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NOMENCLATURE 

 

m = spindle rotor mass 

k= stiffness of a pressure air 

e= eccentric position of the mass 

l=position of the centre of mass center relative to its 

equilibrium along the z-axis 

R =Radius of spindle rotor 

J=inertial tensor 

d2=distance of tilting center of spin rotor to the tool 

µ=damper ratio 

ω= spindle speed 

fr = feed rate 

do = depth of cut 

d1= swing distance 

Rr = tool nose radius 

θ and Ф= tilting angles of the spin rotor 

O(XYZ)= inertial coordinate system 

o(xyz)= reference system 

ω=spindle speed 

t=machining time 

Ω = ωt 

Fr=raster cutting force 

Ft=thrust cutting force 

Fm=main cutting force 

f=frequency of spindle rotor 

a= amplitude of one corresponding frequency 

φ=phase angle of one corresponding frequency 

 

 

 

1. Introduction 

 

Ultra-precision raster milling (UPRM) is an ultra-precision 

machining technique for fabricating non-rotational freeform surfaces 

with nanometric surface roughness and sub-micrometric form 

accuracy without the need for any subsequent polishing. Surface 

topography or surface roughness plays an extremely important role in 

estimating components’ surface quality. In UPRM, some researchers 

have focused on studying the influence of multi-factors on surface 

topographies. Cheung et al. [1] presented a framework of a model-

based simulation system for the prediction of the surface generation 

in ultra-precision multi-axis raster milling of freeform surfaces. In 

2006, he and his partners [2] developed a model-based simulation 
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system for prediction of form accuracy in UPRM of optical freeform 

surfaces, which majorly took into account the cutting mechanics, 

cutting strategies and the kinematics of the cutting process. Cheng et 

al. [3~5] proposed a theoretical model to predict surface roughness 

and utilized the model to optimize cutting conditions (tool tip 

geometry, spindle speed, depth of cut, feed rate, swing distance, and 

step distance) and cutting strategies (horizontal cutting and vertical 

cutting) in UPRM. Kong et al. [6] employed a theoretical dynamics 

model in UPRM for surface generation, and in 2009 he and his co-

authors [7] discussed the factors influencing surface generation in 

UPRM, which results show that cutting conditions, tool geometry, 

cutting strategies and tool wear takes a major impact on surface 

roughness, and cutting strategies, tool path generation and kinematic 

errors of sliders principally influences the form accuracy of freeform 

surfaces. 

Also, some researchers have discussed influence of spindle 

vibration on surface profiles. Martin et al. [8] examined and discussed 

those spindle errors, surface finish and form errors of machined parts, 

which result indicates the spindle vibration influences surface 

topographies of machined parts. Marsh [9] discussed the effects of 

spindle dynamics on topographies of the flat surfaces in precision fly-

cutting. An et al. [10] experimentally and theoretically identified that 

the tilting motions of aerostatic bearing spindle influences 

topographies of machined surfaces in ultra-precision fly cutting. 

However, little attention has been paid to an impact of aerostatic 

bearing spindle vibration excited by intermittent cutting forces and 

mass eccentricity of its spin rotor in the axial direction, in the radial 

direction in the rotational direction on surface topography in UPRM. 

So in this paper, dynamic behaviours of an areostatic bearing 

spindle in UPRM with translational motions in the radial and axial 

direction and with a tilting motion around the radial direction and its 

impact on surface topography are theoretically and experimentally 

discussed. Firstly, the aerostatic bearing spindle system is idealized 

and simplified as a spring-mass-damper system excited by periodical 

intermittent cutting forces to explore the spindle dynamic 

characteristics by building dynamic equations. Secondly, a simulated 

topographical surface generation model is developed to produce 

surface topographies so as to estimate the impact of the aerostatic 

bearing spindle vibration. Finally, to identify the previous theoretical 

results, machined surface topographies are measured by the Optical 

Profiling System (WYKO NT8000). 

 

2. Experimental setups 

 

2.1 UPRM mechanism and spindle performance specifications 

All flat-cutting tests were performed on an UPRM machine 

(Precitech Freeform 705G, Precision Inc., USA) as shown in Fig.1. 

The UPRM machine system possesses three linear axes (X, Y and Z) 

and two rotational axes (B and C), a diamond tool is rotated with the 

spindle being set up on the C axis to intermittently cut a work-piece 

and the work-piece is installed on the B axis rotation table. The 

surface roughness profile for the machined surface is formed by the 

repetition of the tool tip profile at intervals of the tool feed rate along 

the feed direction and then intervals of a step distance along the raster 

direction under cutting conditions by two cutting strategies, e.g. 

horizontal cutting that the feed direction is horizontal in the X-axial 

direction and vertical cutting that the feed direction is vertical in the 

Y-axial direction. 

The spindle rotating around the spin axis is flowed and supported 

by a constant pressure air film, so the intermittent cutting forces and 

its self-eccentricity mass will induce the spindle vibration. The 

spindle performance specifications of the UPRM machine are 

tabulated in Tab.1. The experimental tests were carried out on the 

UPRM machine to flat-mill copper alloys under cutting conditions of 

Tab.2 by horizontal cutting to validate the impact of the spindle 

vibration on surface topography. 

 

  
Fig.1 An UPRM machine a) Precitech Freeform 705G and b) its 

schematic configuration 

 

Tab.1 Spindle performance specifications 

Spindle rotor mass (m) (kg) 0.5+2 

Radial stiffness (k2/ k3) (N/μm) 22 

Axial stiffness (k1) (N/μm) 31 

Eccentric position of the mass imbalance 

away from the rotor axis (e) (μm) 
0.5 

Position of the centre of mass center relative 

to its equilibrium along the z-axis (l1/ l2) 

(mm) 

100+2e / 

100-2e 

Radius of spindle rotor (R) (mm) 25 

Inertial tensor around y-axis (Jy) (gm2) 0.25 

Inertial tensor around z/x-axis (Jz/Jx) (gm2) 4 

The distance of tilting center of spin rotor to 

the tool (d2) (mm) 
180 

Damper ratio µ 0.05 

 

Tab.2 Cutting conditions 

Spindle speed (ω) (rpm) 4000 

Feed rate (fr) (mm/min) 60 

Depth of cut (do) (µm) 

Swing distance (d1) (mm) 

Step distance (sr) (µm) 

3 

23 

10 

Tool nose radius (Rr) (mm) 0.78 

Tool rake angle (o) 0 

Front clearance angle (o) 

Cutting strategy 

15 

Horizontal cutting 

 

2.2 Measurement of surface topographies 

 

The Optical Profiling System (WYKO NT8000) was utilized to 

measure surface topographies of machined specimens to estimate 

effects of the aerostatic bearing spindle vibration on surface 

topography. Surface topography data were acquired under an effective 

magnification 10X within an effective field of view of 

0.636mmx0.477mm. 

 

2.3 Measurement of cutting forces 
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To measure intermittent cutting forces, a Kistler 9252A force 

transducer was mounted between a work-piece and a fixture 

positioned on the B-axis with a pre-loading force to sense cutting 

forces. The signals of the cutting forces in the three directions were 

recorded by a NI PCI-6132 14 bits multifunction DAQ card at the 

sampling frequency 1MHz after being pre-amplified by a charge 

amplifier. 

 

3. Modeling of aerostatic bearing spindle and simulation of 

surface generation 

 

3.1 Modeling of spin rotor motions 

 

To simulate dynamic response of the aerostatic bearing spindle in 

UPRM, involving the radial, axial and tilting motions (shown in 

Fig.3), the spindle system is simply idealized as a multi-spring-mass-

damper system. And, the spin rotor approximated by a single point 

mass is seen as a rigid body supported by an air film represented by a 

series of springs in the axial and radial directions. The spring stiffness 

distribution along the journal length is also considered as a constant 

value. Its schematic diagram is shown in Fig.4. The spin rotor is 

replaced by m, x, y and z express translational displacements of its 

spin rotor, c represents viscous dampers and k denotes stiffness of 

springs, e represents an eccentric distance, and θ and Ф mean tilting 

angles of the spin rotor around the radial axis, respectively. 

 

 
Fig.3 Schematic diagrams of spin rotor motions a) axial motion, b) 

radial motion and c) tilting motion 

 

The dynamic formula is described by Euler equations of motion, 

which includes three translational motions and three rotational 

motions in a three-dimensional space. Fig.5 shows that the spin rotor 

is referred to a reference system o(xyz) moving in an inertial 

coordinate system O(XYZ) with the rotor’s eccentricity mass m. So its 

motions can be described by the rotations of the inertial coordinate 

system O(XYZ) around the z, x and y-axis with the angles (θ, Ф and 

Ω) of the reference coordinate system o(xyz) as shown in Fig.5a and 

by the translations of the inertial coordinate system O(XYZ) along the 

x, y and z-axis with the displacements (x, y and z, respectively) of the 

reference coordinate system o(xyz) as shown in Fig.5b, as below: 

1) Translation along the x-axis, xo; 

2) Translation along the y-axis, yo; 

3) Translation along the z-axis, zo; 

4) Rotation around the Z-axis, θ;  

5) Rotation around the X1-axis, ϕ; 

6) And rotation around the y-axis, Ω. 

where, Ω is equal to ωt, in which ω is the spindle speed and t is time. 

 

 
Fig.4 Schematic diagram of an aerostatic bearing spindle 

 

 
Fig.5 The coordinate transforms a) translational transform and b) 

rotational transform 

 

The mass center coordinate e
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And, since the spin rotor is symmetric, the inertial tensor in o(xyz) is 

displayed as: 

















































z

y

x

zzyzx

yzyyx

xzxyx

Jllme

llmeJllme

llmeJ

JJJ

JJJ

JJJ

J

)(0

)()(

0)(

21

2121

21

.        (2) 

Based on Newton’s Laws and Theorem of Angular Momentum [11], 

the corresponding equations of the spindle rotor motions are: 
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cutting force in the y-axial direction, Ft is intermittent thrust cutting 

force in the z-axial direction and Fm is intermittent main cutting force 

in the x-axial direction, which frequency is one per one spindle 

revolution and the contact time is about arcos((d1-do)/d1)/π/ω*60. As 

the damping ratio of the pressure air film is further tiny, the resistance 

and the drag torques can be negligible. 

The numerical solution of these equations was done with a 

Matlab Simulink model, using the Runge-Kutta method. 

 

3.2 Topographical generation 

 

In the face raster milling process, surface topography in 

horizontal cutting can be separated into two parts, one is a trajectory 

of a tool arc center rotating around the spindle axis at the swing 

distance d1 in the x-axial direction (or in the feed direction) and the 

other is surface profile determined by a tool arc in the axial direction 

y-axis (or in the raster direction). In Fig.4a, the trajectory A(x(t), y(t), 

z(t)) of the tool arc center is described in the raster milling system as: 
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where ω is the spindle speed, fr is the feed rate of the tool and t is 

machining time, f1, f2 and f3 are frequencies of spindle rotor in the y-

axial direction, the x-axial direction and in the z-axial direction, 

respectively, a1, a2 and a3 are amplitudes of corresponding 

frequencies, respectively, and φ1, φ2 and φ3 are phase angles 

corresponding to these frequencies. In Fig.6b, the surface profile 

between two adjacent points A3 and A4 of the spiral trajectory, which 

is determined by the tool arc profile in the raster direction can be 

expressed as: 
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Fig.6 Schematic diagram of surface generation in horizontal cutting a) 

a horizontal surface profile and b) a vertical surface profile 

 

So, based on the previous model of dynamic response of the 

aerostatic bearing spindle, x, y, z, θ and ϕ are expressed as the input 

of the surface generation model, which influence the tool tip 

trajectory in UPRM. The whole simulation system is shown in Fig.7. 

 

 

Fig.7 The whole modeling system 

 

4. Results and discussion 

 

4.1 Characteristics of spindle rotor motions 

 

Tab.3 Cutting forces 

Main cutting force Fm (N) 0.05 

Raster cutting force Fr (N) 0.003 

Thrust cutting force Ft (N) 0.05 

 

  

Fig.8 Dynamic response of the spindle motions under interval cutting 

forces 

 

The Equ.3 is utilized to describe dynamic equations of the spin 

rotor, where intermittent cutting forces were measured by the Kistler 

9252A force transducer and tabulated in Tab.3. To solve these 

equations by using the Matlab Simulink, the dynamic characteristics 
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of the aerostatic bearing spindle is obtained as shown in Fig.8. 

Fig.8a shows that the axial motion of the aerostatic bearing 

spindle in the y-axial direction is almost zero, Fig.8b and c 

demonstrate the radial motions of the spindle in the z-axial direction 

and in the x-axial direction that the spin rotor excited by the 

intermittent thrust cutting force vibrates in the radial axes and Fig.8d 

and e present the tilting motions around the x-axial direction and the 

z-axial direction. These corresponding frequencies are listed in Tab.4. 

 

Tab.4 Frequencies of the spindle rotor 

Tilting frequency around the 

radial direction (f1) (Hz) 
1231.2 

Translational frequency in the 

spin axial direction (f2) (Hz) 
472.1 

Translational frequency in the 

radial direction (f3) (Hz) 
560.4 

Spindle speed (f4) (Hz) 4000/60 

 

In Fig.8, So the maximal amplitudes aθ / aϕ in the x/z-axis only 

induced by the tilting motion around the z/x-axis are calculated with 

Equ.8 and 9. 

112 cossin ddda                      (8) 

112 cossin ddda                      (9) 

And the maximal amplitudes aθ / aϕ in the y-axis only induced by the 

tilting motion around the z/x-axis are calculated with Equ.10 and 11. 

 sincos 122 ddda                    (10) 

 sincos 122 ddda                    (11) 

So, all amplitudes as of the corresponding frequencies are obtained 

from Fig.8. 

 

4.2 Topographical surface characterization 

 

To estimate surface topographies of milled specimens of copper 

alloys under cutting conditions of Tab.1 by horizontal cutting, the 

Optical Profiling System (WYKO NT8000) was employed to 

measure. Surface topography data were acquired, which patterns 

show the vibration effect on surface topographies in Fig.9. 

In Fig.9a, patterns pointed by arrows periodically occur in the 

raster direction, which indicates that these patterns were generated by 

the repetition of the profiles at intervals of tool paths in the feed 

direction, and the profiles were produced by the repetition of the tool 

rotation at intervals of feed rate as combining the spindle vibration. 

So, it is inferred that the phenomenon is induced by vibration. 

In Fig.9b, periodical patterns disappear, which is because that the 

phase shift for each profile induced by spindle vibration is random, 

and in Fig.9a), the patterns shows that the phase shift for each profile 

is uniform. According to previous equations of surface generation, the 

surface topographies are simulated and built up as shown in Fig.10. 

Fig.10a shows the simulated topography generated with the same 

phase shift for each profile and Fig.10b indicates the simulated 

topography produced with the random phase shift for each profile, 

which theoretically explains the phenomenon in the previous 

experimental results, corresponding to Fig.9a and b, respectively. 

Overall, there is a good agreement between the experimental 

findings and the simulation results to further support impacts of 

spindle vibration on topographical surface patterns. 

 

 

Fig.9 Measured surface topographies by horizontal cutting a) with 

uniform patterns and b) with random patterns 

 

 

Fig.10 Simulated topographies by horizontal cutting a) under the 

uniform phase shift and b) under the random phase shift 

 

5. Conclusions 

 

This paper aim is theoretically and experimentally to explore the 

spindle-induced vibration and its impact on surface topography in 

UPRM. A dynamic model is proposed to simulate dynamic response 
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of an aerostatic bearing spindle excited by periodic intermittent 

cutting forces in UPRM to obtain its natural frequencies for 

translational and tilting motions. A machined surface was examined to 

identify surface patterns as compared with a simulated surface 

generation to ascertain the impact of the aerostatic bearing spindle 

vibration. Some results are as follows: 

1) The dynamic model is conducted to simulate dynamic 

characteristics of the aerostatic bearing spindle in UPRM with its 

natural frequencies of 472Hz for the translational motion in the 

axial direction, of 560Hz for the translational motion in the radial 

direction, of 1231Hz for the tilting motion, respectively. 

2) The simulated surface topography generation with the input of the 

characteristics of the aerostatic bearing spindle vibration is built up 

to explore that the spindle vibration induces aliased surface 

patterns formulated by the uniform phase shift and eliminated by 

the random phase shift. 

3) The measured surface topographies of machined specimens 

identify the characteristic topographies possessing the aliased 

surface patterns. Experimental and theoretical results produce a 

great agreement. So, the spindle vibration also intermittently 

produces modulations on surface topography in UPRM. 
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