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Abstract

In fast or slow tool servo (F-/STS) diamond turning of micro-lens arrays (MLAs), the inherent
non-smooth servo motion will lead to undesired tool vibrations, and it can significantly deteriorate
the quality of the machined surface. Starting from a mathematical explanation of the underlying
mechanism for vibration suppression, a quasi-elliptical tool servo (QETS) technique and the corre-
sponding optimal toolpath determination algorithm are proposed to overcome the inherent defects
in F-/STS turning of MLAs. As for the QETS, the inherent non-smooth servo motion in the F-
/STS is proposed to be decomposed into two smooth quasi-harmonic motions along the cutting and
servo motion directions, which then constructs the quasi-elliptical trajectory. Taking advantage of
the smooth nature of the two decomposed motions, the undesired tool vibrations induced by the
motion non-smoothness in the F-/STS can be significantly eliminated, accordingly facilitating the
generation of MLAs with homogeneous and smooth surfaces. Finally, the new concept is verified
through numerical simulation of the tool motion and experimental demonstration by turning a

typical hexagonal aspheric MLA.
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Nomenclature

[]:  The round function

[24(7),0,2(j)] : Coordinate of the j-th point at the tool edge in the global system

a, B, h, m, n, q: Integers

Ag: Difference of the term g

Agc : Velocity of the extra-motion obtained through interpolation

0 Angular sampling ratio

€: Sampling ratio for tool edge profile discretization

[0, yo] : Center point coordinate of a specified lenslet

|-] : The floor function

p(k) : Radial position of the k-th CLP

Pmax: Aperture of the workpiece

0o :  Rotational angle with cusp point in the relative acceleration

0r :  Angular position for the k-th cutting point

©n Rotational angle forthe n-th CLP

ap, by, cp, dp: Coefficients for the interpolation function

di(7) : Distance between the j-th point pair at the tool edge and the desired surface

fv: xp-axial feedrate per revolution

g: Extra-motion added along the y-axis direction



Om — TmYmzm : Global coordinate system of the machine tool

0s — TsYsZs . Local coordinate system of a specified lenslet

Ry, :

Rt:

Aperture of the lenslet

Radius of the diamond tool

Sc(+) : The cubic spline interpolation function

vy, ag : Relative velocity and acceleration with respect to the rotational angle

Te,Ye -

Tm- and ypy-axial motion components induced by the extra-motion g

Xm, Y, Zm ¢ Tm-, Ym-, and zy-axial servo motions in the QETS

Y, yr : y-axial motions before and after adding the term g, respectively

Zt L

zm axial coordinate of the tool edge in the global system

The virtual zy-axial position of the CLP

zZm-axial servo motion in STS

Modified zp,-axial servo motion after adding the new term



1. Introduction

Micro-lens arrays (MLAs) are widely used in imaging, illumination, and photoelectric sensor
systems due to the fascinating features including miniature size, wide field of view, short processing
time, and high sensitivity to motion to mention a few [1-3]. However, the sophisticated structure
generally imposes a high challenge on the cost-effective fabrication of MLAs with high surface
quality.

Compared with non-traditional fabrication methods, such as self-assembly [4], chemical etching
[5], and laser writing [6], the mechanical machining technique is more promising as a generic method
for flexible generation of MLAs with complicated shapes, as well as high form accuracy [7]. In
general, mechanical machining can be further classified, according to the cutting configuration,
into single point diamond milling and diamond turning. As for diamond milling, the rotated tool
generates rotationally symmetric lenslets in sequence, accordingly forming the array structure [8, 9].
It can achieve uniform quality of the machined surface well due to the process consistency for cutting
each lenslet, but it may also suffer from the common disadvantages of conventional ball-end milling,
including low machining efficiency and limited shape complexity of the lenslet [8, 10]. With respect
to diamond turning, the fast or slow tool servo (F-/STS) featuring high efficiency and high flexibility
is commonly adopted as an outperforming technique for the generation of MLAs. In terms of the
structural shape, aspheric or even freeform lenslet can be generated on both planar and curved
substrates with the assistance of the oscillation capability of the auxiliary F-/STS system [11-13].
Moreover, by deliberately choosing the cutting parameters, fabrication of a MLA on brittle optical
crystals can also be achieved, extending the applicability of F-/STS diamond turning well for a
much wider spectrum of engineering materials [14, 15].

Although F-/STS diamond turning is proven to be very promising, the remote quality of the

turned surface is highly sensitive to the position of the area on the generated surface, leading to



the inhomogeneity of surface roughness and form accuracy [13, 16, 17]. In spite of the sampling
effect in toolpath determination [18, 19] as well as the geometry error of the machine tool [16], the
most prominent issue related to the inhomogeneity is the induced vibration of the servo motion in
the F-/STS, which is caused by the inevitable non-smooth trajectory adopted in turning a MLA
[12, 20]. The motion vibration then prints marks on the machined surface, resulting in deteriorated
surface roughness and poor form accuracy [12, 20]. To suppress the vibration induced by non-
smooth motion, one potential solution is to slow down the moving velocity, accordingly to constrain
the maximum acceleration of the servo motion to be within the dynamic capability of the servo
system [21]. Obviously, this may lead to extremely low machining efficiency with high costs. An
alternative solution for avoiding the undesired vibration is to virtually construct the rotational
axis of the spindle to be through the center of each lenslet. By sequentially shifting the rotational
axis, each lenslet can be independently generated as a typical smooth surface through a smooth
trajectory. The machined lenslets are finally stitched to be a complete MLA [22]. This process
is effective for the generation of very complicated microstructure arrays, but it suffers from low
efficiency, low cutting velocity for material removal, and very limited processing area.

As discussed above, although F-/STS diamond turning of MLAs is very promising in terms of
cutting efficiency, cutting flexibility, and shape complexity, it is still challenging for the homogeneous
generation of lenslets without vibration marks on the machined surface. Motivated by this, a novel
quasi-elliptical tool servo (QETS) diamond turning technique is proposed in this paper. By properly
decomposing the non-smooth servo motion in the F-/STS into two quasi-harmonic smooth motions,
the QETS provides the capability for eliminating the undesired motion vibrations in cutting MLAs

well without loss of cutting efficiency.



2. Fast-/slow tool servo turning of MLAs

The configuration of F-/STS diamond turning of a MLA is illustrated in Fig. 1. 0y — Tm¥m2m
is fixed on the spindle and defined as the global coordinate system of the machine tool, where oy, 2,
is coincident with the spindle axis. With the generation of a MLA, the common constant angle
sampling strategy is employed for the toolpath determination. Assume the angular sampling ratio

is 0, the radial position p(k) for the k-th cutting point is determined by

ko

_fv (1)

p(k) = pmax — o

where pmax denotes the radius of the workpiece, and f, is the feedrate per revolution for the slide

motion along the x,,-axial direction.

Workpiece

Figure 1: Schematic of the configuration of the turning system.

Assume that a diamond tool with a radius of R, and rake angle of 0 degrees is used for turning,

the profile of the cutting edge in the global system oy, — ZmYm2m can be expressed by [22]



2(k) = 2+ Re— \ B2 — [am — p(R)]? @)

where x, € [p(k) — Ry, p(k) + Ry], and 2z, represents the virtual position of the cutter location point
(CLP) along the zpy-axial direction as shown in Fig. 1.

Assume that os — x5¥ys2s is defined as the local coordinate system of each lenslet with zg axis
parallel to the spindle axis. It is attached at the center of each lenslet in a MLA, and it will rotate
with the spindle. Therefore, the shape of each lenslet can be described in its local coordinate system
as zg = S(zs,ys). Considering the rotation of the spindle, the projected profile of the tool edge on
the desired surface along the z,-axial direction can be determined in the global system oy — T mYm2m
as

2s(k) = S (xy cos O — xg, T sin O — yo) (3)

where 0, = kd, and [z, yo] is the coordinate of the center point og of the corresponding lenslet as
shown in Fig. 1.

For a hexagonal MLA, the intervals between any two successive lenslets along the z,- and yy-
axial directions are about %RL and @RL, respectively. From the geometric relationships between

the lenslets, coordinates of the center point og of the lenslet under cut can be determined by

r= S0k (4)
w =38R - L2 (a—2(2)) R (5)

where |-] is the floor function, which returns the greatest integer less than or equal to the number

‘xm sin ek ‘

being processed. o = L%ﬁseﬁj, and 3 = | NeT
L

|, denoting the relative position of the lenslets

in a MLA. Ry, stands for the radius of each lenslet.



To accurately generate the desired shape of the machined surface, the cutter contact point (CCP)
is defined as the point at the tool edge, where the tool edge is tangential to the desired surface. To
numerically find the CCP, the tool edge profile is equally discretized by a sampling ratio of € along
the xpy-axial direction. With an arbitrary point (the j-th point for example) at the tool edge, the
distance di(j) between this point and the corresponding projection point on the desired surface can

be expressed by:

de(j) = [zs(k) = 2(k)y, —0 ()
(6)
z(j) =pk) —Re+7j-€
Practically, when the diamond tool is approaching the desired surface along the zy,-axial direc-
tion as illustrated in Fig. 1, the CCP will firstly contact the surface. This suggests that the distance
between the CCP and the corresponding projection point is the minimum one [22]. Therefore, the
required servo motion along the zy-axial direction can be determined by z(k) = min(dy). Essen-
tially, F-/STS diamond turning is a tri-axial cutting operation, and the term p(k) and z(k) are
realized by the x,-axial and zy,-axial motions, respectively. Meanwhile, the term 6 is implemented
by the rotation of the spindle. Taking the spindle rotation as the motion reference, the servo motion
z(k) can be regarded as a function of the angle 6, namely z(k) = f.(0k).

To characterize the features of the toolpath in the turning of MLAs, a typical hexagonal MLA

with the derived spiral toolpath is illustrated in Fig. 2. The enlarged view of the servo motion z is

shown in Fig. 3 (a), featuring sharp and non-smooth cusps. The corresponding velocity vg = %
and acceleration ag = % with respect to the rotational angle 6 are further shown in Figs. 3 (b)

and 3 (c), respectively. As for the velocity vg, a sudden change of the moving direction is observed
corresponding to the cusp point at the servo motion z, which further leads to a abrupt change with a

large value for the acceleration ag as shown in Fig. 3 (c). In general, the relatively large acceleration
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Figure 2: A typical hexagonal MLA with the corresponding toolpath.

may exceed the dynamic capability of the moving axis executing the servo motion, leading to the

undesired vibration of the moving axis along the zy-axial direction of the machine tool.

3. Quasi-elliptical tool servo

The newly proposed QETS diamond turning technique adopts the same configuration as that
used in F-/STS, which is illustrated in Fig. 1. The difference for the QETS lies in the decomposition
of the non-smooth zy,-axial servo motion in the F-/STS into two quasi-harmonic motions along the
cutting and zp-axial directions. Therefore, a quasi-elliptical trajectory is constructed in the QETS.
More details of the principle for vibration suppression and the corresponding toolpath determination

strategy are discussed as follows.

3.1. Principle for vibration suppression

By defining a coordinate axis y along the cutting direction as illustrated in Fig. 1, the relative
motion of the tool induced by the rotation of the spindle can be derived by y(6) = pf. Therefore,

considering the two parametric equations y() and z(6), the following relationship for the relative
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Figure 3: Schematic of (a) the trajectory, (b) the velocity, and (c) the acceleration of the servo motion with respect
to the rotation angle @, and the units are wm, mm/rad, and mm/rad?, respectively.

motion z = f(y) between the diamond tool and the workpiece can be obtained

9z _ 0= (oy\™ (7)
oy 06 \ o9

For the turning, the relative velocity of the cutting motion along the y-axial direction can be

expressed with respect to the angle 6 by

oy 0
_—= _— <
o0 Pmax o fv; 0 <

2T prmax

v

(8)

This suggests that the relative velocity is linearly dependent on the angle . Meanwhile, from
the relationship shown in Eq. (7) and Eq. (8), the non-smoothness in the relative motion z = f(y)

between the diamond tool and the workpiece will be inherently reserved for the servo motion z(6).
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For a specified MLA, the relative motion z = f(y) between the diamond tool and the workpiece
is unchangeable to construct the desired surface. However, to avoid the non-smooth servo motion
z(0) as shown in Fig. 3 (a), the relationship in Eq. (7) can be modified by adding an extra-motion

g(0) to y(0), which yields
0 0 0 0
ﬁ — i . 7y + 79 (9)
00 dy \00 00
With an arbitrary angle § = 6y at which the cusp point appears as shown in Fig. 3, the newly

introduced term g(#) should satisfy the following relationship to eliminate the abrupt change of the

relative velocity for the servo motion z(6)

dy Og
(ae " ae)

Although the non-smoothness still occurs for the relative motion z = f(y), the term g(#) can

=0 (10)
0=0¢

guarantee a continuous servo motion z, along the z,-axial direction, attributing to the multiplication

of the velocity by a factor of 0 as described in Eq. (9) and Eq. (10).

3.2. Toolpath determination for the QETS

Without loss of generality, assume that two successive cusps are the h-th and (h + m)-th points
in the toolpath series z(6). To satisfy Eq. (10), the following numerical relationship for the two
cusp points are required

g(h) —g(h—1)  oh

Ag(h) = B - _%fv + Pmax (11)

Al my = L3 Zothtm =) A m) (12)

With the increase of the number h, the velocity will decrease towards zero considering the

constraint as given in Eq. (8). This suggests that the tool should continuously move along one

11



direction. In general, it is impossible for the machine tool to implement such motion in cutting.
To practically realize the relationship shown in Eq. (11) and Eq. (12), a constraint of the moving
direction of the tool is proposed by setting the velocity at a point between the two cusps along the

opposite direction, namely

Ag(q) = g(q)_g(q_l) = %fv — Pmax, ¢ =h+ [%] (13)

where [-] is the round function which rounds the processed number to the nearest integer.
For the n-th point in the velocity series with n € [h, q], the corresponding velocity Ag.(n) can

be smoothly obtained by adopting the cubic spline interpolation, which yields:
Agc(n) = ah(ﬁn — Gh)?’ + bh((gn - Hh)2 + Ch(en - Hh) + dp, (14)

where 6,, = nd, 0, = hd, and the four coefficients ay, by, ¢p and dp, can be solved by combining
Age(h) = Ag(h), Age(q) = Ag(q), Ade(h) = Ag(h), and Agc(q) = Ag(q). Accordingly, Eq. (14)

can be simplified to
Age(n) = ap(n — h)>6® 4+ bp(n — h)26? + ciu(n — h)S + dy, (15)
Therefore, the newly introduced term g(n) can be reconstructed as
g9(n) = 6Age(n) + g(n — 1) (16)

Considering the zero initial conditions, i.e. ¢(1) = 0, the motion term g can be iteratively

obtained from Eq. (16). Furthermore, combining Eq. (8), the motion of the diamond tool relative

12



to the workpiece along the cutting direction, i.e., the y-axial direction, becomes

b (y 0 5
yr(n) = A (({93 + ag) df = né <pmax - ;Lﬂ'fv> +g(n) (17)

Based on the original toolpath as discussed in Section 2, the relationship between the two motions
z(0) and y(0) can be constructed through the cubic spline interpolation function as z = S¢(y) with
Sc(+) standing for the cubic spline interpolation function. Therefore, by replacing y with v, the
modified servo motion along the zp,-axis can be accordingly obtained as Z,, = S¢(y;). Since the
motion term ¢ is designed along the cutting direction, namely the y-axial direction, it will be
implemented by combining the xy,- and yy-axial servo motions of the machine tool. The required

two motion components yield

ze(n) = p(n) (1 — cospn)

(18)
Ye(n) = p(n)singp
with
o= o [1] [ 2000 19

For practical cutting, Z, is implemented by the moving axis along the z,-axial direction. Mean-
while, Y, = y. and Xy, = z. + p are implemented by the moving axes along the y,- and zy-axial
directions of the machine tool, respectively. Considering the two quasi-harmonic oscillations Z,
and g, it mainly forms the quasi-elliptical trajectory for the relative motions between the diamond
tool and the workpiece. Therefore, it can be properly called the Quasi — Elliptical Tool Servo

(QETS) technique.
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4. Experimental results and discussion

To realize the proposed QETS diamond turning which requires oscillations motion along the
three translational directions, a four-axis ultra-precision machine tool (350 FG, Moore Nanotech
Inc., USA) was employed in this research. A natural diamond tool from Contour Fine Tooling
Inc. (UK) with a 0.103 mm nose radius and zero rake angle was adopted. The practical hardware
configuration is illustrated in Fig. 4 (a), and an enlarged view of the interaction between the
diamond tool and the workpiece during turning is further given in Fig. 4 (b). For comparison,
generation of MLAs through the conventional STS diamond turning was also conducted. With
both the STS and QETS, the spindle speed and feedrate were kept the same, i.e. 15 rpm and 5
pm/rev, respectively.

After cutting, the three-dimensional (3-D) micro-topography of the surfaces generated by both
the STS and QETS was captured by an Optical Surface Profiler (Nexview, Zygo Corporation, USA).
The vibration marks on the surface were then detracted by removing the best-fitted curved shape

from the single lenslet through the analysis software Mx™ from Zygo corporation.

Figure 4: Hardware configuration of the practical cutting system, (a) the global view, and (b) the enlarged view of
the interaction between the diamond tool and the workpiece, where 1. the workpiece, 2. the diamond tool, 3. the
spindle.
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4.1. Characteristics of the toolpath

A hexagonal aspheric MLA was fabricated for experimental demonstration. The height and
diameter of each lenslet were 2 um and 100 um, respectively. Details of the mathematical description
of each lenslet can be found in Ref. [15]. The radius of the machined surface was ppax = 1.5 mm.
For the conventional STS diamond turning, the required servo motions with cutting position at
p = 1.101 mm is illustrated with respect to the defined coordinate y = pf# in Fig. 5 (a). By
introducing the auxiliary motion g along the cutting direction in the QETS, the resulting modified
servo motions Zy, and g along the zy,- and y-axial directions are shown in Figs. 5 (b) and 5 (c),
respectively. In addition, the reconstructed relative motion between the diamond tool and the
workpiece, namely the term Z,, with respect to the term y,, is also illustrated in Fig. 5 (a), showing
good agreement with that used in the STS. To give a comprehensive evaluation of the toolpath at
different cutting positions, the servo motion, Z,, and g at p = 0.372 mm are further illustrated in
Figs. 5 (d), (e) and (f), and the corresponding relationship between Z,, and y, is also shown in Fig.
5 (d).

From the results shown in Fig. 5, both the required servo motions g and Z,, in the QETS
appear to be harmonic-like and smooth without any sharp cusps. The reconstructed diagrams
showing the relationships between the two terms g and Z, at p = 1.101 mm and p = 0.372 mm
are further illustrated in Figs. 6 (a) and (b), respectively, which represent the relative trajectory
of the servo motions imposed on the diamond tool and the workpiece. Obviously, the inherent
closed loop trajectory with varying shape shows a quasi-elliptical feature at each cutting position,
demonstrating that a quasi-elliptical motion is employed in the QETS turning.

Furthermore, as for the cutting position at p = 1.101 mm, the velocities and accelerations of
the servo motions along the zy-axial adopted in both the STS and QETS are compared in Figs. 7

(a) and (b), and the velocities and accelerations of the servo motions at p = 0.372 mm are further

15
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Figure 5: Characteristics of the tool trajectories for both the STS and QETS with respect to the defined y-axis at
position (a) p = 1.101 mm, and (d) p = 0.372 mm; the servo motion along the zn-axis for the QETS at (b) p = 1.101
mm, and (e) p = 0.372 mm; motion of the newly introduced term g at (¢) p = 1.101 mm, and (f) p = 0.372 mm.
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Figure 6: Relationship between the two terms g and Zn, at (a) p = 1.101 mm, and (b) p = 0.372 mm.

illustrated in Figs. 7 (c¢) and (d). Similar to that shown in Fig. 3 (b) and Fig. (3) (c), sudden
changes of the moving direction, as well as the corresponding abrupt changes of the acceleration are
observed for the servo motion used in the STS as illustrated in Fig. 7. However, by superimposing
the new term g along the cutting direction in the QETS, the velocity for the modified servo motion

along the zp-axial direction appears to be smooth without sudden changes. Furthermore, the

16



corresponding acceleration exhibits a smooth quasi-harmonic feature, and varies periodically along
the forward and backward directions. This suggests that the non-smooth servo motion along the
zm-axial direction in the STS is decomposed well into two quasi-harmonic smooth motions in the y

and zp-axial directions in the QETS.
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Figure 7: Comparison of (a) the velocity, and (b) the acceleration of the servo motions for the STS and QETS at
p = 1.101 mm; and (c) the velocity, and (d) the acceleration of the servo motions at p = 0.372 mm.

4.2. Characteristics of surface micro-topography

As discussed in Section 2.1, the vibration of the machine tool is caused by the over-large ac-
celeration, so the characteristics of the induced vibration marks on the machined surface will be
highly dependent on the cutting velocity, namely the relative distance from the rotational center of
the spindle. Therefore, for the two samples generated by the STS and QETS, three lenslets with
relative distances of about 1.45 mm, 0.8 mm and 0.25 mm to the rotational center were investigated.
To avoid repetition, only the detracted micro-topographies with removal of the best fitted curved
shapes are illustrated in Fig. 8. The three regions are labeled as far (F), medial (M) and close (C)

for the convenience of the following discussions.
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Figure 8: The detracted surface micro-topographies of the far lenslets generated by (a) the STS and (b) the QETS,
the medial lenslets generated by (c) the STS and (d) the QETS, and the close lenslets generated by (e) the STS and
(f) the QETS.
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As shown in Figs. 8 (a) and 8 (c), the detracted micro-topographies generated by the STS
exhibit periodic fluctuations with different spatial frequencies along the cutting direction, together
with the irregular residual tool marks along the side-feeding direction. When the lenslet is very
close to the center, namely the velocity is very small, the micro-topography in Fig. 8 (e) exhibits
a relatively smooth feature with slight fluctuations at the scale of several nanometers. In contrast,
with the surface generated by the QETS, the detracted micro-topographies for the lenslets in the
far and medial regions have similar features as shown in Figs. 8 (b) and 8 (d), and the surfaces are
free of strong fluctuations along the cutting direction. However, the residual tool marks along the
side-feeding direction appear to be a bit irregular, suggesting that the diamond tool suffers from
slight vibrations. The micro-topography in Fig. 8 (f) shows much more regular residual tool marks
with intensive dots along the cutting direction, which is similar to that in Fig. 8 (e). The results
demonstrate that the proposed QETS diamond turning can significantly eliminate the undesired

vibrations compared with the STS, especially for cutting at high velocity.
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Figure 9: The cross-sectional profiles for (a) the far lenslets, and (b) the medial lenslets.

Since the topographical features are similar for regions close to the center, only the cross-sectional

profiles for surfaces shown in Figs. 8 (a) 8 (d) are illustrated in Fig. 9, which are captured along
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the cutting direction. The peak to valley (PV) values for the fluctuations generated by the STS are
about 169.7 nm and 75.1 nm with respect to the lenslets in the far and medial regions. As for the
far region, the cutting velocity is relatively higher than that in the medial region when subjected to
a constant spindle speed. Therefore, the vibration amplitude of the machine tool in the far region
will be much larger, resulting in the larger PV value of the fluctuations on the machined surface.
Regarding the other aspect, the corresponding PV values for the QETS are about 36.9 nm and 40.1
nm. This further suggests that the proposed QETS is effective in relation to the elimination of the
undesired tool vibrations in the turning of MLAs.

In addition, the surface roughness (Sa) for each lenslet in the far, medial, and close regions
as illustrated in Fig. (8) is identified through the analysis software of the optical profiler. To
investigate the consistency of the quality of the machined surface, roughness of the mentioned
lenslet in each region together with the other six surrounding it was measured and statistically
analyzed, leading to the mean, variance, and maximum values for all the regions summarized in
Table 1. In general, it suggests that highly consistent roughness for the surface in each region is
achieved. As for the surface generated by the STS, it indicates that the mean roughness is highly
dependent on the relative distance of the region to the rotational center which directly relates with
the cutting velocity, and better surface quality is obtained for the surface in the region closer to the
rotational center.

As for the roughness of the surface generated by the QETS, the mean roughness for surfaces
in the far and medial regions was about 13.73 nm and 14.02 nm, respectively, demonstrating very
slight dependence on the relative distance. Moreover, compared with the roughness for the STS
turned surfaces in the two regions, namely 40.24 nm and 19.07 nm, significant improvement was
realized through the QETS technique. In accordance with the observations in Figs. 8 (e) and (f),

surfaces in the close regions generated by both the STS and QETS exhibited similar quality in
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terms of the mean and maximum roughness. Overall, this suggests that the QETS is capable of the

generation of MLAs with homogeneous quality irrespective of the position of the lenslets.

Table 1: Summary of surface roughness, unit nm.

STS QETS
F M C F M C
Mean 4024  19.07 1048  13.73  14.02  10.70
Max  42.88  19.75  11.14  14.41  14.46  11.18
Var 4.77 0.22 0.36 0.26 0.14 0.17

5. Conclusion

A quasi-elliptical tool servo (QETS) diamond turning technique is proposed for the generation
of micro-lens arrays (MLAs). Compared with the conventional fast-/slow tool servo (F-/STS), an
extra servo motion is introduced along the cutting direction in the QETS. Therefore, the inevitable
non-smooth motion used in F-/STS diamond turning of MLAs is decomposed well into two smooth
quasi-harmonic motions in the QETS. This leads to the elimination of the undesired tool vibrations
induced by the non-smooth motion in the F-/STS, providing the QETS with the capability of the
generation of high quality MLAs without loss of machining efficiency.

Practically, the decomposition algorithm for the determination of the optimal toolpath in the
QETS was developed with further discussion of the motion characteristics. Experimental turning
of a typical hexagonal aspheric MLA was conducted through both the STS and QETS techniques,
and the resulting surfaces were measured and statistically analyzed as a comparative study. The
comparison results of surface roughness in different regions indicate that the surface generated by the
QETS is of high homogeneity and free of strong fluctuations which occur on the surface generated
by the STS. The result demonstrates the effectiveness and superiority of the proposed QETS for

the generation of MLAs well.
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and (b) the enlarged view of the interaction between the diamond tool and
the workpiece, where 1. the workpiece, 2. the diamond tool, 3. the spindle.
Characteristics of the tool trajectories for both the STS and QETS with
respect to the defined y-axis at position (a) p = 1.101 mm, and (d) p = 0.372
mm; the servo motion along the zy-axis for the QETS at (b) p = 1.101 mm,
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Relationship between the two terms g and Zy, at (a) p = 1.101 mm, and (b)
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The cross-sectional profiles for (a) the far lenslets, and (b) the medial lenslets.
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