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Abstract The dynamic performance of ultra-precision cut-
ting machine tools is an important factor for its machining
accuracy. To improve the precision of the machine tool, a
surface topography model is built in this paper and the tool
path during the cutting process is achieved by dynamic finite
element analysis (DFEA) of the air spindle in ANSYS, surface
topography is obtained using MATLAB simulation by comb-
ing the model with the tool path, and an experiment is carried
out for validation. Results show the simulation surface is high-
ly consistent with the experimental result. Dynamic perfor-
mance of the spindle is the main factor for texture generation,
and optimization of spindle is investigated, DFEA of the op-
timized spindle shows better performance, and the connection
mode between diamond tool and cutter head should be further
studied.

Keywords Ultra-precision cutting . Air spindle . Dynamic
performance . DEFA . Surface topography

Nomenclature
OT-
xTyTzT

Actual tool coordinate system

O-xyz Workpiece coordinate system
OS-
xSySzS

Ideal tool coordinate system

r Radius of cutting edge
θ Rake angle of diamond tool
φ Position angle of point P on cutting edge
R Radius of cutter head
W Width of workpiece
L Length of workpiece
t Machining time
n Spindle speed
f Feed rate
α Position angle of tool center OS

RS Rotation matrix from coordinate system OS-xSySzS
to O-xyz

TT Translation matrix from coordinate system OT-
xTyTzT to OS-xSySzS

RT Rotation matrix from coordinate system OT-xTyTzT
to OS-xSySzS

ΔxT Amplitude of tool center in OSxS direction
ΔyT Amplitude of tool center in OSyS direction
ΔzT Amplitude of tool center in OSzS direction
ΔxS Tool offset error along OSxS axis
β Error angle between ideal tool coordinate system

OS-xSySzS and actual tool coordinate system OT-
xTyTzT
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1 Introduction

Ultra-precision cutting was developed with single point dia-
mond turning (SPDT), which could achieve micro-nano sur-
face roughness with air spindle, pneumatic slide, high-stiff-
ness, and high-accuracy tool, feedback control, and tempera-
ture control [1]. Currently, SPDT is wildly used in the fields of
aerospace, national defense, astronomy, and laser fusion to
obtain reflector, sphere, and aspherical elements of large size
[2–4]. It has become the main machining method for some
soft, frangible, and deliquescence optical crystal [5, 6].
Besides, soft metals, such as aluminum and copper, are ma-
chined by SPDT generally [7, 8].

Realizing ultra-precision machining is achieving micro re-
moval of the material, and the first condition is ultra-precision
machine tool. It needs not only shape tools or fine abrasives,
but also good dynamic performance and high-accuracy micro
feed system more importantly [9, 10], as the direct and hard
contact between tool and work-piece in machine work, the
vibration of machine tool is easy to reflect on the machined
surface. To date, some researchers have studied the dynamic
performance of ultra-precision cutting machine tool; Liang
et al. [11] presented a dynamic optimization of an ultra-
precision diamond flycutting machine tool, successfully pro-
duced 415×415-mm surfaces on aluminum and crystalline
optics, with 1.3-μm flatness and 2.4-nm rms roughness. Sun
et al. [12] studied a dynamic error budget methodology de-
signing and characterizing machines used to manufacture or
inspect parts with spatial frequency-based specifications. In
the two researches, they both studied the dynamic perfor-
mance of the whole machine tool, and the max deformation
of the machine almost occurred on the air spindle, however,
they did not take further study on the spindle.

As the key part of ultra-precision cutting machine tool, air
spindle could affect the machining quality directly.
Akhondzadeh and Vahdati [13] studied the variable depth air
pockets to low the vibrations of spindle in ultra-precision ma-
chine tools. But structure of the air spindle also has influences
on its vibrations. This paper concentrates on the effects of
dynamic performance of air spindle on the machining accura-
cy of the ultra-precision machine tools developed by Harbin
Institute of Technology, and gets optimization tips.

2 Surface topography model for flycutting

In this paper, ultra-precision machine tool consists of air spin-
dle, diamond tool, liquid floating skateboard, vacuum chuck,
marble base, and column beam. During the machining pro-
cess, work-piece is adsorbed on the surface of vacuum chuck,
and moving with the liquid skateboard, while diamond tool
speed rotating with air spindle and cutting the work-piece, as
shown in Fig. 1. Generally, only one diamond tool is used in

machining process, and a bob-weight tool is installed on an-
other cutter frame to keep the balance of the air spindle.

The cutting edge of the diamond tool is presented in Fig. 2,
it is arc-shaped, whose radius is r, tool coordinate system is
built by setting the center of the cutting edge as coordinate
origin as shown in Fig. 2, where Q is the midpoint of the
cutting edge, and P is an arbitrary point on the cutting edge,
the coordinates of P are calculated as Eq. 1.

xPi ¼ rcosφsinθ
yPi ¼ rsinφ
zPi ¼ −rcosφcosθ

8<
: ð1Þ

Where, r is the radius of cutting edge, and r=6 mm, θ is the
negative rake angle of diamond tool, and θ=45 degree, φ is
the position angle of point P on cutting edge.

According to the machining mechanism of flycutting
(Fig. 1), work-piece coordinate system is built as shown in
Fig. 3. In this system: (a) Oz axis is coincide with the axis of
air spindle, (b) plane xOy is coincide with cutting surface, (c)
Oy is the opposite direction of feeding. Through the position
relationship between tool and work-piece, the coordinates of
ideal center of cutting edge OS in work-piece coordinate sys-
tem are shown as Eq. 2.

xS ¼ Rsinα
yS ¼ ft þ Rcosα
zS ¼ rcosθ

8<
: ;α ¼ arcsin
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Fig. 1 Diagrammatic map of flycutting machining

Fig. 2 Cutting edge model of a diamond tool
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Where,R is the radius of cutter head, and R=325mm,W is the
width of work-piece, t is the machining time, n is the spindle
speed (rpm), f is the feed rate, r is the radius of cutting edge, θ
is the negative rake angle of diamond tool, and α is the posi-
tion angle of tool center OS.

In the machining process, the diamond tool is manually
installed, and installation error could not be avoided, it is
assumed the tool has an offset ΔxS along OSxS axis and a
deflection angle β around the OSzS axis. Therefore, the posi-
tion relationship among work-piece coordinate system O-xyz,
ideal tool coordinate system OS-xSySzS and actual tool coordi-
nate system OT-xTyTzT can be presented as Fig. 4.

According to the principle of coordinate transformation,
coordinates of point P in work-piece coordinate system can
be obtained by Eq. 3.

xi
yi
zi
1

2
664

3
775 ¼

xS
yS
zS
1

2
664

3
775þ RSTTRT

xPi þΔxT
yPi þΔyT
zPi þΔzT

1

2
664

3
775 ð3Þ

Where,ΔxT,ΔyT,ΔzTare the vibration values of tool center in
OSxS, OSyS, OSzS direction respectively, RS is rotation matrix
from coordinate system OS-xSySzS to O-xyz, TT, and RT are
translation matrix and rotation matrix from coordinate system
OT-xTyTzT to OS-xSySzS respectively, and

RS ¼
cosα sinα 0 0
−sinα cosα 0 0
0 0 1 0
0 0 0 1

2
664

3
775 ð4Þ

TT ¼
1 0 0 ΔxS
0 1 0 0
0 0 1 0
0 0 0 1

2
664

3
775 ð5Þ

RT ¼
cosβ sinβ 0 0
−sinβ cosβ 0 0
0 0 1 0
0 0 0 1

2
664

3
775 ð6Þ

Where, ΔxS is the offset error along OSxS axis, β is the error
angle between ideal tool coordinate system OS-xSySzS and ac-
tual tool coordinate system OT-xTyTzT.

In the flycutting process, tool paths of cutting edge form the
surface topography of work-piece. Therefore, surface

topography would be obtained by Eq. 3 if the vibration values
of tool center were achieved.

3 Tool path acquirement based on DFEA of air
spindle

Dynamic finite element analysis (DFEA) of air spindle is con-
ducted inANSYSWorkbench to obtain the vibration displace-
ment of diamond tool when the tool is cutting the work-piece.
In the machining process, surface quality is sensitive to the
displacement of the tool in z direction, and cutting force in z
direction is the main force, to simplify the question, only cut-
ting force in z direction is considered in DFEA of the air
spindle. The map of cutting force of an optical crystal in z
direction is shown in Fig. 5, which is measured by Kistler
9255C dynamometer. Obviously, there exists an impact while
the tool cutting on the work-piece, cutting force gets a large
value firstly, and then decreases until the tool cutting out the
work-piece. For aluminum mirror, the cutting force is bigger,
it is assumed 1.5 N when feed rate is 40 μm/r, cutting depth is
10 μm [14]. Based on the above analysis, transient analysis
parameters are chosen as Table 1, and the finite element model
(FEM) of the air spindle is built as Fig. 6.

Figure 7 shows the deformation map of the air spindle in
the machining process, it indicates that deformation of the air
spindle mainly occurred on the cutter head, and the deforma-
tion of tool installation position is the largest.

Figure 8 shows the vibration curves of the tool center in x,
y, and z direction, it shows the displacement in z direction is
the largest, follows x direction, and deformation in y direction
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Fig. 4 Model of coordinate transformation
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Fig. 5 Cutting force in z direction
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is the smallest, it is less than 0.085 nm, which can be ignored,
soΔyT=0. The principle of least squares (LS) is used to fit the
vibration curves of tool center in the x and z direction, the
fitted equation is shown as Eq. 7. From Fig. 8, the fitted curves
are well coincide with the vibration curves, the R-squared
value and adjusted R-squared value are bigger than 0.99, the
equation is available.

ΔxT ¼ 20:91sin 0:6474t−0:3921ð Þ þ 11:75sin 1:296t þ 0:6906ð Þ
þ4:199sin 3:889t−2:335ð Þ þ 1:91sin 2:592t þ 0:6781ð Þ
þ0:9329sin 6:471t−1:666ð Þ þ 0:3795sin 10:37t−2:404ð Þ
þ0:2414sin 7:727t þ 1:332ð Þ

ΔyT ¼ 0
ΔzT ¼ 26:2sin 0:6473t−0:3731ð Þ þ 14:54sin 1:295t þ 0:7524ð Þ

þ6:055sin 3:886t−2:323ð Þ þ 2:682sin 2:591t þ 0:5291ð Þ
þ0:498sin 6:487t−1:916ð Þ þ 0:2668sin 7:772t þ 1:316ð Þ
þ0:2693sin 5:182t þ 1:858ð Þ þ 0:1376sin 10:37t−2:367ð Þ

8>>>>>>>>>>>><
>>>>>>>>>>>>:

ð7Þ

WhereΔxT,ΔyT,ΔzTare the vibration values of tool center in
OSxS, OSyS, OSzS direction respectively, t is the machining
time unit millisecond, the unit of phases in the equation is rad.

4 Surface simulation and experiment

Surface simulation is conducted in MATLAB by combining
tool vibration equation (Eq. 7) with surface topography model
(Eq. 3), simulation parameters are presented in Table 2. The
width of work-piece in simulation is 50 mm, which is the
length of tool moving in 5 ms (it is the time of transient anal-
ysis), the length of work-piece in simulation is 8 mm consid-
ering the calculate efficiency of PC and it is a repeat process
along the feeding direction, the simulation process is shown in
Fig. 9.

Figure 10 shows the simulation result (cutting start from
the right hand of the picture), there are three stripes appeared
on the surface sized 50 mm×8 mm, and the stripe in the
middle of the surface is narrower, the spaces between the three
stripes are 15 and 18 mm, respectively, from the cutting side.

Experiment is carried out on an aluminum mirror sized
410 mm×410 mm to verify the simulation results, the ma-
chining parameters are the same as simulation parameters pre-
sented in Table 2. Machine tool is a 650 mm-aperture ultra-
precision flycutting machine tool, ZYGO-32″ plane interfer-
ometer is used to observe the machining surface, whose hor-
izontal resolution is 0.8 mm/pix, and cavity detection accuracy
is 1/10λ (λ=632.8 nm), that satisfies the testing accuracy
entirely.

Figure 11 demonstrates the experimental result, and cutting
side is on the right of the figure. There exists significant tex-
ture on the surface. For further study, the area width 50 mm

Table 1 Parameters for DFEA

Parameters Values

Spindle speed n (rpm) 300

Feed rate f (μm/s) 200

Cutting depth ap (μm) 10

Air spindle pressure P (MPa) 0.5

Cutting force in z direction Fz (N) 1.5–1.3

Cutting time t (ms) 5
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Time/ms

N/ecr
o

F

Fig. 6 FEM of air spindle in DFEA

Fig. 7 Deformation map of the air spindle
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besides cutting edge (the red rectangular area in Fig. 11) is
taken out as shown in Fig. 12.

5 Results and analysis

Figures 11 and 12 shows there are stripes along the cutting
direction on the surface, and three stripes appear in the range
of 50 mm about the cutting side, the distance between the
stripes are 14.9 and 18.1 mm from the X profile of the surface
as shown in Fig. 12a, b. The result is consistent with the

simulation result, the surface topography model and transient
analysis is verified.

On the other hand, the experimental amplitude is larger
than the simulation value obviously, there are three reasons:
(a) Cutting force only in z direction is considered in DFEA,
although which in x and y direction has little effect on the
surface. (b) The airflow caused by the rotation of spindle is
not taken into consideration while it has made a difference on
cutting force as shown in Fig. 5. (c) Vibration of worktable is

(a)

(b)

(c)
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Fig. 8 Vibration curves of the tool center

Table 2 Parameters for
surface simulation Parameters Values

Spindle speed n (rpm) 300

Feed rate f (μm/s) 200

Cutting depth ap (μm) 10

Cutting edge radius r (mm) 6

Tool rake angle θ (degree) 45

Cutter head radius R (mm) 325

Work-piece width W (mm) 50

Work-piece length L (mm) 8

Air spindle pressure P (MPa) 0.5

Offset error of tool ΔxS (μm) 10

Error angle of tool β (degree) 0.5

Input machining parameters

Initial cutting parameters

Mesh, initial surface matrix

Cycles of spindle rotation

Cycles of points on cutting edge

Cycles of machining time 

Exceed machining 
scope?

Calculate the position of points on cutting edge 

Is z value smaller?

Refresh surface matrix

Surface topography output

Start

Y

N

N

Y

Fig. 9 Surface simulation process
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ignored. The simulation surface still approach to the experi-
mental result apart from those factors, and the dynamic per-
formance is the main factor for the generation of stripes on the
surface.

Stripes on the surface have great influence on life and
property of the element. In terms of optical elements, the tex-
ture will have a great gain under glare nonlinear effects, and
then convert to great intensity modulation after a long-
distance transmission, and a poor beam quality is generated,
laser damage is also more possible to occur [15]. Therefore,
optimization of the air spindle is essential.

From DFEA result in Fig. 7, deformation of the air spindle
focuses on cutter head during the machining process, so the
stiffness of cutter head is to be strengthened, such as increas-
ing its thickness or using the materials with higher stiffness.

Figure 13 shows the optimization of the cutter head, four
rids are crosswise added under the cutter head where the de-
formation occurred to increase its stiffness based on the defor-
mation map in Fig. 7. DFEA of the new cutter head is carried
out afterwards to estimate the optimization effect. According
to the principle of single variable, the simulation parameters
are the same as Table 1.

Figure 14 demonstrates the deformation graph of the new
spindle, the deformation shape of the spindle almost the same
as shown in Fig. 7, but the deformation value reduced a lot.

Figure 15 shows the vibration curves of the tool center after
optimization, to better estimate the effects of optimization,
Table 3 shows the vibration parameters of original and opti-
mized cutter head, as can be seen from the result, vibration
amplitude of new cutter head has a substantial reduction in x
and z direction, they maximum vibration amplitudes reduced
46.7 and 43.2 %, respectively, after optimization, but the am-
plitude in y direction has little difference. What is more, the
fluctuation ranges of the vibration curves also reduced a lot,
the range changes from 13.8 to 7.4 nm in x direction, and
reduces from 18.9 to 8.9 nm in z direction, which also de-
creased in y direction, that would low the amplitude of stripes
on the surface. The optimization has achieved significant
effects.

Fig. 10 Surface simulation result

Fig. 11 Whole surface topography of work-piece
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To further curb the surface streaks, the connection mode
between cutter head and diamond tool should be studied based
on the deformation shape in Fig. 14.

Fig. 12 Local surface topography width 50 mm

Original cutter head New cutter head

Fig. 13 Optimization of the cutter head Fig. 14 Deformation graph of the air spindle with new cutter head
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6 Conclusions

Dynamic performance of the ultra-precision machine tool has
great influence on the surface quality. Through simulation and

experiment on the surface morphology, three conclusions are
summarized:

(a) Surface topography model is built for ultra-precision
flycutting, and it has good predictive ability.

(b) Dynamic characteristics of the air spindle are the main
factor for the generation of strips on the surface.

(c) After enhancing the stiffness of the cutter head, the dis-
placement of the tool center significantly reduced from
the result of DFEA, and the surface morphology is ex-
pected to be improved. To further curb the surface
streaks, the connection mode between cutter head and
diamond tool should be studied.

Apart from that, the effects of airflow and worktable on
surface quality are to be reported in later researches.
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