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This paper describes a fast tool control (FTC)-based diamond turning process for fabricating large-area high-
quality micro-lens arrays. The developed FTC unit has a stroke of 48 um and a resonance frequency of 4.9 kHz.
Micro-lens arrays were fabricated using a micro-cutting tool with a nose radius of 50 wm. The FTC unit was
integrated with a force sensor so that the initial position of the micro-cutting tool with respect to the workpiece
surface could be detected through monitoring the contacting force. The length and depth of the designed parabolic
micro-lens profile were 190 pm and 20 um, respectively. A micro-lens array was fabricated on a cylinder surface

over an area of ¢ 55 mm x 40 mm.

1. Introduction

Micro-lens arrays are expected to be used in flat panel displays
(FPDs), including liquid crystal displays (LCDs), to improve the
brightness distribution and expand the view angles.! The size of
manufactured FPDs has been increasing, requiring the fabrication of
high-quality large-area micro-lens arrays. Optical and electronic
fabrication methods for such 3D microstructures include
photolithography, electron beam writing, and focused ion beam
machining > Although these methods are effective for fabricating
microstructures with pitches of sub-micrometer order, they require a
long period of time to fabricate microstructures over large areas. It is
also difficult for these methods to generate three-dimensional profiles
of microstructures accurately, something that is essential for the
micro-lens arrays used in FPD applications.>

Mechanical cutting is a traditional precision fabrication method
that has been well adapted to fabricate large-area surfaces with a high
degree of accuracy.®” It is also possible for single-point diamond
cutting to generate middle-pitched microstructures over large areas,
provided there is fast control of the diamond cutting tool.*'® The
pitches of the micro-lens arrays for FPD applications range from tens
of micrometers to hundreds of micrometers, a length scale that is
within the capability of single-point diamond cutting. The accuracy
of the form and surface finish of the machined surface can be ensured
with accurate motion of the diamond turning machine and a sharp
single-crystal diamond cutting tool edge. For these reasons, single-
point diamond cutting together with fast tool control shows the most
potential as a suitable fabrication method for micro-lens arrays.

When fabricating micro-lenses, their geometry makes it
necessary to use a micro-diamond cutting tool with a very small nose
radius and a large clearance angle. Since the tool tip is very fragile, if
the contact between the micro-cutting tool and the workpiece cannot

Manuscript received: February 4, 2008 / Accepted: July 3, 2008

be precisely controlled, the tool can be easily damaged. Therefore,
the challenge is to detect contact between the tool and workpiece so
as to determine the initial machining position. The contact process is
conventionally monitored by using optical microscopes or the naked
eye, but these methods are unable to observe the chips and cutting
marks generated by micro-cutting. To make contact detection easier,
it is desirable to automate the detection process.

This paper describes a fast tool control (FTC) unit integrated with
a force sensor that can automatically detect the contact between the
workpiece surface and the micro-cutting tool. After a description of
the design and construction of the FTC unit, the results obtained
when fabricating a large-area micro-lens array are presented.

2. The FTC unit

A schematic diagram of the fabrication system on a diamond
turning machine is shown in Figure 1. A cylindrical workpiece is
mounted on the spindle with its rotation about the X axis. The X slide
is used to move the FTC unit along the X axis. Combining the in-feed
motion from the FTC unit, the cross-feed motion from the X slide and
the cutting motion from the spindle enables fabrication over a large
area. The pitches of the micro-lens array along the circumference and
axial directions of the cylindrical workpiece are assumed to be P¢
and P, respectively.

Figure 2 shows a single-point diamond tool, a hollow PZT
actuator, a capacitance displacement sensor, and a piezoelectric force
sensor, all located within the FTC unit. The PZT actuator is used to
generate the in-feed motion of the tool. The displacement of the PZT
actuator is measured by the displacement sensor that is mounted
inside the hollow of the PZT actuator. The force sensor is attached to
the front end of the PZT actuator to improve its sensitivity."'
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Fig. 1 Schematic diagram of the fabrication system with an FTC unit
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Fig. 2 Structure of the FTC unit integrated with a force sensor

Because the PZT actuator can only produce high pushing forces
and cannot withstand large tensile forces, a wave washer is employed
as a spring to apply a preload to the PZT actuator and obtain a
balanced push and pull performance. The length, inner diameter, and
outer diameter of the PZT actuator are 60 mm, 14 mm, and 20 mm,
respectively. The force sensor, which also has a hollow shape, is
5 mm in length. The inner and outer diameters are the same as those
of the PZT actuator. The displacement sensor has a measurement
range of 125 um, larger than the 48-um stroke of the PZT actuator.
The displacement sensor has dimensions of ¢ 3.9 x 9.5 mm, which
makes it small enough to mount inside the PZT actuator. The
displacement sensor has a maximum bandwidth of 20 kHz.

The stiffness and frequency response are the most important
characteristics of a FTC unit. The stiffness of the entire unit is
essentially determined by the stiffness of each element within it. The
model shown in Figure 3 was developed to analyze the stiffness. The
moving elements include the head (tool holder and tool cap), force
sensor, and PZT actuator. Each moving element is assumed to be
elastic. Hence, the stiffness of the entire FT'C unit in the Z direction
can be expressed by:
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Fig. 3 Stiffness analysis model

20 200
10} 150
Gain
0 100
8 .0 \\/ 50 8
g Phase 0 _ng
< -
& 20 i
301 -50 &
[a )
40 Y-100
50} -150
60 200
10 — 100 1000 10°

Frequency Hz

Fig. 4 Measured dynamic response of the FTC unit

where

ky: stiffness of the head, 7319.4 N/um;

ky: stiffness of the force sensor, 1634.3 N/um; and
ky: stiffness of the PZT actuator, 117.5 N/um.

The calculated stiffness K of the FTC unit with the force sensor
is 108 N/um. Without the force sensor, & in Eq. (1) is infinite,
resulting in a value of 115 N/um. Thus, including the force sensor in
the FTC unit does not significantly reduce its stiffness.

The dynamic response of the FTC unit is determined by both
mechanical and electronic factors. The mechanical factors consist of
the stiffness and mass of the FTC unit, both of which determine the
resonant frequency of the FTC unit in the Z direction according to the
following expression:

1 K,
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where m is the effective mass of the moving elements and is
approximately 0.113 kg. Using this value, the resonant frequence f7 is
4920 Hz.

Experiments were carried out to confirm the dynamic response
of the FTC unit by using a FFT analyzer with a bandwidth of 40
kHz. The PZT actuator was excited by a swept sine wave with an
amplitude of 500 nm, a value at which the influence of electronic
factors can be ignored. The outcome is shown in Figure 4. The FTC
unit had a resonant frequency of approximately 4850 Hz, in good
agreement with the calculated value. The measured cutoff frequency
(-3 dB) was approximately 1080 Hz.

The electronic factors include the capacitance of the PZT
actuator, the applied signal, and the capacity of the PZT amplifier.
The maximum frequency as a result of the electronic factors is
expressed by:"?

1
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where

Lpax: maximum current of the amplifier;

C: capacitance of the PZT actuator; and
Vp.p: peak to peak voltage of the sine wave.

The capacitance of a PZT actuator is proportional its stroke. In
the FTC unit, the stroke is chosen to be 50 pm under a peak-to-peak
voltage of 150 V. The capacitance of the PZT is 15 uF. If the
maximum current of the amplifier is 0.9 A, the calculated maximum
frequency is 127 Hz when the PZT oscillates with a full-stroke
amplitude. Thus, the frequency response of the FTC unit is much
more dependent on electronic factors. This will be taken into
consideration in the experiments used to determine the machining
parameters, described in the next section.

Figure 5 shows the results of calibrating the force sensor over a
range of 1.5 N. The mean sensitivity of the force sensor was
517 mV/N.

3. Fabrication of the micro-lens array

3.1 Contact detection for the tool and workpiece surface

Figure 6 shows a block diagram of the contact detection system.
A lock-in amplifier was used to measure the contact force with a
high degree of sensitivity."™'* A sinusoidal signal with a certain
frequency was applied to the PZT actuator through the PZT
amplifier so that the tool could be vibrated by the PZT actuator with
a small amplitude when the tool was approaching the workpiece
surface. The same signal from the function generator was input to
the lock-in amplifier as the reference signal for the lock-in detection
of the force sensor output.

The vibration frequency was changed to investigate the stability
of the force sensor detected by the lock-in amplifier when the tool
does not come into contact with the workpiece surface. The
vibration amplitude was approximately 3 nm, and was predicted
based on the PZT actuator parameters. In Figure 7, the output was
stable at approximately 18 mN over a frequency range of 300 Hz to
500 Hz. Therefore, the vibration frequency can be chosen from this
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Fig. 5 Force sensor calibration
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Fig. 6 Block diagram of the contact detection system

range to make contact between the tool and the workpiece surface.
Figure 8 shows the force sensor output measured when the tool came
into contact with the sample surface. In the experiment, the vibration
frequency was set to 380 Hz. The cylindrical workpiece was made of
aluminum alloy and had a diameter of 55 mm. The Z slide of the
diamond turning machine moved the FTC unit towards the
workpiece surface at a constant speed in steps of 10 nm, a value that
corresponds to the resolution of the Z slide. Results of using two
single-crystal diamond cutting tools with different nose radii are
shown in Figure 8. The FTC unit could detect the contact to an
accuracy of 10 nm with the 0.2-mm radius tool and 70 nm with the 8-
pum radius tool. The contact area of the 0.2-mm radius tool on the
sample surface was larger than that of the 8—pm radius tool, resulting
in a larger contact force. The threshold value of the force variation
for detecting the contact could be determined from the variation of
the lock-in amplifier output. From the fabrication experiment
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Fig. 7 Measured stability of the force sensor output detected by the
lock-in amplifier

Force sensor

Contact detection_

|~ output /

Force sensor output 0.5 mN/div.

Displacement
1 1 1 ] 1

Time 1 s/div
(a) 0.2-mm radius tool

T T T T T
2
=2

Z, - Force sensor output -
=

n Contact detection \
<

=

& \

=

)

=

3

2

Q

w

S

5 Displacement
24

1 L 1 1 i

Time 1 sec/div.

(b) 8-um radius tool
Fig. 8 Results from contact between the tool and workpiece surface



INTERNATIONAL JOURNAL OF PRECISION ENGINEERING AND MANUFACTURING  Vol. 9, No. 4

OCTOBER 2008 / 35

described in Section 3.3, the threshold value of the force variation
was 0.2 mN. This value did not change with the workpiece material.

However, the corresponding contact displacement changed for
different materials. For example, the contact displacement of
aluminum was larger than nickel-phosphorus for the same threshold
value of force variation because aluminium is softer.

3.2 Optimization of tool motion for the micro-lens array

Figure 9 shows a schematic diagram of the system that generated
the tool motion. The FTC unit was first kept stationary at a position
along the X direction so as to generate micro-lenses on a line along
the circumference of the cylindrical workpiece by rotating the
workpiece spindle. The FTC unit then was moved along the X
direction by a micro-lens array pitch of P, so as to generate the next
line of micro-lenses along the circumference. This procedure was
repeated to generate the micro-lens array on the workpiece surface
over a large area.

Figure 10 shows the profile of the micro-lens surface along the
axial direction (generated by the tool shape) and along the
circumference (generated by the tool motion) of the workpiece.
Assume that the lens length is equal to the lens pitch P along the
circumference direction. For a fixed position x; (i = 1, 2, ..., M) of the
tool along the X direction, the cutting position along the
circumference direction, which is determined by the rotary encoder of
the spindle, can be expressed as:

9(1')=%”j j=0,1,2,.., N @

where S is the pulse number of the rotary encoder. If the surface
profile of the micro-lens is assumed to be a parabola, the cutting
motion data for the tool at position 7, which corresponds to the depth
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of cut generated by the PZT actuator, can be calculated as follows:

1=alleoty)-n) -5}
2 r
~o|(%s-on)- 4]
where

a: constant of the parabolic profile;
Pc: pitch of lens;
n: lens number; and
r: radius of workpiece

The calculated cutting motion data are stored by the computer.
When the cutting begins, the output of the rotary encoder is used as
the trigger signal to transfer the cutting motion data to the FTC unit at
each step.

Understanding the dynamic response of the FTC unit is important
to ensure the accuracy of the micro-lens profile along the
circumference direction. Figure 11 shows the displacement of the
FTC unit when a parabolic signal is applied to generate a micro-lens
array with a depth of 20 um and a pitch of 190 um. The actual
amplitude was approximately 13 pm, which is 7 pm lower than the
commanded amplitude. The shape generated by the FTC unit was
also distorted. Thus, improvements were made to the tool path to
reduce errors caused by the limited frequency response of the FTC
unit, as illustrated in Figure 12. To avoid the sharp change at the
intersection between two lenses, the lens array on a line along the
circumference direction was generated over two rotations. The even-
numbered lenses (i.e., 2k, where k =0, 1, ..., N/2) were machined in
the first rotation, while the odd-numbered lenses (i.e., 2k+1 where k=
0, 1,.., N/2-1) were machined in the second rotation. The data
between two lenses were connected by a smooth line. Figure 13
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shows the improved command displacement. The measured
amplitude was 20.1 um from peak to valley. The error was much
smaller than that in Figure 11. The fabrication of the micro-lens array
was also carried out in the open loop mode of the FTC unit to obtain
a better dynamic response. However, the hysteresis characteristics of
the PZT actuator generated errors in the profile of the micro-lens
array in this mode. To reduce the profile error, a feed-forward
compensation of the PZT displacement was employed.'> Figure 14
shows the cutting data before the compensation was employed. They
had a tracking error component of 1.2 um. The PZT was actuated
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Fig. 15 Tracking error of the cutting data after compensation

with the cutting data according to the ideal profile of the micro-lens
array. The displacement sensor installed in the hollow of the PZT
measured the real displacement of the PZT during the actuation. The
tracking error of the PZT was calculated by comparing the ideal and
measured profiles from the displacement sensor. The cutting data
were then corrected based on the calculated results. Figure 15 shows
the cutting data after the feed-forward compensation was employed.
The tracking error component was reduced from 1.2 pum to 0.3 pm.

3.3 Fabrication of the micro-lens array

In this section, experiments carried out to fabricate the micro-lens
array are described. Figure 16 shows a photograph of the
experimental setup. A nickel-phosphorus plating roller with an outer
diameter of 55 mm was mounted on the spindle. The spindle had a
rotary encoder with a pulse number of 180,000 per revolution. The X
slide had a stroke of 150 mm and a resolution of 10 nm. The rotation
speed of the spindle was set at S rpm.

Figure 17 shows a microscope image of the diamond micro-
cutting tool before cutting. The nose radius of the tool was 50 pwm.
The rake angle was 0° and the clearance angle was 30°. First, a
diamond cutting tool with a nose radius of 2 mm was mounted on the
FTC unit to pre-cut the workpiece to remove its out-of-roundness
component. The tool was then replaced by a micro-tool with a radius
of 50 um. After the tool came into contact with the workpiece
surface, three separated lines of the micro-lens array were fabricated
along the circumference of the workpiece. The improved tool path
shown in Figure 13 was employed. The commanded depth was set to
20:0 pm. Figure 18 shows an image of a section of the micro-lens
array. Figure 19 shows the sectional profile of the micro-lens. The
lens depth was fabricated with an accuracy of 0.15 um. The error in
the depth of cut was caused mainly by the detection resolution of the
initial machining position. The profile error of the micro-lens along
the Z direction was related to the resolution of the initial machining
position.

A large-area micro-lens array was also successfully fabricated on
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Fig. 16 Experimental setup for fabricating a large-area micro-lens
array
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Fig. 17 Microscope image of the diamond cutting tool (R50 pum)
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Fig. 18 Microscope image of a section of the fabricated micro-lens
array
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the workpiece. Figure 20 shows a photograph of the workpiece
together with an SEM image of a section of the micro-lens array that
was machined on the workpiece. The lens was designed as a parabola
in the circumferential direction, with a length of 190 um, a depth of
20 um, and a width of 80 um. The pitches P, and P were set to
50 um and 190 pm, respectively. The fabricated area was

¢ 55 mm x 40 mm. The total time for fabrication was 27 hours. A
longer fabrication time is required to produce a micro-lens array over
a larger area.

4. Conclusions

A force sensor-integrated FTC unit was developed to detect the
initial position of machining. The FTC unit had a full stroke of 48 pm.
A feed-forward compensation technique was employed to
compensate for the hysteresis characteristics of the PZT actuator.

The force sensor could detect the initial position of machining
with a resolution of less than 70 nm when used with a micro-cutting
tool with a nose radius of 8 pm. Using the FTC unit, a micro-lens
array surface was successfully fabricated on a roller surface over an
area of ¢ 55 mm x 40 mm.

Fig. 20 Large-area micro-lens array fabricated on the workpiece
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