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Micro-glass lenses for digital cameras and blue laser DVD pick-up devices are generally molded by using
micro-aspheric ceramic molds made of tungsten carbides. These molds are ﬁnished by micro-polishing
using loose abrasives after grinding. Improvement to the accuracy of the molds is necessary, and high
numerical aperture (NA) optics with steep angles are required. In order to ﬁnish the molds of high NA, an
ultrasonic two-axis vibration assisted polishing machine with piezo-electric actuators was proposed and
developed. Some micro-aspheric molds made of binderless tungsten carbide were polished, and surface
roughness of 8 nm Rz was obtained.
ß 2010 CIRP.

1. Introduction
Demand is increasing of micro-aspheric glass lenses to be
installed in various optical and electric devices, such as blue laser
DVD pick-up devices and compact digital cameras, in order to
improve the optical performance. Micro-aspheric glass lenses are
molded by a glass press molding process with micro-aspheric
ceramic molds made of tungsten carbides (WC) or silicon carbides
(SiC). These aspheric ceramic molds are mostly ground by CNC
ultraprecision grinding machines with micro-resinoid bonded
diamond wheels [1–3]. However, the ground molds generally
require an additional ﬁnishing process with loose super abrasives
as the size of the aspheric molds becomes smaller and the required
accuracy becomes higher [4–7].
In the conventional aspheric polishing method, a rotating
micro-soft polishing tool, such as a rubber tool, is used to polish the
aspheric surface of the rotating workpiece while loose super
abrasives are supplied. In polishing of micro-aspheric molds with
diameter less than 3 mm, an ultrasonic vibration assisted polishing
tool is useful to ﬁnish the surface. A small polishing tool is mounted
on a three-axis controlled table, and vibrated laterally at an
ultrasonic frequency by piezo-electric actuators, as shown in Fig. 1.
The polishing tool is applied with a constant pressure against the
workpiece surface and the tool scanning speed is controlled
according to the measured form deviation proﬁle through a
compensation process. Some micro-aspheric molding dies made of
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binderless tungsten carbide with low NA were polished, and form
accuracy below 100 nm P–V (peak to valley) and surface roughness
of 10 nm Rz was obtained with the developed machine [7].
Additionally, the required accuracy improvement on molds for
optics of high numerical aperture (NA) with steep angle is much
greater. In order to ﬁnish micro-aspheric molds of high NA ultraprecisely, an ultrasonic two-axis vibration assisted polishing
machine with hybrid piezo-electric actuators was developed for
this study, as shown in Fig. 2.
2. Ultrasonic two-axis vibration assisted polishing machine
In order to improve the surface roughness and form accuracy of
micro-aspheric molds of high numerical aperture (NA), an
ultrasonic two-axis vibration assisted polishing head and ﬁveaxis (X, Y, Z, B, C) controlled machine with hybrid piezo-electric
actuators was developed.
2.1. Ultrasonic two-axis vibrator
A schematic illustration and the mechanism of the ultrasonic
two-axis vibrator are shown in Fig. 3. Disk-shape piezo-electric
actuators and pairs of half disk-shape actuators were bonded to the
polishing head. The disk-shape actuators generate axial vibration
and the half disk-shape actuators with anti-polarity generate
ﬂexural vibration. The amplitude of the vibrations generated by the
piezo-electric actuators is transferred and ampliﬁed by the
exponential shape of the sonotrode. The micro-polishing tool will
vibrate in two directions with the composite of two kinds of
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Fig. 1. Illustration of ultrasonic lateral vibration assisted polishing.

Fig. 4. Finite element vibration simulation of 2nd mode axial vibration and 4th
mode ﬂexural vibration. (a) 2nd mode axial vibration, na: 27.81 kHz; (b) 4th mode
ﬂexural vibration, nf: 21.54 kHz.

Fig. 2. Illustration of ultrasonic two-axis vibration assisted polishing.

vibrations. Then the surface roughness of the micro-aspheric
workpiece is expected to be improved because two different
vibrations are synthesized and the rubbing directions of the tool
appear random at the micro-scale of the workpiece surface.
2.2. Analysis of ultrasonic two-axis vibration
The structure and the shape of the ultrasonic two-axis vibrator
were designed by using ﬁnite element analysis. By analysing the
vibration amplitude, the 2nd mode is selected in the axial vibration
and the 4th mode is selected in the ﬂexural vibration as shown in
Fig. 4. Fig. 5 shows the measured diagram of the amplitude–
frequency response in the vibrator fabricated based on the
simulation. The amplitude–frequency response was measured
by a non-contact capacitive displacement sensor. In this experiment, the frequency of the axial vibration is 28.9 kHz for the 2nd
mode and the frequency of the ﬂexural vibration is 22.4 kHz for the
4th mode.
The polishing tool motion or trace on the workpiece affects the
surface roughness of the polished workpiece. The effects of the
frequency ratio on the tool motion in two-axis vibration were
simulated. Fig. 6 shows the calculated motion of the polishing tool
on the workpiece surface. In the ﬁgure, na is the frequency of the

Fig. 3. Ultrasonic two-axis vibrator with piezo-electric actuators. (a) Schematic
illustration of two-axis vibrator and (b) mechanism of ultrasonic two-axis vibration
with piezo-electric actuators.

Fig. 5. Amplitude–frequency response of fabricated two-axis vibrator.

axial vibration and nf is the frequency of the ﬂexural vibration.
When the frequencies are the same and the phase shift angle of the
two vibrations is p/2, the motion will be a circle. When the value of
nf/na is not 1, the tool motion is pseudorandom. In order to improve
the workpiece surface roughness, 0.76 is selected as the value for
nf/na in this experiment.

Fig. 6. Relationship between frequency ratio, nf/na and tool motion in two-axis
vibration (na: frequency of axial vibration, nf: frequency of ﬂexural vibration). (a) nf/
na = 0.750, (b) nf/na = 0.786, (c) nf/na = 0.821, and (d) nf/na = 1.00.
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Table 1
Main polishing conditions.
Workpiece
Rotational speed

v = 20–200 min

Binderless tungsten carbide

Polisher head
Radius
Hardness

Polyurethane
700 mm
IRHD 90 (International Rubber Hardness Degree)

Polishing load

W = 2.0 mN

Abrasive
Grain size
Density

Diamond slurry
0.5 mm
1 wt%

Axial vibration
Frequency
Amplitude

na = 28.9 kHz
la = 40 mm

Flexural vibration
Frequency
Amplitude

nf = 22.4 kHz
lf = 30 mm

1

Fig. 7. Schematic illustration of ultrasonic two-axis vibration assisted polishing
machine.

3. Experimental results
2.3. Ultrasonic two-axis vibration assisted polishing machine
Fig. 7 shows a schematic illustration of the developed ultrasonic
vibration assisted polishing machine. Fig. 8 shows photographs of
the machine. The polishing head, attached to the polisher arm via
the ultrasonic vibrator, is mounted on an X–Y–Z table supported by
linear guides. The motion resolution of the X–Y–Z table is 0.1 mm in
each direction. The C-axis rotary table is mounted on a B-axis
tilting table and the workpiece is mounted on the C-axis rotary
table with a vacuum chuck. The tool with micro-polyurethane
polisher is attached at the end of the polisher arm. The polishing
load W is applied by a spring and its value is adjusted by an
adjusting screw with a resolution of 0.2 mN. The value of the tool
scanning speed is calculated according to the aspheric form and the
polishing load, through an equation, and the NC program is
generated by the personal computer. The B-axis tilting table can
rotate from 108 to 1008 in order to control the polishing angle on
the workpiece surface.

Fig. 8. Views of the ultrasonic two-axis vibration assisted polishing machine. (a)
Whole view of the machine developed and (b) polishing head.

Preliminary polishing experiments on aspheric molds and
molds with high numerical aperture (NA) were carried out to
evaluate the polishing performances of the newly developed
machine with B-axis tilting table. The workpiece made of
binderless tungsten carbide was ground prior to polishing, with
a micro-resinoid bonded diamond wheel on an ultra precision
grinding machine with 1 nm positioning resolution.
The main polishing conditions are summarized and shown in
Table 1. A polyurethane tool with radius of curvature 700 mm was
adopted as a polisher. A diamond slurry of 0.5 mm was used as an
abrasive.
3.1. Basic polishing characteristics
In order to study basic polishing performances, the tungsten
carbide workpiece was polished at a ﬁxed position without rotary
motion for 3 min under a polishing load of 2.0 mN. Fig. 9 shows the
polished surface and the proﬁles of the polished part, or removal

Fig. 9. Shapes of removal function in each polishing method. (a) Lateral vibration
and (b) two-axis vibration.
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Fig. 10. Geometry of workpiece for aspheric polishing.

function. Fig. 9(a) shows the removal function of the conventional
lateral vibration. The frequency na was 28.9 kHz and the amplitude
la was 40 mm. Polishing scratches can be observed in the direction
of the lateral vibration. Fig. 9(b) shows the removal function of the
newly developed two-axis vibration. The frequency na was
28.9 kHz and the amplitude la was 40 mm in the axial vibration
and the frequency na was 22.4 kHz and the amplitude lb was
30 mm in the ﬂexural vibration. Polishing scratches cannot be
observed and the shape is symmetric convex, which means that
the present polishing method is more effective to polish microaspheric surfaces.
3.2. Micro-aspheric polishing
In order to evaluate the aspheric polishing performances, a
tungsten carbide workpiece was ground with a resinoid bonded
diamond wheel to the shape shown in Fig. 10, and polished in the
same polishing conditions as those shown in Table 1. The polishing
tool was scanned in X-direction and its speed was controlled to
maintain the previously ground surface.
Fig. 11(a) shows a Nomarski micrograph and measured surface
roughness proﬁles of the workpiece surface after the conventional

Fig. 12. Removal distribution of aspherical polishing.

lateral vibration polishing. The grinding scratches were cleared,
however polishing scratches caused by the lateral vibration of the
tool can be observed. Fig. 11(b) shows a Nomarski micrograph and
measured surface roughness proﬁles of the workpiece surface after
the proposed two-axis vibration polishing. The grinding scratches
have disappeared, and no polishing scratches can be observed. The
surface roughness was improved to 8 nm Rz.
Fig. 12 shows the depth of removal distribution on the
workpiece surface after a thickness of 0.5 mm was removed
uniformly by the aspheric polishing. The aspheric shape was
evaluated with an aspheric analysis software by using the raw data
obtained from a contact type form measuring instrument.
Uniformity was 0.1 mm and the ground shape was almost
maintained. In the actual polishing process, a thickness of about
0.1 mm is usually removed and so the uniformity of polishing will
be below 0.02 mm.
4. Summary
A new ultrasonic two-axis vibration assisted polishing methods
was proposed and a new polishing machine with ﬁve-axis (X, Y, Z,
B, C) and piezo-electric actuators developed in order to ﬁnish
aspheric molds of high NA. Series of polishing experiments were
carried out to evaluate the performances of the machine
developed. An aspheric molding die of tungsten carbide was
polished and surface roughness of 8 nm Rz was obtained. From the
experiments, it is clear that ultrasonic two-axis vibration assisted
polishing is effective in polishing molds of high NA.
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