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Abstract

A lens array is often used for optical components of sensing devices, requiring high surface quality and form accuracy. Fast
tool servo (FTS)-based diamond turning is one of the technologies for manufacturing complicated shapes, such as freeform
optics, structured surfaces, and microlens arrays, with high machining efficiency. In this study, lens array machining was
performed on copper using an FTS on a diamond turning machine. For evaluating the lens array surface topography, the
focus was on surface waviness formation. As a dominating factor of surface waviness, the system dynamics behavior was
investigated by capturing and analyzing the position signal. It was found that a specific waviness pattern could be formed on
the surface due to the servo response. By considering the dynamics of the FTS system from the captured signals, the FTS
system behavior was identified, and optimal machining parameters for the lens array were proposed. A machining test under
the optimized cutting conditions reduced the average Sdq used to quantify the waviness amount from 93 to 50 prad and the
standard deviation from 33 to 3 prad, which greatly improved the consistency in accuracy for all lens arrays. This study will
contribute to the appropriate utilization of FTS systems in the ultraprecision machining of various advanced optics, such as
microlens arrays.

Highlights

1. Surface waviness formation in diamond turning of lens
arrays with a fast tool servo was investigated.

2. A specific waviness pattern was identified, which was
dominated by the dynamics of the tool servo system.

3. Uniform form accuracy was achieved by optimizing the
machining conditions based on the system dynamics.

Keywords Diamond turning - Fast tool servo - Lens array - Surface quality - Surface waviness

1 Introduction such as high-resolution imaging for consumer electronics

and telescope optics [1, 2], ophthalmic devices for myopia

With recent rapid technological advancements, optical tech-
nology has emerged as a cornerstone of innovation across
multiple industries. Applications that require precision,
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control [3, 4], AR/VR wearable devices [5, 6], and sens-
ing systems for autonomous technologies [7, 8], highlight
the growing importance of advanced optical components.
Among these, the fabrication of lens arrays has attracted
considerable attention owing to its pivotal role in advancing
optical technologies. One notable application of lens arrays
is in Shack—Hartmann wavefront sensors (SHWSs), which
were originally developed to address atmospheric aberra-
tions in satellite imaging. The integration of lens arrays
allows SHWSs to measure wavefront errors with unprec-
edented accuracy, thereby transforming the field of optical
metrology [9, 10]. Beyond wavefront sensing, lens arrays are
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vital in laser beam homogenization, transforming irregular
intensity distributions into uniform “top hat” profiles. Inno-
vations such as chirped microlens arrays have enhanced per-
formance by mitigating interference patterns and improving
intensity homogeneity [11, 12]. In addition, the lens array
design is used in ophthalmic medical devices such as myopia
control glasses for children. The lens array patterns on the
spectacle lens design are one of the solutions to slow the
progression of myopia. [4, 13, 14].

Ultraprecision diamond machining is widely used for fab-
ricating optical components with high surface quality and
form accuracy. Micromilling and fly-cutting processes are
versatile for fabricating complex optical surfaces [15-17].
However, one of the challenges is processing speed, which
is one of the bottlenecks to efficiency and limits productiv-
ity [18]. Ultraprecision diamond turning has long been a
fundamental process in the fabrication of rotationally sym-
metric surfaces, offering nanometer-level form accuracy and
remarkable surface quality. Among these advancements,
fast tool servo (FTS)-based diamond turning technology is
a manufacturing technique that can fabricate complicated
shapes with high productivity, such as freeform optics, struc-
tured surfaces, and microlens arrays, compared to conven-
tional methods such as slow tool servo (STS)-based diamond
turning, which uses the X-, Z-, and C-axes simultaneously,
and micromilling processes [19, 20]. Extensive research has
been conducted regarding FTS systems utilized in optical
manufacturing. To et al. [21] demonstrated lens array fabri-
cation using a piezoelectrically driven FTS system on a dia-
mond turning machine and investigated the surface rough-
ness and form accuracy by optimizing the cutting conditions.
Tanikawa et al. [22] demonstrated the manufacturing of a
random dimple array for an optical diffuser by an independ-
ent voice coil-driven FTS and proposed a process to gener-
ate a sharp edge at the boundary of the arrays. Huang et al.
[23] considered the relationship between the effect of the
dynamics of the servo system and form error and proposed
to control the form accuracy on microlens array machining
utilizing STS and FTS together. Zhang et al. [24] introduced
an optimization method for FTS-based diamond turning, uti-
lizing an adaptive control sampling point strategy to opti-
mize the tool trajectory and minimize interpolation errors,
and demonstrated the fabrication of intricate surfaces with
improved form accuracy. However, the literature specifically
addressing the surface topography of complex surfaces fab-
ricated using FTS-based diamond turning remains limited.
In particular, there is no in-depth analysis of the relation-
ship between the system’s dynamic behavior and surface
waviness.

In this study, lens array fabrication was demonstrated
using an FTS system on an ultraprecision diamond turn-
ing machine, and the surface topography of the lens array
was investigated to understand its relationship with cutting
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Table 1 Lens array design information

Item Value

Workpiece material Oxygen-free copper

Workpiece dimension (mm) 50
Diameter of the lenslet (mm) 1.7
Radius of the lenslet (mm) 20 (Concave)
Lens edge slope (°) 2.15
Lens SAG (um) 18
Layout of the lens array 10x 10
Lens pitch (mm) 3.5 (X), 3.5 (Y)
Total number of lenses 100

Concave sphiere Sample surface

(a) (b)

20 mm
: 18 um
1.7 mm

Fig.1 a Lens array design layout; b lens shape design in detail

parameters. Particularly, the surface waviness formation due
to the servo dynamics behavior was investigated by analyz-
ing the position signal from the FTS system and comparing
it with the surface topography. Consequently, an appropri-
ate cutting strategy for lens array machining using an FTS
was proposed and demonstrated to be effective in reducing
surface waviness.

2 Experimental Method
2.1 Lens Array Design

The lens array was designed by targeting an imaging device
application that is highly sensitive to the surface topography,
especially its surface waviness [25]. Conversely, for dem-
onstration purposes, to verify the surface topography more
precisely by utilizing the optical profilometer, the design
should be within the metrology range, especially the slope
limitation, to measure without any measurement error from
the instrument. Based on these considerations, the lens array
design for this study was selected, as shown in Table 1. The
layout of a 10X 10 lens array and the lens shape design are
shown in Fig. 1a, b, respectively. Using this design, a coher-
ence scanning interferometric (CSI) optical profilometer
with appropriate lens selection can individually evaluate
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each machined lens surface with high-resolution map data.
Oxygen-free copper was selected as the workpiece material
because it has less influence on tool wear-induced form error
than other materials, such as steel and nickel plating.

2.2 Experimental Setup

An ultraprecision diamond turning machine, Nanoform X
(AMETEK Precitech Inc., USA), with XYZBC five-axis
simultaneous control, was used as the machining platform
for this testing. The ultraprecision machine has an air-
bearing work spindle, oil hydrostatic linear slides, and a
rotary table with full closed feedback control to enable
nanometric feedback resolution. It also utilizes an FTS
system (FTS5000, AMETEK Precitech Inc., USA) as an
additional axis (W-axis) that allows synchronized position
control based on X- and C-axis encoder information. It
has an air-bearing piston with a 5 mm full stroke, and its
position control uses a fully closed feedback system with a
glass scale. A voice coil motor drive is used for rapid tool
motion. A photograph of the machine setup is shown in
Fig. 2. The block diagram of the FTS system is shown in

Fig.2 Machine setup for FTS lens array fabrication

Fig. 3. This independent FTS system can acquire data to
capture the command signal and the actual position signal
from the controller. Data acquisition can be executed while
the program runs at a sampling frequency of 20 kHz. To
evaluate the machined surface, a CSI optical profilometer
(Nexview NX2, Zygo Corporation., USA) was used to
measure the surface topography. An objective lens with
10 times magnification was used for the evaluation, which
has a 1.8 mm x 1.8 mm field of view with 1.8 um pixel
resolution.

2.3 Cutting Parameters

The FTS velocity and acceleration circumstances should
be considered during machining to determine the cutting
parameters for this lens array because the FTS has an
acceleration hardware limitation with continuous accelera-
tion of 25 G [26]. Therefore, the cutting parameters must
be determined within a limited range. Using the design
information, a maximum acceleration of 25 G was hit at
a spindle speed of 150 rpm. Based on this restriction, the
cutting parameters listed in Table 2 were used in this study.
From the initial calculation of its acceleration, the maxi-
mum acceleration at 125 rpm was 22 G, within the FTS
acceleration limit of 25 G.

Table 2 Cutting parameters

Item Value

Tool Natural diamond tool
Tool radius (mm) 0.496

Tool rake angle (°) 0

Tool clearance angle (°) 13

Spindle speed (rpm) 125

Spindle rotation direction Clockwise

Finish feed rate (mm/rev) 0.002

Finish depth of the cut (mm) 0.002

Coolant Oil mist

z = f(r,0)
FTS command position
Surface design Data analyzer P
FTS actual position
o o e o e i ettt
. 8 Encoder signal Command signal !
X-axis :
: H . .
Linear encoder : Commaid FTS command Command signal " — !
5 - C-axis | generator Controller achustor H
otary encoder : 4 w = f(x,6) Encoder signal i
Independent FTS system

Fig.3 Diagram of the signal flow for the FTS system
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3 Results and Discussion
3.1 Machined Surface Topography

A photograph of the fabricated lens array on the workpiece
under the above cutting conditions is shown in Fig. 4a. Three
locations for measurement were selected from the machined
lens array: edge, halfway, and close to the center, as shown
in Fig. 4b. The surface topography measurement results at
these locations are shown in Fig. Sa—c, respectively. Regard-
ing the evaluation process, a form removal process with a
fourth-order polynomial was applied to the measurement
data to remove the form from the raw measurement data.
After the form removal process, a low-pass Gaussian filter
with a wavelength of 100 um was used to smooth the data
to eliminate noise and spikes in the measurement results.
To describe the surface topography, the surface roughness
parameter Sq (root mean square of the height distribution)
was selected. The results of the surface roughness measure-
ments are shown in Fig. 5. The surface roughness values at
locations (1,1), (3,3), and (5,5) were 4.9, 2.1, and 1.8 nm,
respectively. The closer the location is to the rotational
center, the lower the surface roughness. By examining the
surface topography, Fig. 5a reveals a distinct waviness pat-
tern across the entire surface. Figure 5b displays a slight
waviness pattern in the right corner, while Fig. 5S¢ exhibits
no apparent pattern.

Figure 6 presents the surface topographies of the cor-
ner lenslets. The measured lenslet locations are shown in
Fig. 6a. Figure 6b—d, and (e) correspond to locations (1,1),
(1,10), (10,1), and (10,10), respectively. At these locations,
the distance from the rotational center to each meridian of
the arrays was identical at 22.7 mm. Consequently, the sur-
face speed was at 17 m/min with a spindle speed of 125 rpm.
A similar waviness pattern was observed across all loca-
tions. Regarding the orientation of the waviness pattern, the
highest waviness positions aligned with the tool trajectory
directions. According to the cutting parameters in Table 2,
the spindle rotated clockwise, indicating that the highest

0000000000
0000000000
0000000000
0000000000
0000000000

Fig.4 a Picture of the machined sample; b surface measurement
locations
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Fig.5 Surface roughness and profile: a location (1,1), b location
(3,3), and ¢ location (5,5)

waviness positions correspond to the locations where the
tool initially engaged with the surface. In terms of surface
roughness, the measured Sq values were 4.9, 4.7, 4.7, and
4.4 nm at locations (1,1), (10,1), (1,10), and (10,10), respec-
tively, with a standard deviation of 0.2 nm, confirming that
the surface roughness values were similar. Based on the
standard deviation assessment of the surface roughness,
the repeatability of the machining process in this study was
considered high.

In addition, to evaluate the repeatability of the process in
this study, three samples were machined using the same cut-
ting parameters shown in Table 2. Figure 7 shows the meas-
urement results of the surface topography at location (1,1).

Fig.6 Surface roughness evaluation at the corner lenslets: a meas-
ured lenslet locations; surface roughness b at (1,1), ¢ at (10,1), d at
(1,10), and e at (10,10)
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Fig. 7 Repeatability of the surface topography at location (1,1) across
multiple samples: a measured lenslet location; surface roughness of b
sample #1, ¢ sample #2, and d sample #3

The surface roughness (Sq) values were 4.9, 5.5, and 5.1 nm
for sample #1, sample #2, and sample #3, respectively. The
standard deviation of these three results was 0.3 nm, which
indicates that the repeatability of this machining is also con-
sidered enough.

3.2 Waviness Evaluation

There are several approaches to visualizing and quantify-
ing surface waviness. In particular, Sdq is the root mean
square of the gradient, following ISO25178-2 for surface
parameters [27], which can describe the slope change on
the surface quantitatively and is strongly related to surface
waviness. The mathematical description is shown in Eq. (1).
For optical applications, a fast slope change on the surface
considerably degrades the optical performance, especially
in imaging optics [25]. Therefore, to evaluate the waviness
amount, this parameter was selected to investigate the wavi-
ness appearance owing to the machining parameters used
in this study.

1 o\, (9’ .
=\ [(52) (52 Jo 0

The result of this analysis for sample #1 is shown in
Fig. 8. Figure 8a shows the lenslet numbering corresponding
to the distribution map shown in Fig. 8b. The Sdq distribu-
tion map result for all 10X 10 lenslets shows a noticeable
trend in the outer lenslets with large Sdq values. At the near
center area, the minimum Sdq value was 45 prad; in con-
trast, at the edge, the maximum value was 182 urad, four

Sdq (urad)

140

123457678910
Sdq: 93.3 prad, g: 33.5 prad

Fig.8 Waviness evaluation result using Sdq: a schematic of the lens-
let locations; b result of the waviness distribution for all lenslets

Table 3 Reproducibility of the

repeated machining test Sample number Sdq (urad)
#1 93.3
#2 95.3
#3 82.9
Average 90.5

Standard deviation 6.7

(2) \’@ (b)

Trajectory

Tool position (pm)

\) lenslet H A

Rotation center

Time (s)

Fig.9 a Schematic of the tool motion on the lenslet by FTS; b trajec-
tories of the command and actual profiles captured from the system

times larger than the center area. The average Sdq value was
93.3 prad, and the standard deviation of Sdq was 33.5 prad.
According to this result, the larger the distance from the
rotational center, the larger the surface waviness. In this
experiment, the rotational speed was maintained at 125 rpm.
Therefore, the surface speed was high toward the edge, and
the FTS had to respond fast. The surface speed at the cor-
ner lenslet was 17 m/min. Table 3 shows the repeatability
results from three repeated samples. The standard deviation
of these samples was analyzed, indicating that the process
repeatability, represented by the standard deviation in this
study, was 6.7 urad for the average Sdq value.

3.3 FTS Position Signal Analysis

The captured signals are shown in Fig. 9. The command and
encoder signals were split inside the controller to output and

@ Springer
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captured by the data analyzer, as shown in Fig. 3. This plot
consists of the command and actual tool positions. However,
it contains the servo delay error. Therefore, to analyze the
tool position error directly related to the surface topography,
the servo delay amount was calculated from the captured
signals and canceled out as the servo delay by 223.5 ps.

The results of the position error analysis after remov-
ing the servo delay are shown in Fig. 10. These plots were
obtained by running the program at the meridian of the lens
shape, with surface speeds of (a) 20 m/min, (b) 15 m/min,
(c) 10 m/min, and (d) 5 m/min. The two spikes on the left
and right are where the tool moves in and out. The area
between these spikes corresponded to the machined area.
According to the analysis, it is evident that the profile has
a ripple pattern at 20 m/min surface speed. The more the
surface speed decreases, the less the waviness that appears.
Figure 11 shows a comparison between the following error
plot and the waviness profile of the surface. The cycle of the
ripple pattern on the following error plot at 20 m/min surface
speed was 0.75 ms.

In contrast, the waviness cycle on the surface profile at
the corner lenslet was observed at 0.205 mm. To understand
the relationship between the ripple cycle in the following
error and the waviness cycle on the surface, the waviness
cycle time was calculated by converting it to surface speed.
The calculation result was obtained at 0.70 ms, which almost
agrees with the observed ripple cycle in the following error
plot. According to this observation result, the FTS motion
at the edge of the tool trajectory commands an immediate
direction change, and the FTS system vibrates and damps, as
in the step response curve behavior of the high-order control
system. The results obtained in this experiment also show
that the resonance frequency can be estimated to be between
1333 and 1428 Hz from the analyzed ripple cycles of 0.70
and 0.75 ms, respectively.

Figure 12 shows a comparison of the settling time with
different surface speeds. The signal noise level was observed
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Fig. 10 Comparison of the following error plots with different surface
speeds: a 20 m/min, b 15 m/min, ¢ 10 m/min, and d 5 m/min
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to determine the settling time based on the obtained results.
The noise level was calculated using the position signal
when the system remained stationary. To determine the set-
tling time from the signal, the threshold level was used as the
average amplitude of the sitting still profile, and it was set at
5 nm (2.5 nm) as the settling range, which was 95% of the
profile amplitude of the noise level in this study. Using the
threshold setup, the settling time results of this system were
between 1.3 and 4.0 ms.

3.4 System Dynamics Analysis
As shown by the servo position data analysis described in

Sect. 3.3, the servo motion considerably affected the surface
waviness. By clarifying the relationship between the FTS

20 m/min |

Following error (nm)

Profile height (nm)

| [

. : i ‘
b----f--=-¥----f----f----1----[ Lenslet location (1,1) |
1 1 L e /]

06 08 10 12 14 16 18
Profile length (mm)

Fig. 11 a Following error plot for the 20 m/min surface speed; b sur-
face profile of the corner lenslet
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Fig. 12 Comparison of the settling time with different surface speeds:
a 20 m/min, b 15 m/min, ¢ 10 m/min, and d 5 m/min
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Fig. 13 Frequency response plot of the FTS system
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Fig. 14 a Peak position versus step input for larger inputs, b over-
shoot amount versus step input for larger inputs, ¢ peak position ver-
sus step input for smaller inputs, and d overshoot amount versus step
input for smaller inputs

system dynamics behavior and the waviness appearance, the
machining parameters were optimized. First, the given trans-
fer function plot calculated in the system was observed. This
was derived from a system identification process by adding
white noise into the system [28]. The obtained frequency
response plot is shown in Fig. 13. From the results of the
system information, the resonant frequency w, was 1367 Hz,
and the resonant peak M, was+ 1.0 dB. This resonant fre-
quency is almost identical to the ripple cycle of 1333 Hz
obtained from the position data. Therefore, this waviness
was induced by the FTS dynamics recognized from this fre-
quency response plot.

Figure 14 shows the relationship between the step
response input and the actual position, including the over-
shoot amount. These data were taken by adding 0.1-10 pum
step commands at the surface speed of 5 m/min. Figure 14a
shows the relationship between the step input and the peak

position, while Fig. 14b shows the relationship between the
step input and the overshoot amount. These data imply that
the system is nonlinear because the overshoot amount does
not increase by the same ratio as the input. Therefore, it is
difficult to describe the behavior of the entire system with a
second-order system transfer function.

The results of a smaller input bandwidth below the 1 um
step are shown in Fig. 14c, d. These results differed from
those in Fig. 14a, b. The overshoot amount stayed between
14% and 15% in this bandwidth. Therefore, the smaller input
area follows a linear system. In this case, for simplification,
the second-order system can be applied to describe the
system only in this range based on the frequency response
plot results, as shown in Fig. 13 [29]. Using the frequency
response plot, the transfer function G(s) can be expressed
using the following equation:

2

®
G(s)= —2 2
) 52+ 2w, s + @? @

where s is the Laplace operator, G(s) is the transfer function
of the system, w,, is the natural frequency, and ¢ is the damp-
ing ratio. The damping ratio { and natural frequency w,, of
the system can be derived from the relationship between the
peak magnitude of the frequency response M, and the reso-
nance frequency @, that is indicated in the transfer function
plot with the following equations:

M

_ 1
"_—zg T A3)
w, = w,\/1 -2 “

Using the relationship between Eqs. (3) and (4), damping
ratios of 0.523 and 0.855 were derived. Based on the posi-
tion analysis results in Figs. 10 and 11, the position error
signature of the system response exhibits a considerable
peak. This indicates that the damping ratio should be less
than 1/4/2, according to the control theory perspective [29].
Therefore, the damping ratio of this system can be approxi-
mated as 0.523. Using the derived ¢, the natural frequency
w, can also be approximated as 2029 Hz. Thus, the approxi-
mated transfer function can be expressed as follows:

_ 4.12x 10°
s2+2121s+4.12x 10°

G(s) &)

By utilizing the approximated transfer function derived
by Eq. (5), the system step response curve can be calculated.
According to these calculation results, the system settling
time of the step response can be derived. Figure 15 shows
the step response curve from the approximated transfer func-
tion. The settling time does not depend on the input amount

@ Springer
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Peak amplitude = 1.16

Settling time = 0.001 sec
06+

Amplitude

1.5 2 2.5 3

Time (sec) 107

Fig. 15 Step response curve representation with second-order system
simplification

because of the linear system representation. The data indi-
cated that the settling time in this system within the linear
system area had an overshoot amount of 16.4% and a settling
time of 0.001 s when the determination range was set at 0.2%
of the step input.

3.5 Machining Strategy for the Lens Array

As the machining strategy for fabricating the lens array
shape using the FTS system, the machining conditions for
the given shape shown in Table 2 were reexamined by con-
sidering the FTS system dynamics. To prevent surface wavi-
ness for uniform surface quality, the machining conditions
were selected to maintain a constant surface speed based on
the observed trends of waviness on the machined surface
at a constant spindle speed of 125 rpm, aiming to achieve
uniform servo behavior across the entire surface. Based on
the results and discussion in Sect. 3.3 and Fig. 12, the theo-
retical settling time approximation and the actual response at
a surface speed of 5 m/min were identical for the tool trajec-
tory of the lens array design. Therefore, a surface speed of
5 m/min falls within the linear system range, and the surface
speed was selected as the optimized cutting parameter in this
study. Additionally, the maximum spindle speed was set to
1000 rpm to prevent exceeding the machine’s limitations, for
all lenslets were covered in a constant surface speed range.

Subsequently, the approximate settling time was calcu-
lated using the derived system transfer function. Based on
this settling time, a strategy was proposed to offset the tool
position from the machined surface until stabilization. The
offset distance from the surface was determined based on the
settling time and was incorporated as part of the machining
strategy.

Figure 16 illustrates the schematic of the tool trajectory
along the meridian of the lenslet, taking the settling time into
account. The tool trajectory of the radius area expands by
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Fig. 16 Illustration of the tool trajectory at the meridian of the lenslet
considering the servo settling time

twice the amount of d,; to be positioned above the flat zone
by an offset amount /g, calculated using Eqgs. (6) and (7)
based on the geometric relationships described in Fig. 14.

2 2
hoffsel = \/R2 - (g) - \/R2 - {g + dtraj} ’ (6)

dt

raj

raj =Ve Ts’ (7)

where R is the lenslet radius, d is the diameter of the lens-
let, v represents the relative speed between the tool and the
surface, and T is the settling time derived from the system
transfer function. Based on the discussion in Sect. 3.3, this
FTS system has a settling time of at least 0.001 s based on
the step response result. Therefore, the offset amount that is
required to prevent waviness can be derived from the surface
speed for machining.

For a surface speed of 5 m/min applied to a 20 mm radius
dimple with a 1.7 mm diameter, the offset amount was deter-
mined to be 3.7 pm from the surface, considering the mini-
mum settling time of 0.001 s in this study. Table 4 summa-
rizes the machining conditions designed with consideration
of the dynamic behavior of the FTS system. Based on posi-
tion data analysis and settling time considerations, the cutting

Table 4 Cutting conditions after optimization

Item Value
Tool Natural diamond tool
Tool radius (mm) 0.496
Tool rake angle (°) 0

Tool clearance angle (°) 13
Surface speed (m/min) 5

Spindle rotation direction Clockwise
Finish feed rate (mm/rev) 0.002
Finish depth of the cut (mm) 0.002
Coolant Oil mist
Offset from the surface (um) 5.0
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parameters for the demonstration were set to a surface speed
of 5 m/min with a 5 um offset from the surface in the uncut
zone, ensuring sufficient settling time to prevent waviness.

Figure 17 shows a comparison of the surface waviness
evaluation results before and after using the proposed
machining strategy. By applying the optimized machining
conditions, the average Sdq value of the 10X 10 lens array
improved from 93.3 to 49.9 prad, and the standard deviation
reduced from 33.5 to 3.1 prad.

In addition, in terms of the repeatability of this machin-
ing strategy, the machining test with the cutting conditions
shown in Table 5 was conducted three times. The result of
the standard deviation of the average Sdq was 0.75 urad.
Therefore, the reproducibility of the surface topography was
verified with repeatable results in this study.

The results related to the surface roughness after machin-
ing are shown in Fig. 18, where (a), (b), and (c) show the
constant spindle speed cutting results, while (d), (e), and (f)
show the results of the optimized parameter. The average Sq
value and standard deviation of all lenslets before applying
the proposed strategy were 2.8 and 0.78 nm, respectively,
whereas those after applying the proposed strategy were 1.6
and 0.28 nm, respectively. The proposed machining strategy
considerably contributed to the reduction in the variation of
the surface quality.

In fabricating lens arrays using the FTS system, it is
essential to use machining conditions optimized based on the
dynamic behavior of the servo system. In particular, in terms
of reducing waviness on the machined surface, maintaining
a constant surface speed is an effective method for achieving
a uniform machined surface with low surface roughness.

4 Conclusions

A 10x 10 lens array was machined using an FTS-based
diamond turning system, and dynamics-induced surface
waviness formation was investigated. The conclusions are
as follows.

Sdq (prad)
140 1] [ T[] 140
2 2 | i
3 | 120 3 (i 120
24 ] 2
C] 1100 £ 100
-k E Il
E: 6 [0 s L [ ] 180 é q 180
> 7 | | B >7 - l_ I
8 | | 8 [l N
9 40 9 | D 40
0 1 | o Ol 11 .
1 23 456 78 910 1 2 3 456 7 8 910
X-Axis Label X-Axis Label

E: 93.3 prad, o: 33.5 prad %: 49.9 prad, o : 3.1 prad

Fig. 17 Comparison of the waviness analysis results a at a constant
spindle speed and b after applying the optimized cutting conditions

Table 5 Reproducibility results

Sampl b Sdq
it et s e ample number Sdq(urad)
proposed strategy #1 49.9

#2 48.4

#3 49.0

Average 49.1

Standard deviation  0.75

1. At a constant spindle speed, the machined surface
exhibited considerable waviness at the corner lenslet.
The waviness amount was high outside the lenslet. The
waviness amount was quantified using the parameter
Sdgq.

2. The position signal analysis results showed a similar
waviness pattern on the surface, indicating that the pat-
tern originated from the servo response.

3. The control system characteristics were derived by ana-
lyzing the input and output signals using the frequency
response plot and step response curve. This system had
a resonant frequency of 1367 Hz and a settling time of
0.001 s within the bandwidth, representing a linear sys-
tem.

4. The cutting parameters were optimized based on the
relationship between settling time consideration and
analysis of the dynamics-induced surface waviness
formation. As a result, the surface waviness is greatly
reduced.

5. Anaverage Sdq value of 49.9 urad and a standard devia-
tion of 3.1 prad were achieved using the proposed strat-
egy, indicating a 53% reduction in the average waviness
amount and a 90% reduction in the standard deviation.

This study contributes to the ultraprecision manufacturing
of lens arrays, freeform optics, and other structured surfaces
using an FTS system. By optimizing the cutting parameters
based on the proposed machining strategy, the form accuracy

Sq 1:8 nm 8q 1.3 nm

$q 1.5 nm

Fig. 18 Surface roughness comparison for various spindle speeds and
lenslet locations: a 125 rpm, (1,1), b 125 rpm, (3,3), ¢ 125 rpm, (5,5),
d optimized, (1,1), e optimized, (3,3), and f optimized, (5,5)
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and surface roughness of optical components can be consid-
erably improved.
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