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Abstract Micro-structured surfaces have received ever-
increasing requirements in various fields, including optical
systems, biological engineering, measurement system, and
so on. Fast tool servo (FTS)-assisted ultra-precision diamond
turning technique has been extensively regarded to be a very
promising technology for the fabrication of the micro-
structured functional surfaces with high efficiency and high
surface quality. In this paper, the machining flowchart is thor-
oughly introduced; the key cutting parameters including tool
geometry, diamond turning machine (DTM) slide carriage
feedrate, and spindle speed are carefully investigated and de-
termined to obtain optimal cutting performances during ma-
chining processes. Additionally, a novel toolpath generation
method is proposed to minimize the volume of the toolpath
data. Comparing with current method, the data volume gener-
ated by the new method can be significantly decreased by
several times. Finally, the efficiency of the proposed cutting
parameter determination method and the new toolpath gener-
ation method are verified by fabricating a typical sinusoidal
grid surface.

Keywords Micro-structured surfaces - Fast tool servo -
Cutting parameters - Toolpath generation - Diamond turning

P4 Qiang Liu
liu-qiang-1111@163.com

School of Mechanical Science and Engineering, Jilin University,
Changchun, China

Space Optics Research Laboratory, Changchun Institute of Optics,
Fine Mechanics and Physics, Chinese Academic of Sciences,
Changchun, China

1 Introduction

Micro-structured functional surfaces have received ever-
increasing requirements in optical systems, biological engi-
neering, and measurement systems and so on [1-4]. However,
it is still a challenge to fabricate these surfaces with high qual-
ity and high efficiency due to their complicated shapes. Fast
tool servo (FTS)-assisted ultra-precision diamond turning
technique has been extensively regarded to be a very promis-
ing technology for the fabrication of the micro-structured
functional surfaces [5—11].

As for the typical FTS machining system, workpiece is
clamped on the spindle, FTS is fixed on slide carriage of
diamond turning machine (DTM) which can move along z-
axis direction and x-axis direction. During the fabrication pro-
cess, FTS drives the cutting tool moving back and forth at a
high frequency to obtain various complex surfaces. Generally,
FTS working frequency is several times of spindle rotational
frequency which is determined by the shapes of the optics.
High-precision toolpath and the optimal cutting parameters
are two critical elements for fabricating high-quality micro-
structured surfaces. Unfortunately, most of previous studies
have mainly focused on the design of FTS system to obtain
higher performances, such as long stroke, high working band-
width, and high positioning accuracy. The optimal determina-
tion of the cutting parameters has been ignored. Lu et al. in-
troduced that the quality of the FTS diamond turned micro-
structured surfaces depended mainly on the cutting speed and
FTS working frequency [8], and studied the generation char-
acteristics of micro-structures for surface texturing applica-
tions when clearance angle of the cutting tool is smaller than
this critical angle [9]. Neo et al. processed a novel method to
extend the FTS-limited stroke length with layered tool trajec-
tories [10]. Although certain issues of the determination pro-
cess have been mentioned, thorough studies of the process are
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lacking [11]. Motivated by this, the main objective of this
paper is to give a complete investigation and guidance for
the selection of optimal cutting parameters and the optimal
toolpaths with respect to various cutting conditions.

Generally, the cutting parameters include diamond tool
geometry, spindle speed, and DTM feedrate. The tool ge-
ometry and feedrate must be optimized before toolpath gen-
eration processes. If the tool geometry is not carefully op-
timized, over-cutting and tool interference may happen dur-
ing the fabrication process resulting in deteriorated quality
or even destroy of machined surfaces. As is well known, the
feedrate of cutting tool along the x-axis of DTM will direct-
ly determine the heights of surface residual tool marks,
which dominates the machining errors in mid-spatial fre-
quencies. The spindle speed is the critical element to guar-
antee succeeding machining process which is decided by
FTS dynamics performance and workpiece surface
geometry.

Currently, the toolpath calculation process is based on uni-
formly discrete angles of the local cylindrical-coordinate sys-
tem. Reference points are first chosen in the xoy plane with
equal central angle interval, and then projected onto the given
micro-structured surfaces to obtain the tool contact points
(TCPs), accordingly determining the tool location points
(TLPs) [12-14].

During the practical cutting process, the linear interpo-
lation is usually employed to fit the toolpath by FTS con-
troller. The defects of the existing toolpath can be summa-
rized as follows: The TCPs are not uniformly distributed
which become sparser with workpiece radius increasing
and resulting in greater form errors of machined surfaces
with complex surface shapes [14, 15]. To the best knowl-
edge of the authors, no pertinent literatures can be found to
give guidance of the reference point selection in the xoy
plane. So, what will be the appropriate interval angle be-
tween adjacent reference points? The smaller the interval
angle is, the more accurate surface will be obtained just at
the expense of massive data of the TCPs. For instance, to
guarantee the machining accuracy, the toolpath data file
obtained by Gao W et al. is so vast (approximate 3 GB)
when fabricating a sinusoidal grid surface with 150 mm
diameter [13].

In this paper, the flowchart of fabricating micro-
structured functional surfaces by FTS-assisted diamond
turning is detailed, and the two critical issues, namely, the
optimal selection of cutting parameters and the optimal
toolpath determination process, are deliberately discussed.
To ensure the machining accuracy with minimum volume
of toolpath data, the new toolpath generates the TCPs di-
rectly from the perspective of the interpolation principle.
Finally, following the proposed parameter determination
methods, a sinusoidal grid surface is fabricated to validate
the efficiency of the proposed method.
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2 Working principle of FTS-assisted diamond
turning

The flowchart of FTS-assisted diamond turning process is
illustrated in Fig. 1. The tool shape must be carefully deter-
mined firstly to avoid over-cutting and cutting interference for
any given micro-structured surfaces, and the feedrate which
will directly affect surface roughness should be further deter-
mined. After the critical tool shape and the feedrate chosen,
the toolpath can accordingly be calculated and decomposed
into two parts that implemented by the spindle and FTS, re-
spectively. Then, the spindle speed is obtained considering the
constraints of FTS working performance and the motion tra-
jectories decomposed from the toolpath. By finely harmoniz-
ing the cutting parameters of the system, optical surfaces with
high accuracy and high surface quality can be sufficiently
achieved. More details about the optimal selection process
are detailed in section 3.

3 Determination of optimal cutting parameters
3.1 Determination of optimal tool shape

Diamond tool shape parameters mainly consist of tool nose
radius, included angle, clearance angle, and rake angle. The
cutting tool with zero rake angle is commonly utilized in prac-
tical turning process. As for the tool with non-zero rake angle,
the pose changes induced by the angle should be deliberately
compensated [5]. The selection process of the tool nose radius
is crucial for two reasons: (1) it directly influences the
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Fig. 1 Flowchart of FTS diamond turning micro-structure surfaces
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roughness of machined surfaces and (2) the tool with un-
suitable nose radius will induce undesired over-cutting
phenomenon, accordingly decrease the accuracy of ma-
chined components [14]. The included angle and clear-
ance angle should also be carefully selected to avoid cut-
ting interferences. Fang et al. introduced the selection
process of the tool nose radius and the included angles;
however, systematic research works are still lacking [5].
Otherwise, with the increasing complexity of micro-
structured surfaces, cutting interference between the tool
flank face and the machined surface will be much easily
to be occurred. Thus, the tool clearance angle must be
examined carefully.

1. Determination of the radius and the included angle of the
tool
In view of the workpiece rotation during turning
process, the whole surface is decomposed into a series
of two-dimensional sectional curves along the radius
direction which are all through the origin of the spindle
coordinate as shown in Fig. 2. To avoid over-cutting
phenomenon, the curvature radius at any point on the
surface should be larger than the radius of the cutting
tool. Besides, the included angle ¢, should be smaller
than 2¢; ;, where ; ; is the desired surface related angle
as shown in Fig. 2b. In the cylindrical coordinate of
DTM, the desired freeform surface can be expressed

as follows:
z=/(p,0) (1)
0.0
Sectional curve
0.0
5
0 ‘
= T T T T T |
Sl Y 3 \-2 4 0 1 2 3 4

(a) Sectional curve method

Diamond tool

Sectional
curve

2

(b) Calculation of nose radius and included angle

Fig. 2 Sectional curve method for calculating tool geometry. a Sectional
curve method. b Calculation of nose radius and included angle

The curvature radius p;; at any given point P; {p;,0;) on
the decomposed curve can be expressed as follows:

3
oz 2
(1 +—ap)
&z
op?

Pij = p=rp;0="0; (2)

The corresponding angle ¢;; can be obtained as follows:

1
¢, ; = arctan (62—) ‘ (3)
loo/ 1 p=p,0 =6,

By calculating the minimum value of ¢; ; and minimum
value of the concave curves curvature radius R, on the
sectional curves, tool nose radius R, and included angle
, are optimized, respectively, which can be expressed as
follows:

thmax<f0i,j7 vi, V])

. . (#)

<pt§2m1n(gpi,j, Vi, V])

2. Determination of the tool clearance angle

As shown in Fig. 3, the initial toolpath is calculated
firstly and unwrapped with respect to helix in the xoy
plane. The unwrapped curve is expressed as f{/) where /
is actual arc length of the plane helix. Enlarged view of
region A of the unwrapped toolpath for a typical sinusoi-
dal surface as shown in Fig. 3b is illustrated in Fig. 4,
where R’ is the tool clearance angle and 6, is the acute
angle between the tangent line of /{/) and the abscissa axis
when f"(1)<0.

It is evident that the cutting interference phenome-
non between the tool flank face and the desired surface
occurs only when f"()<0. In order to avoid the un-
wanted interference, the tool clearance angle 6, must
be greater than the maximum value of #,. The relation-
ship between max(#,) and f”(/) can also be expressed as
follows:

/

tanf|max = —min ( f

) (5)

Therefore, the tool clearance angle must meet the condi-
tion as follows:

0, > arctan(—min(f(l))) (6)

3.2 Determination of optimal feedrates of the machine tool
After determining the cutting tool shapes, surface roughness

which is dominated by surface scallop-height is mainly influ-
enced by the feedrate of DTM. Generally, the surface scallop-
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Fig. 3 Toolpath and unwrapped line. a Initial tool path. b Tool path
unwrapped line.

heights highly depend on the curvature of the surfaces as
shown in Fig. 5, and they can be calculated as follows [16]:

Convex surface: H, = \/(R' + R,)Q—(/'/Q)Z—\/R,Z—(f'/Z)Z—R’
Concave surface: H, = R'—\/(R’—R,)z—(f/Q)z—\/R,Q—(f/Q)2

Flat surface: H3 = R;— RtZ_(,f/2)2

where R’ is the curve curvature radius. Obviously, H,>H3>H,;

Therefore, the maximum surface scallop-height will be oc-
curred at the concave surfaces with minimum curvature radius
in the sectional curves. With the known value of minimum
curvature radius R, and tool nose radius R,, feedrate f can be
calculated with required surface scallop-height H by solving
the formula:

Diamond
tool

Cutting
direction

Fig. 4 Schematic diagram of cutting the sinusoidal surface
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Fig. 5 Schematic diagram of surface scallop-height

H = R\ (RR)~(f /2~ \[RA~(f /2)} (7)

3.3 Determination of the spindle speed

FTS working frequency and spindle speed which is usually
selected by experience are much lower than there ultimate
working performance to ensure the cooperation of the FTS
system and DTM. Actually, DTM spindle speed is limited
by FTS working performance, as well as the geometry of
machined surface. The relationship of DTM spindle speed
and FTS working frequency must be analyzed to guide how
to select the spindle speed.

After toolpath of given surface calculated with known
tool radius and feedrate by some kinds of toolpath genera-
tion methods, it is decomposed into two parts: the spiral
trajectory in xoy plane implemented by DTM and the os-
cillations along the z-axis direction conducted by FTS
which will be used to determinate spindle speed. FTS mo-
tion trajectory of the surface shown in Fig. 2 can be de-
scribed in Fig. 6 where the abscissa axis is the spindle
revolution. It can be seen that the working frequency of
the FTS is multiple of the spindle speed. The Fourier trans-
form is applied to the trajectory to obtain its features in
frequency domain shown in Fig. 7. The maximum frequen-
cy component is about 15 times of that of the spindle while
some high-frequency components with very small ampli-
tudes are neglected. It means that FTS maximum working
frequency is 15 Hz if spindle speed is 1 r/s. The amplitude
and working frequency of FTS system are different with
different freeform surfaces and different places of the same
surface. FTS motion trajectory must be strictly correspond-
ing to spindle speed. While the spindle is capable of very
high rotational speed, FTS working bandwidth will be the
key factors to constrain the machining efficiency.

In view of the working bandwidth f obtained by sine
sweep tests, the maximum rotational speed v, (7/s) of the
spindle can be expressed as follows:

Vmax = fF/m (8)
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Fig. 6 The toolpath in terms of 0.56 T
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where m is the maximum multiple between FTS working fre-
quency and spindle speed obtained from Fig. 7.

4 Iso-error toolpath calculation method

As for current toolpath generation methods, the most
crucial problem is how to select cutting points to fit
the ideal toolpath with enough accuracy and minimum
toolpath data file. An effective way to deal with this
problem is the real-time linear interpolation according
to the continuously changing surface curvature as shown
in Fig. 8.

4.1 The principle of new toolpath calculation

In view of the cylindrical coordinate of the machine tool, the
following formula can be obtained to describe the motions of
the machine tool:

p=R-fp/(2-m) )

where R is the workpiece radius, ¢ is the spindle rotation
angle, p is the radius of the cutting point, and f'is the machine
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Fig.7 Frequency spectrum of toolpath in terms of the spindle revolution
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tool feedrate. As for a given point P{p;,;,z;), its position can
be expressed as follows:

i = Pi
p; = R=f~p;/(27) (10)
Zj :f(Pn %’)

1. Linear interpolation principle
Considering the interpolation motions between any
two adjacent cutting points, the desired interpolation error
e and the interpolation chord L as shown in Fig. 9 yield the
following:

=A ()
= 2nn(2)

where R’ is the curvature radius and § is the central angle
corresponding to L.

As shown in Fig. 8, o is the center of plane spiral curve
and Agp; is the interval angle between two adjacent
subpoints projected by cutting points P; and P,.; the

(11)

— Interpolation tool path
—Ideal tool path
—Helix

+ Cutting points
+ Subpoints

Interpolation chord

Fig. 8 Real-time linear interpolation toolpath generation method
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Fig.

Fig.

9 Linear interpolation principle

relationships between L, P;, and Ayp; can be obtained as
follows:

(zizir1)? + (p; % A‘Pi)z =1 (12)

Due to the complexity of the micro-structure surfaces,
the surface curvature radius R’ as well as Ap; may
change continuously, and a number of calculate results
may be obtained while solving formula (12) directly.
This phenomenon will bring troubles to the calculation
process. Therefore, in this method, the cutting points
are calculated by increasing the chord with a certain
length step by step until the actual interpolation error
is greater than desired error e. The chord increased at
the first time is L,;n/4. Lmi, 1S the interpolation chord at
minimum curvature radius curve which can be calculat-
ed when calculating the tool clearance angle. Formula
(12) will be changed into

(z,-—z,—H)Z + (p; x A‘Pi)z = Lz}j2 (13)

where L;; is the chord length between i-th and (i+1)-th
cutting point after stepping increased j times and L; ;=j-
Lmin~
Calculation of interpolation error

The schematic of the interpolation error is shown in
Fig. 10. It can be seen that the actual maximum interpola-
tion error e, is difficult to be obtained due to the continu-
ously changing surface curvatures. e, is the interpolation

e?‘ el‘
C' [ P
z i Ideal tool path
C L P
P,
\ D
@ P >
A ¢

10 Interpolation error schematic diagram
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error at midpoint of chord L which is usually greater than
e,. Therefore, e, is replaced by e. in the actual interpolation
process in this method. The error e, can be calculated by:

e, = |[z4 + z5]/2zc]| (14)

That is,

e/r =1 (pa> 2a) + S (Ppspa + A0/ 2=f (pcs 04 + Ap;/2)]

(15)

While Ay; can be obtained by calculating formula (10),
formula (11), and formula (13), e, is obtained by solving
formula (15). If the calculated value e, is smaller than the
given value e,, the chord length L;; increases to calculate
larger Ay, and e, until e,>e which the corresponding
interval angle A¢p; can be obtained, as well as the coordi-
nate position of P .
Some key points

Generally, a micro-structured surface contains some
key points, such as inflection points and discontinuity
points. These places are much easier to generate machin-
ing errors during the cutting process as shown in Fig. 11.
These points must be calculated carefully. Generally, the
sign of the first derivative or second derivative will be
changed when encountering an inflection point or a dis-
continuity point. The step increase of chord must be
stopped while encountering these points and calculate
the corresponding interval angle A¢p; and cutting points
Py

Using FTS controller’s function of external time-
base control, spindle rotation angle is measured by an
encoder to instead of time as the fictitious “time” which
means that the FTS motions are position-vs-angle tra-
jectories instead of position-vs-time trajectories. The
working frequency of the FTS will vary along with
the changes of spindle speeds. This function will im-
prove the corporation ability of FTS system and DTM
and reduce the influence of spindle speed drifting.
Therefore, the interval angle between arbitrary adjacent
cutting points must be calculated and saved with re-
spect to FTS trajectories.

Ideal tool path

~

o Ao o, @

Fig. 11 Key points which are easy to generate machining errors
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4.2 Toolpath calculation flowchart and calculation
example

For sake of clarity, the toolpath calculation flowchart is em-
phasized in Fig. 12.

Figure 13 shows the toolpath for a typical sinusoidal grid
micro-structured surface which are calculated by conventional
equal-angle method and the new real-time interpolation meth-
od, respectively. The radius, the wavelength, and the ampli-
tude of the surface are 0.2, 0.1, and 0.02 mm, respectively. The
feedrate is 0.01 wm and tool radius is 0.5 mm. From Fig. 13a,
it can be seen that the subpoints in xoy plane which are
projected by the cutting points are irregularly distributed.
The minimum interval central angle of new path is 0.0298
and the number of cutting points is 1638. While for the
equal-angle method shown in Fig. 13b, in order to ensure
the accuracy of the surface, the interval angle is also 0.0298,
while the cutting points number is 4217. Evidently, the real-
time linear interpolation method can significantly reduce the
volume of toolpath data file by 2.57 times which expresses the
superiority of the new toolpath. The superiority will be differ-
ent with different micro-structured surfaces.

5 Cutting experiments

Cutting experiment is carried out following the flowchart and
using the new toolpath. The experiment is implemented on a
DTM with a voice coil motor (VCM)-actuated FTS as shown
in Fig. 14. The workpiece is clamped on the spindle and the
FTS is mounted on the slide which can move along the x
direction and the z-axis direction of the DTM.

| Setting f, e,; i=1,2,3++, j=1,2,3,*+; the first point P,=(p,,¢;,z1) is known |

!

| Solving formula (11) with R, to calculate Ly, and L;/=j-Loin. I

!

i=1, j=1, solving formula (10), (11) and (13) to calculate A ¢; I

I 1

I Solving formula (15) to calculate €',

|
[ [
1

% @i+ 1=gi+Api, solve formula (11) to calculate P,

Output /.,

—

l
-

Xy

Cutting points

Fig. 12 Toolpath calculation flowchart

0,034

Jooaa
0032

10,031
003
go2o
0,028

0.027

02 02

(a) Real-time linear interpolation

x(mm)

(b) Equal-angle method

Fig. 13 Toolpath generated by equal-angle method and real-time linear
interpolation method. a Real-time linear interpolation. b Equal-angle
method

A sinusoidal grid surface with wavelength of 2.5 mm is
machined on a 6061 aluminum bar. A PCD cutting tool is
employed in this experiment, and the tool geometry parame-
ters are calculated and presented in Table 1.

Initial toolpath of the sinusoidal grid surface is calculated
shown in Fig. 15. The FTS motion trajectory and the corre-
sponding frequency spectrum are described in Fig. 16a, b,
respectively. It can be seen that maximum frequency compo-
nent about 12 times of that of the spindle. With respect to the
closed-loop bandwidth of the FTS fx is 60 Hz, the maximum
speed of the spindle can be obtained by Eq. 8 which is 5 1/s.
The feedrate is calculated according to Eq. 7 with the con-
straint scallop-height of 20 nm, and the obtained optimal
feedrate is about 5.3 um. Therefore, in this cutting experiment,
the spindle speed is selected to be 1 1/s; the feedrate is 5 pm/r.
The actual toolpath of the sinusoidal grid surface is shown in
Fig. 17a, and the FTS performance is tested by following this
signal that the following error is about 0.5 % (Fig. 17b, c). The
FTS motion revolution is 0.08 um shown in Fig. 17d.

The photo of machined surface is shown in Fig. 18a.
OLS3000 Laser Scanning Confocal Microscope is used to
capture the micro-topographies of the machined surface. The
measured result is shown in Fig. 18b. The obtained surface
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Fig. 14 DTM and VCM actuated
FTS system
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FTS and DTM

Rotary
encoder

roughness is about Ra 32 nm which is much higher than the
preset values. In the actual cutting process, except the main
factors of tool geometry and feedrate, surface roughness is
also influenced by workpiece material, cutting vibration, and
tool wear. In Fig. 18b, it can be seen that there are some black
spots on the workpiece surface which mainly are the material
defects, such as the impurities or sand holes. The surface
roughness is increased by these defects distributing in the
surface. The defects also increase the cutting vibration to in-
crease the surface roughness. The surface profile of micro-
structured surface or other complex surfaces are usually mea-
sured by high-cost equipments or other self-designed mea-
surement devices, and a precision and simple measurement
device is being developed. Therefore, the machined surface
profile error is not discussed in this paper.

6 Conclusion

In this paper, the flowchart of micro-structured surfaces fabri-
cated by FTS diamond turning is thoroughly described. The
machining parameters are first completely and thoroughly in-
troduced. Especially, the tool clearance angle is calculated to

Table 1  Tool parameters

Calculate value Actual value
Nose radius 1.58 mm 0.2 mm
Rake angle - 0°
Clearance angle 3.9° 10°
Included angle 13.83° 60°

@ Springer

avoid cutting interference. The DTM feedrate is calculated
according to surface roughness while the accurate feedrate
greatly improves machine efficiency with satisfactory surface
quality. The relationship between spindle speed and FTS
working performance is established which optimum FTS
working performance and maximum spindle speed can be
obtained for high precision and high machining efficiency.
The novel toolpath generation method based on real-time
linear interpolation is proposed for the FTS-assisted diamond
turning of micro-structured surfaces. The new toolpath can
greatly reduce the volume of toolpath file with desired surface
profile accuracy. The more complex the surface geometry, the
effect of the new toolpath is better. A testpiece of a typical
sinusoidal grid surface is fabricated following the flowchart
and using the new toolpath. Considering the difficulty and high
cost of measuring the machined micro-structured surfaces, the
measurement of the surface profile is not discussed in this paper.
On the whole, the purpose of this research is to thoroughly
introduce the machining flowchart of micro-structured sur-
faces including the machining parameters calculation and

// 7\

> =i

"ﬂ\\&k\\\\\\\\m\\/{/* ~ //%/{

x(mm)

Fig. 15 Initial toolpath of the sinusoidal grid surface for calculating
cutting parameters
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provide a new toolpath. Other researchers can fabricate the
micro-structured surfaces referring to this paper.
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