted for the machined surfaces of
UPDT, UPRM, and UPG and it was easy to detect the
effects of SV on surface topographies by filtering the high
spatial frequency effects. The results are shown in Figs. 2,
3, and 4. Figure 2a shows the flat surface machined after
UPDT. The radial patterns and spiral tool marks are clear.
Figure 2b clearly presents the radial patterns are periodi-
cal. Hence, it indicates that in UPDT, the SV is harmonic
to produce periodical radial patterns at the turned surface.

Fig. 4 Machined surface in UPG.
a Surface topography. b Filtered
surface topography with Fourier
filter window of rectangle at low
pass of 40 mm−1
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Figure 3a demonstrates the milled flat surface after
UPRM. The milled flat surface shows stripe patterns and
tool marks. In Fig. 3b, the ribbon stripes are quasi-regular.
The kind of quasi-regular patterns were formed at the
milled surface in UPRM. Therefore, it means that in
UPRM, the SV is periodically impulsive to produce
quasi-regular patterns at the milled surface. Figure 4a de-
picts the grinded flat surface after UPG. It shows the
irregular/random patterns and tool marks. In Fig. 4b, the
partially random patterns are clearly presented. Hence, it
reveals that in UPG, the SV is randomly impulsive to
produce partially random patterns at the grinded surface.

Overall, in UPDT, the SV is harmonic due to the constant
excitation of cutting forces, which produces regular patterns at
the machined surface. In UPRM, the SV is periodically im-
pulsive due to the periodical intermittent excitation of cutting
forces, which forms quasi-regular patterns at the machined
surface. In addition, in UPG, the SV is random due to the
random excitation of cutting forces, which generates partially
random patterns at the machined surface. All are well support-
ed by Eq. 1 and Eq. 2.

5 Conclusions

Spindle vibration (SV) has a key impact upon surface topog-
raphy at the machined surface. In this study, a generalized
dynamic model was developed to study SV and its effects on
surface generation in different UPM processes, involving
ultra-precision diamond turning (UPDT), ultra-precision ras-
ter milling (UPRM), and ultra-precision grinding (UPG). The
first study looking at the distinctive effects of SV in different
UPM processes on surface topography has been completed,
which provides an in-depth understanding so that the key
results can be achieved as follows:

(i) A dynamic model is generalized well to represent SV in
different UPM processes. The SV system is linear and
harmonic, which includes axial SV, radial SV, and
coupled-tilting SV. Its dynamic responses are determined
by the external excitation of cutting forces in UPM.

(ii) In UPDT, regular patterns are generated since constant
cutting forces induce harmonic SV. In UPRM, quasi-
regular patterns are produced since periodical impulsive
cutting forces cause impulsive SV. In UPG, partially ran-
dom patterns are formed since random impulsive cutting
forces partially random impulsive SV.

(iii) Further, the generalized dynamic model can be
employed to predict the effects of SV on surface
topography/generation and further to analyze surface

roughness and form error. Significantly, it is a potential
theoretical method to improve surface quality in UPM.
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