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This study proposes and develops a novel polishing
system for micro molds which need high precision polishing, high aspect ratio of micro channel structure,
or further miniaturization for micro channel structure. The proposed system has been named a “low
contact force polishing system for micro mold utilizing 2-dimensional low frequency vibrations (2DLFV)
with piezoelectric actuators (PZTs) and a mechanical transformer mechanism.” The system consists of
2DLFV with PZTs incorporated into the mechanical
transformer structure, a low contact force loader, and
a polishing tool. The shape of the polishing tool is flexible and can be changed depending on the complicatedness of the shape of the work. Several experiments are
conducted to evaluate the performance of the polishing
system. The evaluation reveals that a convex removal
footprint can be easily achieved with the polishing system. The fact that the relationship between the removal depth and the polishing time suit Preston’s law
well shows a stable polishing process is realized with
the system. The polishing performances remains the
same even if the shape of the polishing tool is changed.
This indicates that the system can use polishing tools
of a wide selection of shapes, which allows the system
to polish a large variety of materials and most of the
complicated shapes of metal structures, achieving a
dramatic reduction in surface roughness. The plano
raster polishing results also show the system to be well
suited to the dwell time control polishing because the
results show the removal footprint to be proportional
to the dwell time and the defined raster path. All in
all, the system is a versatile polishing system capable
of achieving the intended objectives.
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1. Introduction
Global demand remain highs not only for micro molds
used for optical or digital devices, such as DVD pick up
systems, but also for medical devices, such as μ -TAS,
and solar optics, such as Fresnel lenses [1-6]. These
molds need high precision polishing, high aspect ratio of
the metal structure, and further miniaturization for micro channel structures. In order to achieve mass production, the molds tend to be designed larger in size to increase productivity. For example, in solar panel systems,
the shapes of the structures can sometimes be more complicated to achieve higher solar panel efficiency. These
molds must be polished in the finishing process to achieve
a satisfactorily fine level of surface roughness, which is
important in the manufacturing of high-level precision
molds.
In conventional polishing methods, many highfrequency driven actuators have been proposed for precision polishing [7-8]. However, the polishing trajectories of these high frequency actuators are difficult to control, especially in two dimensions. This is important because the manufacturing of these precision micro molds or
the complicated shapes of micro structures require highprecision vibration trajectories for the polishing process.
Therefore, the polishing trajectory of a precision polishing actuator should be well controlled to achieve a stable
removal footprint. Besides that, it is also difficult to prevent heat from the high-frequency driven actuators, and
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Fig. 1. Configuration of a low contact force polishing system utilizing 2-Dimensional Low Frequency Vibrations (2DLFV) with
piezoelectric actuators (PZT) and a mechanical transformer mechanism.

this may affect the polishing environment. Apart from the
studies on high-frequency driven actuators, there has been
a study reported using piezoelectric actuators to create an
out-of-plane circular trajectory to polish a micro surface
in a particular local area with magnetic fluid [9]. However, the experimental setups proposed can only create an
out-of-plane circular trajectory, not an in-plane circular
trajectory. The in-plane circular trajectory is important
to achieve a convex footprint with the dwell time control
polishing method.
We have proposed and shown that 2-Dimensional LowFrequency Vibrations (2DLFV) are effective in precision
polishing [10]. Here, we propose a new kind of precision polishing system, which we call a “low contact force
polishing system utilizing 2-dimensional low frequency
vibrations from piezoelectric actuators and a mechanical transformer mechanism.” The system consists of 2dimensional low frequency driven actuators, a low contact force loader, and a polishing tool. This system is capable of creating a highly repeatable and stable polishing
trajectory, that realizes a well-controlled, stable removal
footprint at low removal rates. This is significant in removing very small surface errors. In addition, during the
polishing process, the system secures a low contact force
for polishing. It is sufficiently gentle so as not to damage
the surface layer of the work; at the same time, it isolates
the 2-dimensional polishing vibrations from the constant
low contact force loading at the polishing tool to make
sure the polishing vibration is stable and free from disturbance. With the proposed system, an ultra-fine surface
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can be achieved. Moreover, as vibration is conducted at
low frequencies, such as below 1 kHz, it is rather quiet.
The drive current for 2DLFV is small compared to that of
the high frequency driving actuators. Energy consumption is relatively low, resulting in relatively low heat dissipation.
The polishing performance of the proposed system is
evaluated. The removal shape is confirmed to be convex
(like a Gaussian function), which is suitable for a dwell
time control polishing method because the shape is suitable for deconvolution calculations to determine the optimal traverse paths over the surface of the work. Several
polishing experiments, such as single point polishing experiments and a plano raster polishing experiment with a
dwell time control algorithm, is performed to evaluate the
performance of the system. The results show the system
successfully meets the objectives.

2. Concept of Polishing Mechanism with the
Proposed System
There are many well-known polishing methods such as
Elastic Emission Machining (EEM) [11,12], flow polishing [13], or float polishing [14-16]. They are non-contact
polishing methods; they maintain a fluid layer between
the lap and the work. The fluid that carrying fine abrasive
slurry circulates dynamically to realize the gentle mechanism of the removal process. In our proposed system,
the difference is the polishing tool contacts the work, al-
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Fig. 3. L-shaped polishing tool with polishing tip located
at the top edge of the polishing tool, designed to polish the
edge side of molds such as micro channel structure with high
aspect ratio of the channel structure.
Fig. 2. I-beam-shaped polishing tool with polishing tip located at the top edge of the polishing tool, designed to polish
the base side of the mold or any planar surface of a mold.

beit at a low contact force. Our system consists of 2dimensional, low frequency driven actuators, a low contact force loader, and a polishing tool, as shown in Fig. 1.
As shown in Fig. 1, the loader connects the 2DLFV and
the X-Y -Z table, and it acts as a motion restriction spring,
restricting the linear motion in only the loading direction
and applying low contact force to the work. The 2DLFV
connects the loader and the polishing tool. The 2DLFV
creates an in-plane circular trajectory with a radius that
depends on the output stroke of the 2DLFV to drive the
polishing tool in the same in-plane circular trajectory. The
2DLFV consists of mechanical transformers, PZTs, and a
centerpiece. The centerpiece connects the 2DLFV and the
polishing tool. When the polishing tool is driven by the
2DLFV on an in-plane circular trajectory, the polishing
tool circulates the fine abrasive slurry, which rotates and
polishes the work. The work is intended to be polished by
the fine abrasive slurry, not by the polishing tip of the polishing tool, as shown in Fig. 1. In our proposed system,
the shape of the polishing tool can be replaced depending
on the structure of the molds to be polished or depending on the side of the molds to be polished. The shape of
the polishing tool does not affect the polishing trajectory.
Therefore, the polishing tool can be designed in a I-beam
shape to be used to polish the base side of the mold, as
shown in Fig. 2. The polishing tool can be designed in an
L-shape as well, as shown in Fig. 3, to be used to polish
the edge side of the mold. To polish a free-form planar
surface, the I-beam-shaped polishing tool is recommend,
as shown in Fig. 2. The polishing tip is located at the top
edge of the I-beam, as this has proved to be useful. To
polish the edge side of the molds, such as micro channels
with high aspect ratios of the channel structures, the polishing tool is fabricated in an L shape. The location of
the polishing tip located at the end of the L-shaped polInt. J. of Automation Technology Vol.7 No.1, 2013

ishing tool, as shown in Fig. 3, is proposed. For the micro
channel structures with high aspect ratio of channel structures, the I-beam-shaped polishing tool shown in Fig. 2
is not suitable because the polishing tip attached to the Ibeam-shaped polishing tool cannot reach the target area
of the channel structures. Therefore, the L-shaped polishing tool is useful here. The polishing tip is attached
to the end of the polishing tool. The polishing tip can be
made of relatively soft polyurethane, or nylon. The polishing tool is loaded with a low-contact-force on the work,
such as 5 mN, so the polishing tool just abuts against the
work. The fine abrasive slurry fills between the polishing
tool and the work. When the polishing tool is vibrated,
shear forces is are created between the polishing tool and
the work. As a result, the shear forces drive the abrasive
slurry and polish the work in accordance with the vibration trajectory and the frequency.

3. Setup of the Proposed System
3.1. Setup
The proposed system has been designed and a polishing
test bed has been constructed, as shown in Fig. 4. The polishing tool attached to a 2-Dimensional, Low Frequency
Vibrations actuator (2DLFV) utilizing piezoelectric actuators and a mechanical transformer mechanism, as shown
in Fig. 5. The 2DLFV is attached to a low contact force
loader utilizing the mechanical transformer mechanism
shown in Fig. 6. The loader is fixed to a precision XY -Z table, with motion resolution of 0.1 μ m in each X-Y Z direction. As shown in Fig. 4, the work is located and
fixed to the vacuum chuck table. With the X-Y -Z table, the
relative position between the polishing tool and the work
is controlled, and the trajectory actuation of the 2DLFV
is controlled by computer software. The polishing path is
created and controlled by the X-Y -Z table.
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Fig. 5. The I-beam-shaped polishing tool attached to a 2dimensional low frequency vibrations actuator (2DLFV) utilizing piezoelectric actuators and a mechanical transformer
mechanism.

Fig. 4. Polishing test bed developed for the low contact
force polishing system.

3.2. Low Contact Force Loader Utilizing
Mechanical Transformer Mechanism
The loader proposed here acts as a motion restriction
spring; it is necessary to load the polishing tool towards
the work at a low contact force during the polishing process. The loader is also designed to isolate the vibration of
2DLFV from the constant loading towards the polishing
tool, as the polishing vibrations can disturb the loading
force against it. With the loader, a secure loading force
against the polishing tool can be realized.
The proposed loader makes use of the mechanical
transformer mechanism, as depicted in Fig. 7. The mechanism is a type of linear displacement mechanism that
has four flexure hinges that connect the fixed part at the
center, as well as the mounting part for the 2DLFV. The
design and simulations are done with the Finite Element
Method, to define the dimensions of the mechanical transformer. The simulation model is shown in Fig. 7; the material properties are defined in Table 1. In order to secure
a single-direction linear displacement structure, the stiffness of the X-axis and the Y -axis is designed to be several
times greater than that of the Z-axis, which is the low contact force loading direction. To define the stiffness of each
axis, the dimensions of the flexure hinges are used as design parameters. The simulation results for the stiffness
74

Fig. 6. The 2DLFV is attached to a low contact force loader
utilizing the mechanical transformer mechanism.

Fig. 7. Simulation model of the low contact force loader.

in each axis are shown in Table 2; those for the motion of
the flexure hinges are shown in Fig. 8. Since there is little
deformation for the motions of the hinges, the calculated
stress incurred at the hinges is omitted. The stiffness of
Int. J. of Automation Technology Vol.7 No.1, 2013
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Table 1. Material properties.
Material
Young’s modulus
Poisson’s ratio
Density

Titanium alloy
1.048 × 1011 [N/m2 ]
0.31
4428 [kg/m3 ]

Table 2. Simulated stiffness of the each axis.
Axis
Z-axis
X-axis
Y -axis

Stiffness [mN/μ m]
10
29
19

Fig. 9. The Relations between height H and the contact force.

Fig. 8. Simulated motion of the flexure hinges on Z-axis.

the Z-axis, is set at 10 mN/μ m because our previous studies, have revealed that a polishing load of around 10 mN
shows good polishing results [10]. The fixed part of the
loader is fixed on the X-Y -Z table. The flexure hinges
connect the fixed part and the mounting part, function as
a linear guide, which only allows linear motion in one
direction, the Z direction. Since the polishing tool and
the 2DLFV are connected to the loader, by adjusting the
height H of the loader from the work as depicted as Fig. 9,
the contact force against the work can be controlled. The
contact force can be sensed with strain gauges attached
to the flexure hinges of the loader, as shown in Fig. 10,
because the elastic deformation of the flexure hinges is
correlated to the contact force. In order to measure the
actual value of the contact force, the relations between
the strains and the contact force must be calibrated before
hand. When height H is set relatively low and the tip of
the polishing tool first touches the work, the contact force
is almost zero. The contact force increases as the H is
set lower. With the loader, we can quantitatively apply a
low contact force against the work during the polishing
process.

3.3. Two-Dimensional Low Frequency Vibration
Actuator (2DLFV)
Our previous investigation results, have shown that the
2DLFV is effective in precision polishing due to its highly
repeatable trajectory actuated in two dimensions [10].
Int. J. of Automation Technology Vol.7 No.1, 2013

Fig. 10. Strain gauges attached to the hinges.

Here we propose a new type of 2DLFV, one which is
also capable of creating a circular polishing trajectory
while only utilizing three piezoelectric actuators. The
proposed 2DFLV is capable of a thinner and more compact 2DLFV. The 2DLFV, depicted in Fig. 5, consists of
three piezoelectric actuators incorporated into three mechanical transformers, with a centerpiece to which the
polishing tool is fixed. The shape of the mechanical transformer presented here is widely applied as a stroke magnification structure. The magnification ratio is several times
the output stroke of the piezoelectric actuators. When
the piezoelectric actuators elongate according to the voltage applied, the mechanical transformer structure deforms
elastically and creates a magnified output stroke, as shown
in Fig. 11. In order to create a precise, in-plane, circular trajectory, the mechanical transformers incorporated
with piezoelectric actuators are located at a 120 degree
angle to each other and connected with flexure hinges
to the centerpiece. The centerpiece holds the polishing
tool. When the piezoelectric actuators of each mechanical transformer are driven with a sine wave and phase
difference of 120 degrees to each other, a precise in-plane
circular trajectory can be created at the centerpiece. Since
the polishing tool is attached at the centerpiece, the polishing tool is driven in the in-plane circular trajectory as
well. With the proposed structure, highly repeatable, 275
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Fig. 11. Actuation of the 2DLFV.

Fig. 13. Simulated stress incurred at the hinges of the 2DLFV.

Fig. 12. Simulated output stroke of the 2DLFV.

dimensional trajectories, such as in-plane circles, are created for polishing. The 2DLFV was designed using the
Finite Element Method. Simulations for the static output
stroke and the modal analysis for the 2DLFV have been
conducted. The results of the simulated output strokes
and the calculated stress incurred are shown in Figs. 12
and 13, respectively. The results show that the output
stroke at the centerpiece is 64 μ m at DC 150 V, which
is almost 3.7 times the output stroke of the PZT at 150 V.
The maximum stress incurred at the hinges was recorded
as 95.1 MPa at the output stroke of 64 μ m at the centerpiece, which is below the material strength limitation.
The modal analysis shows the resonance frequency of the
2DFLV to be 653 Hz (Fig. 14). Fabrication was conducted
based on the simulated design.
The 2DLFV fabricated is shown in Fig. 5. The 2DLFV
is 71 mm in width ×5 mm in thickness. The piezoelectric
actuators used here (NEC TOKIN) are all 2 × 3 × 20 mm
with 17 μ m displacement at 150 V. The mechanical transformer magnified the stroke 17 μ m to 64 μ m with DC
150 V applied; magnification ratio was 3.7×. For the
mechanical transformer structure, titanium alloy was chosen due to its high material strength and low density.
The piezoelectric actuators and the mechanical transformers were bonded together with epoxy resin. The device
weighed 48 g.
The displacement of the 2DLFV was measured with a
laser displacement sensor (Keyence: LC-2440). The I76

Fig. 14. Modal analysis results.

Fig. 15. Output stroke at centerpiece of 2DLFV at 900 Hz.

beam-shaped polishing tool attached with polyurethane;
the attached polishing tool was fixed to the centerpiece of
the 2DLFV, as shown in Fig. 5. The movement of the polishing tool was measured. A sine wave with an amplitude
of 60 V, and driving frequency of 900 Hz was applied to
Int. J. of Automation Technology Vol.7 No.1, 2013
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Fig. 16. The zigzag polishing path and the polishing trajectories.

the three piezoelectric actuators. The phase difference between the applied sine wave for the three piezoelectric actuators was set to 120 degrees. Under the aforementioned
driving conditions, the measurement of the output stroke
was measured (Fig. 15). The displacement measured was
80 μ m at 60 V, which is more than the static displacement simulation, where the displacement was 64 μ m at
150 V. Driving the 2DLFV with a sine wave is very different from driving the 2DLFV in DC voltage. Even with the
peak voltage of the sine wave set to 60 V, when the driving
frequency of the sine wave was increased and approaching
the natural resonance frequency of the 2DLFV, the stroke
increased correspondingly. It is important to observe the
stroke of the 2DLFV and make sure that it does not exceed
that intended stroke. The limitation of the stroke depends
on the strength of the material used for the mechanical
transformer. When the induced stress exceeds the yield
strength of the material, a permanent deformation occurs,
and the mechanical transformer will not perform its intended functions. The measured natural resonance frequency of the fabricated 2DLFV is 654 Hz; however, the
driving frequency is set at 900 Hz, which is higher than its
natural frequency. The purpose is to achieve a more stable polishing trajectory and gain a higher relative velocity between the polishing tool and work. As mentioned
above, by driving the 2DFLV with sine waves and with
the phase difference for each piezoelectric actuator set to
120 degrees, a circular trajectory can be achieved at the
centerpiece and the polishing tool moves along a circular
trajectory.

Int. J. of Automation Technology Vol.7 No.1, 2013

4. Polishing Experiments
4.1. Dwell Time Control Method
The dwell time control method is adopted for our polishing system in order to fulfill the needs for free form
surface polishing requirements. In accordance with the
Preston’s equation, the polished removal depth δ is expressed as follows:

δ = k × P ×V × t

. . . . . . . . . . . (1)

where P, V and t are the polishing pressure, the relative
average velocity between the polishing tool and the work,
and the polishing time, respectively. k takes a constant,
which is affected mostly by the abrasive slurry and the
work material. The maximum V is given by Eq. (2) below:
V = 2×π ×λ ×v

. . . . . . . . . . (2)

where λ and v represent the displacement and the frequency of the vibration, respectively. The polishing tool
vibrates in an in-plane circular trajectory and positioned
on the X-Y -Z table. The polishing tool is positioned to
follow a zigzag polishing path, as shown in Fig. 16 at
the speed slow enough compare to the vibrations velocity. The polishing time t at a particular position of the
work is given by the following Eq. (3):
A
. . . . . . . . . . . . . . (3)
c×s
where s is the scanning speed of the polishing tool and
A is the area of the polishing removal function. c is the
pitch of the scanning path. Generally speaking, c takes
t=
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Fig. 18. Polishing results of the single-point polishing with
I-beam-shaped polishing tool.

Fig. 17. The setup of single-point polishing with I-beamshaped polishing tool for base side of the mold.

Table 3. Major polishing conditions of the single-point polishing with I-beam-shaped polishing tool.

the value below.


1
1
A
c=
−
10 5
π

. . . . . . . . . . (4)

The polishing load W is given by following equation:
W = A×P

. . . . . . . . . . . . . (5)

From Eqs. (1), (3) and (5), the desired scanning speed of
the polishing tool is given by Eq. (6):
s=

k ×W ×V
c×δ

. . . . . . . . . . . . (6)

where the δ is the amount to be polished. The actual scanning speed of the tool s is determined by referring to the
form error of the work measured prior to the polishing
process.
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Fig. 19. Relations between the removal footprint depth and
the polishing time at 3 contact forces (5, 10, 20 mN).

4.2. Single Point Polishing Capability with I-BeamShaped Polishing Tool for the Base Side of the
Mold
The I-beam-shaped polishing tool was chosen for a
wide, free-form planar surface. The Stavax (SUS420)
work was fixed on the vacuum chuck table. The polishing tool attached to the 2DLFV was set abutted against
the work as shown in Fig. 17. The work, which was
fixed without rotary motion, was polished with the Ibeam-shaped polishing tool for 10, 20 and 30 minutes under the contact forces of 5, 10 and 20 mN. Polyurethane
was used as the polishing tip. The driving frequency v
of the 2DLFV was set to 900 Hz with an amplitude λ
of 80 μ m. The three piezoelectric actuators were driven
in a sine wave form with a 120 degree of phase difference to each other to create a circular trajectory with a
diameter of 160 μ m at the polishing tool. The polishing
conditions are given in Table 3. The works were polished and the removal footprints were confirmed in convex shape like a Gaussian function in both the X and
Y directions. The removal footprint shape was difficult
to achieve if the polishing trajectory was in only one direction. The convex shape of the removal footprint was
suitable for the dwell time control polishing method because the shape was suitable for deconvolution calculations to determine the optimal traverse paths over the surface of the work. This showed that the system with 2dimensional polishing trajectories proposed here polished
with precision. Fig. 18 shows that the removal footprint
depth of the proposed system and the depth of the polished point were both measured by a non-contact type
of surface profilometer (ZYGO: New View 6200). The
results showed the removal footprint to be of a convex
Int. J. of Automation Technology Vol.7 No.1, 2013
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Fig. 21. Polishing results of the single-point polishing with
L-shaped polishing tool.

Fig. 20. The setup of single point polishing with L-shaped
polishing tool for edge side of the mold.

Table 4. Major polishing conditions of the single point polishing with L-shaped polishing tool.

Fig. 22. Relations between the removal footprint depth and
the polishing time at 2 contact forces (5, 10 mN).

biggest deformation at the polishing tip, more than 5 mN
and 10 mN. As a result, the slurry was pushed out from the
polishing tip, and less slurry circulated to polish the work.
However, when the contact force was set to 5 mN, the polishing load was too light to hold the slurry and polish the
work. Therefore, less slurry circulated to polish the work.
All in all, polishing process was confirmed, and, with the
fabricated loader, a polishing contact force could easily be
realized.

shape. However, the cross section, revealed that the outline of the convex shape was not as smooth as expected.
This may have been due to the in-plane trajectory created
by the 2DLFV. As the quantity was small, it was confirmed that the removal footprint depth was not affected.
The relations between the removal footprint depth and the
polishing time at three contact forces (5, 10 and 20 mN)
are shown in Fig. 19. The removal depths were proportional to the polishing time while the contact force 10 mN
showed the highest removal rate at 10, 20 and 30 minutes,
compared to 5 mN and 20 mN. The relations between the
removal depths and the polishing time, showed that it follows Preston’s law; when polishing time increased the removal footprint depth increased as well. This shows that
the polishing processes were successfully realized with
the system. The loader that was fabricated achieved the
aforementioned objectives. Besides, the results confirmed
that an optimal polishing load exists; a contact force of
10 mN showed the highest removal footprint depth. This
is because the differences in the polishing loads cause differences in the deformation quantity at the polishing tip.
When the contact force was set at 20 mN, it caused the
Int. J. of Automation Technology Vol.7 No.1, 2013

4.3. Single Point Polishing Capability with LShaped Polishing Tool for Edge Side of the
Mold
The L-shaped polishing tool was proposed to adapt
to complicated structures or structures with high aspect ratio channels, such as micro channel structures for
μ -TAS. The L-shaped polishing tool was fixed to the
2DLFV(Fig. 20). The nylon used as the polishing tip was
located at the tip of the L-shaped polishing tool. The Lshaped polishing tool was abutted against the work at the
defined load force. The Stavax (SUS420) work was polished in a fixed position, without rotary motion, with the
L-shaped polishing tool for 3, 6 and 9 minutes under the
contact forces of 5 and 10 mN. The driving frequency v
of the 2DLFV was set to 900 Hz with an amplitude λ of
80 μ m. The three piezoelectric actuators were driven with
sine wave form with 120 degrees of phase difference to
each other to create a circular trajectory for the polishing
tool. The polishing conditions are shown in Table 4. The
works were polished, and the removal footprint was confirmed to be of a convex shape (like a Gaussian function)
in the both the X and Y directions. Fig. 21 shows that
79
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Fig. 24. Removal footprint area depth of the plano raster
polishing experiment with L-shaped polishing tool.

Fig. 23. Setup of the plano raster polishing experiments
with L-shaped polishing tool.
Table 5. Major polishing conditions of the plano raster polishing experiments with L-shaped polishing tool.
Fig. 25. Surface enlarged 50× of the plano raster polishing
experiment with L-shaped polishing tool.

metal structures to achieve dramatic reductions in surface
roughness.

the removal footprint depth of the proposed system and
the depth of the polished point were measured by a noncontact type of surface profilometer (ZYGO: New View
6200). The removal footprint was not of a symmetric
convex shape. The nylon, which acted as the polishing
tip, needed to be attached more precisely to the L-shaped
polishing tool to achieve a removal footprint of a more
symmetric convex shape. The relationships between the
removal footprint depth and the polishing time at 2 contact
forces (5 and 10 mN) are shown in Fig. 22. The removal
depth was proportional to the polishing time; the contact force of 5 mN showed a higher removal rate than did
10 mN. As was the case with the I-beam-shaped polishing tool, an optimal contact force exists. When the contact
force was set to 10 mN, the polishing tip deformed more
to push out the slurry from the polishing tip, which caused
less slurry to circulate to polish the work. Although further studies are necessary to define the optimal contact
force, the experiment showed that changing between the
L-shaped or the I-beam-shaped polishing tools does not
affect the polishing results. The system proved to have a
wide selection of shapes for the polishing tool. This allows the system to have a great potential to polish a large
variety of materials and most of the complicated shapes of
80

4.4. Plano Raster Polishing Experiments with LShaped Polishing Tool
A dwell time control was designed for plano raster
polishing experiments with the L-shaped polishing tool.
The setup of the polishing tool and the work is shown
in Fig. 23. Nylon was used as the polishing tip. The
polishing tool was vibrated by the 2DLFV over a circular trajectory, while the 2DLFV, which was connected to
the loader attached to the X-Y -Z table, scanned the work
with the raster tool path twice, as shown in Fig. 16. At a
feed speed of 3.52 mm/s, total polishing time was 30 minutes. The other main polishing conditions are given in Table 5. The polished surfaces were measured with a ZYGO
NewView 6200 surface profilometer. The removal footprint area depth was around 1.5 μ m, as shown in Fig. 24,
while an enlargement of the surface with a magnification
ratio of 50× shows the flatness PV value was 9 nm, as
shown in Fig. 25. The results, show that dwell time control polishing was successfully conducted and proved to
be applicable to the proposed system. By controlling the
raster path and dwell time, non-spherical and irregular
shapes can be polished using the proposed system. With
the flexibility in selecting the polishing tool and polishing
tips, the proposed system is believed to be able to polish a
large variety of materials and complicated shapes such as
high ratio aspect channels.

5. Conclusion
The proposed low contact force polishing system utilizing 2-Dimensional Low Frequency Vibrations (2DLFV)
with piezoelectric actuators and a mechanical transformer
mechanism has been proposed and developed. The sysInt. J. of Automation Technology Vol.7 No.1, 2013
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tem has been evaluated and shown to be a versatile system, capable of achieving the intended objectives. Due
to its flexibility in terms of applicable polishing tools and
polishing tips, the system is capable of deterministic surface error correction of the complicated shapes of micro
molds.
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