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Fabrication and Characterization of Automotive Aspheric Camera Lens
Mold based on Ultra-precision Diamond Turning Process
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Here in, a high-quality automotive camera lens was developed based on an ultra-precision diamond turning core and cyclic
olefin polymer (COP) injection molding process. To improve surface roughness and achieve the accuracy of plastic injection
molding lens, systematic mold core machining process was developed and demonstrated using the diamond turning
machine. The cutting tool path was generated by using NanoCAM 2D, and it was partly revised to prevent interference
between the cutting tool and the workpiece. After the initial machining using the generated tool path, the compensation-
cutting process was conducted based on the measured surface profile of an initially machined surface. After two times of
compensation machining, the fabricated core mold showed a shape error of 100 nm between peak to valley (PV) and
Arithmetic mean roughness (R,) of 3.9 nm. The performance of the fabricated core was evaluated using an injection
molding test. Injection molded aspheric plastic lens showed contrasts that were higher than 55% at 0.0 F, 30% at 0.3 F,
and 20% at 0.7 F without any moiré phenomenon that meets the specification for automotive vision module with TMP and
140° field of view.
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1. Introduction
NOMENCLATURE

The optical lens is a key component of a camera module that

Ar) = Height of Aspheric Surface Profile concentrates or diffuses light onto the image sensor. The lens can

= Curvature be classified into spherical, aspherical, free-form, etc. according to

c
4y = Aspheric Coefficient the shape of the surface profile [1-3]. Typically, in the case of a
k

= Conic Constant spherical lens, there is spherical aberration between the focused
r = Distance from Center of Lens light beam from the centre and the outside of the lens, which
R = Radius of Lens degrades the quality of the image. To reduce the aberration, the

lens module is composed of a large number of concave and convex
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lenses. However, there are problems such as increased thickness
and weight, and reduced optical efficiency. In contrast, aspherical
lenses have the shape of a surface profile rather than a part of a
sphere or cylinder. Therefore, problems such as spherical
aberration and shape distortion can be improved. Aspherical lenses
also have the advantage of being thinner than spherical lenses [4].
Due to these advantages, ultra-precision aspherical lens modules
are widely used for high integration and high functionality of
advanced devices in high technology industries such as
smartphones, automobiles, augmented reality (AR) and virtual
reality (VR), and medicine [5-7].

In the mass production of ultra-precision aspherical plastic
lenses, the multi-cavity injection process using multiple mould
cores is used. The shape error and surface roughness of the mould
core play a major role in the quality of the aspherical plastic lens
produced in each cavity and the quality of uniformity between
cavities. In addition, the difference in the quality of manufactured
lenses between cavities requires additional processing costs for
optical axis alignment and performance evaluation [8,9].
Therefore, there is a need for research into the manufacturing
technology of aspherical mould cores with high shape accuracy
and ultra-smooth surface as close as possible to the optically
designed shape.

Typically, polishing, grinding and diamond turning processes
have been widely studied as manufacturing methods for ultra-
precision aspherical lens shape mold cores [10,11]. The polishing
process has the advantages of a shallow deformed layer, no cutting
tool marks on the machined surface, and superior surface
roughness and shape accuracy [12]. However, since the polishing
process requires a larger contact area between the polishing tool
and the workpiece compared to the ultra-precision cutting process,
it is difficult to apply when the mold core with small effective
diameter has steep curvature, such as an automotive device lens.
The grinding process is widely used to machine the aspherical lens
molds made of high-hardness materials with high precision
[13,14]. However, in the case of soft material, such as electroless
nickel plating, which is mainly used in the injection molding
process, the machining efficiency is reduced by the load of the
grinding tool. In addition, a post-treatment process is required to
remove the many scratches on the machined surface after the
grinding process [15].

The diamond turning process has the advantage that it is easier
to machine small aspherical lenses with steep curvature compared
to the polishing process by using a designed tool shape with micro
to millimeter scale size considered with the shape of the aspherical
lens [16-18]. In addition, the DTM process has the advantage that

the process can produce a mold core with a surface roughness of a

polishing level. However, since the shape accuracy and surface
quality of the mold core are greatly affected by the accuracy of the
tool position, the setting state of the workpiece, the machining
conditions and the accuracy of the cutting tool path, process
optimization studies are required.

Lee et al. conducted a study on the correction of residual form
error in ultra-precision aspherical surface machining [19]. The
shape error of the machined surface according to the decentering
type of the cutting tool was investigated, and the effect on the
shape accuracy according to the number of correction operations
was analyzed. Pun et al. conducted research on diamond turning
and injection molding technology using a uniquely structured
fixture as an efficient process cost approach for manufacturing
micro-aspherical lenses [20]. As a result, an aspheric lens with a
form error of 230 nm was produced. However, these studies were
insufficient in terms of process optimization to reduce shape error
and evaluation of optical performance via the injection molded
lenses for high quality industrial automotive vision application.

In this study, in order to improve the shape accuracy and
surface quality of the aspheric lens core, the diamond turning
process was broken down and optimized in detail. Through these
processes, the ultra-precision aspheric lens core was obtained
with a shape error of less than 100 nm and a surface roughness of
less than 5 nm. In addition, the injection-molded aspherical
plastic lens showed a modulation transfer function (MTF) value
of about 55% at 75 lp/mm, which meets the requirements of
automotive vision application. Through this process, an optical
lens required for a high-performance automotive camera module

was developed.

2. Experiment

2.1 Ultra-precision Diamond Turning

Figure 1 is a schematic diagram of an ultra-precision machining
system (Nanotech 350FG, Moore Nanotechnology) used in this
study. This machining system consisted of X, Y and Z axes with a
resolution of 1 nm and the C axis of an ultra-precision air bearing
spindle with a maximum speed of 10,000 RPM. Figure 2 shows
the SCD cutting tool used to machine the aspheric lens mold core.
To prevent interference between the cutting tool and the
workpiece, it was designed with a nose radius of 105.08 um, a
window angle of 150° and a clearance angle of 15°. The cutting
tool path was designed using NanoCAM 2D, developed by Moore
Nanotechnology. The material of the mold core was electroless Ni
plated, which was widely used for injection mold for optical

component. The machining of the aspherical lens mold was
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Fig. 1 Schematic of diamond turning to fabricate the core mold for
the aspherical lens

Fig. 2 Single crystal diamond cutting tool with nose radius of 105.08
um, window angle of 150° and clearance angle of 16.08°

Table 1 Machining conditions for machining of the aspheric lens

core mold
Machine tools Nanotech 350 KFG
Single crystal diamond
Cutting tool  (nose radius of 105.08 pm, window angle of 150°
and clearance angle of 16.08°)
Workpiece Electroless Ni-plated on the STAVAX
Spindle speed 1,200 RPM
Feed rate Rough 10 mm/min, Fine 1 mm/min
Depth of cut Rough 5 um, Fine 1 pm

divided into rough machining and fine machining. In both
machining steps, the spindle speed was the same at 1,200 RPM.
The cutting depth and feed were set to 10 mm/min and 5 pm for
rough cutting and 1 mm/min and 1 pm for fine cutting,

respectively.

2.2 Surface Profile Measurement

The shape of the machined core molds was measured using a
FORMTALY SURF (PGI-1240, Taylor Hobson), which is a
contact-type surface shape measuring system. The shape error of
the machined surface was evaluated as the PV profile, which was
the difference between the designed shape and the measured shape.

The surface roughness of the machined mold was also evaluated

Ultrahigh Accurate 3-D Profiler

FORM TALYSURF PGI-1240

Fig. 3 Surface profile measurement systems (Left is PGI-1240 of
Taylor Hobson, right is UA3P of PANASONIC)

Fig. 4 Experimental set-up for plastic injection molding (SES0D,
sumitomo)

Table 2 Injection molding conditions for plastic aspheric lens

SE50D, sumitomo
Cyclic Olefin Polymer (COP)

Injection molding machine

Injection material

Molding temperature 135°C
Filling 1,000 kgf/cm?
Pressure rate Packing 850 kgf/cm?
Filling 2.82 sec

Process time ;
Packing 8 sec

by Ra. After the final correction machining, an ultra-precision
three-dimensional measurement (UA3P, Panasonic) was used to
prevent scratches on the surface of the lens core. The measuring

systems used are shown in Fig. 3.

2.3 Precision Plastic Injection Molding

Figure 4 shows the electric injection machine (SES0D,
Sumitomo) used to manufacture the aspherical lens. The maximum
clamping force of this system is 50 t, the maximum filling and
packing pressure is 223 MPa. And the maximum injection speed is
500 mm/sec. The conditions of the injection molding process for
plastic aspherical lens are summarized in Table 2. The temperature
of the upper and lower mold cores was set to 135°C. The filling and
packing pressures were set to 1,000 and 850 kgf/c, respectively. The
filling time was set to 2.82 seconds and the cooling time was set to

30 seconds.
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(b) Profile of the lower mold core

Fig. 5 Surface profile of the aspherical mold core considering shrink
rate after injection molding (a) profile of the upper mold core,
(b) profile of the lower mold core

3. Results and Discussion

3.1 Tool Path Generation

An ultra-precision diamond turning process was used and
optimized to produce a high quality automotive lens mold core.
Before machining the lens core, the tool and workpiece were
precisely positioned to improve the shape accuracy and surface
roughness of the core. Although there has been a lot of research
related to the ultra-precision lens core machining process and
conditions, ultra-precision setting was another key process to
produce high-quality lens. The ultra-precision setting process was
optimized and developed for single crystal diamond cutting tool
and lens core workpiece. The first step of ultra-precision
adjustment was to construct the tool path and check the
interference. Typically, the profile height of the aspheric surface
can be calculated by equation 1 [21-23].

2
cr

1+41-(1+k)’R

c is the curvature of the aspheric surface, r is the distance from

z(r) =

+ A2+ A+ L+ Ay (1)

the center of the lens, k is the conic constant, and 4, is the aspheric
coefficient. Figures 5(a) and 5(b) show the designed surface
profiles for 1 megapixel (MP), 140° field of view (FOV) high
quality automotive lens core. To take into account the shrinkage of

injection molding, the shape of the lens core was redesigned by

Table 3 Surface coefficients of upper core and lower core

Coefticients Upper core Lower core
Radius 2.64605554 6.98293792
Curvature 0.38095043 0.14435414
Conic constant -1.12766389 0
Ay 0.0141425127 0.02496966373
As 0.00621282889 0.00811382560
A -0.00104574955 -0.00180384594

(b) Cutting tool path for upper core

Fig. 6 Simulated cutting tool path considering interfaces between
core mold and cutting edge (a) upper core mold, (b) lower
core mold

multiplying the original aspheric coefficient by 1.004, as shown in
Table 3. Especially for the 1 MP, 140° FOV automotive lens core, a
flat land structure is required to form an etched surface region by
grinding for scattering the incident light. Considering the tool
diameter, the tool path was generated and simulated while
checking the interference in the rib and flat land region as shown in
Figs. 6(a) and 6(b).

3.2 Compensation Machining

Automotive lens core was machined based on precisely
positioned diamond turning process setting. To achieve ultra-high
quality core surface without polishing process, compensation

machining process is required. Considering the machining
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Fig. 7 Form accuracy of machined surface by compensation machining (a), (b) and (c) are the initial machining, first and second compensation
results of the upper core, (d), (¢) and (f) are the initial machining, first and second compensation results of the lower core

circumstances and equipment characteristics, the compensation core form accuracy with respect to the number of compensation

machining toolpath was regenerated using the Form Talysurf operations.

measurement results. Figure 7 shows the trends of upper and lower Initial machining results showed symmetrical convex shape
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accuracy error trends. Due to the ultra-precision setting, the
maximum peak-to-valley form accuracy was about 500 nm at the
center position. Considering the machining results, the second
compensation machining toolpath was redesigned in the reverse
shape of the first machining shape accuracy results.

After applying concave compensation machining, the trend of
shape accuracy was reversed. Although the maximum peak-to-
valley was reduced to about 300 nm, the trend of shape accuracy
was reversed due to excessive concave type compensation
machining. Reverse trend was also observed in lower core. The
maximum peak-to-valley region observed at 0.5 mm length
becomes a negative peak-to-valley region, even though the
maximum error was reduced.

It can be assumed that the reverse trend was caused by excessive
compensation machining at outside of core mold. The maximum
peak-to-valley value change, 80% of the gain was applied to the
second compensation machining toolpath generation. After the
machining, the shape accuracy was reduced to about 150 nm and
100 nm in the upper and lower cores, respectively.

In this study, the number of two compensation machining were
performed to reduce the shape error. This is because the
optimization of the compensation amount was not performed in
advance in consideration of the cutting characteristics (such as the
change of cutting force due to the change of cutting surface area)
caused by the change of the contact position of the cutting tool
according to the slope of the aspherical surface. If this is improved,
it is thought that it can contribute to reducing the number of
compensation operations and improving machining accuracy. In
addition, it is expected that the results of this experiment can be
further improved by applying on-machine measurement
technology to match the machining environment and the
measurement environment, and by continuously stabilizing the
machining environment.

In order to protect the core surface quality for the injection
molding test, the workpiece was finally machined, and the quality
of the ultra-precision machined core was characterized using a
non-contact ultra-high accuracy 3D profilometer (UA-3P). Figure
8 shows the measured shape accuracy and surface roughness for
the upper and lower cores after four times of compensation
machining. The PV value of the shape accuracy of the upper core
was 99 nm, and the PV value of the shape accuracy of the lower
core was 93 nm. The roughness of the upper and lower cores was
3.9 nm and 3.1 nm respectively.

Based on optimized ultra-precision machining setting and
compensation machining procedure, high-quality aspheric lens
mold core for automotive vision module was successfully

produced without showing any scratches, as shown in Fig. 9. In
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Fig. 8 Shape accuracy and surface roughness of final machined
upper and lower molds measured by UA3P
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Fig. 9 Ultra-precisely machined core molds for aspheric lens (left is
upper core and right is lower core) with shape accuracy of
100 nm, and surface roughness of 5 nm

Fig. 10 Ultra-precision plastic injection molded automotive lens

Upper Side Lower Side

Fig. 11 Microscope image of upper and lower side automotive lens

Fig. 12 The assembled lens modules for automotive vision
applications
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Fig. 13 MTF performance of the injection molded aspheric lens (a)
MTF performance in tangential direction, (b) MTF
performance in sagittal direction

particular, the designed land structure and aspheric lens
structure were precisely machined in a combined single-path.
Any heavy tool marks and scratches on the machined surface
were not observed in the lens mold core from an optical point
of view. The performance of the fabricated ultra-precision lens

core was characterized after the injection molding process.

3.3 Performance Evaluation with Injection Molding

The validity of fabricated ultra-precision mold core was
evaluated by injection molding process. COP resin was used
to produce injection molded plastic lens. Due to the high-
quality surface of the molded core, no defects such as tool
marks, scratches, light scattering, moiré interference were
observed after molding test. Figure 10 shows the injection
molded lens, and Figure 11 shows the microscope surface
image of the top and bottom sides. To measure the optical
performance of the injection-molded aspherical plastic lens, it
was assembled into a micro-lens module for automotive
vision applications with specifications of 1Mega and H140, as
shown in Figure 12.

The MTF in tangential and sagittal directions were higher than
55% at 0.0F, 30% at 0.3F and 20% at 0.7F. These results meet the
design specifications required by the company that wants to
apply the developed lens module to automotive vision. Also, Fig.
14 shows the results of CTF (Contrast Transfer Function)
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(a) CTF measurement results at 0°

(b) CTF measurement results at 90°

Fig. 14 CTF performance of the injection molded aspheric lens (a)
CTF measured at 0°, (b) CTF measured at 90°

evaluation, and the resolution performance at the center and
outside of 0.7F in the direction of 0 and 90 were satisfied,
respectively. Therefore, it was confirmed that injection-molded
aspherical lenses can be applied to high quality automotive

cameras.

4. Conclusion

In this study, an ultra-precision aspheric lens manufacturing
process was developed and optimized to fabricate a camera module
with a performance of IMP and 140° FOV for high quality
automotive vision applications. Through these optimizations, a
high-quality aspheric mold core with no scratches on the machined
surface, a form error of less than 100 nm PV, and a surface
roughness of less than 5 nm Ra was successfully produced. The
ultra-precisely machined mold core was used in the COP plastic
injection molding process to produce a microlens module. The
optical characteristics of the fabricated lens showed contrasts
higher than 55% at 0.0F, 30% at 0.3F, and 20% at 0.7F, which
meets the requirements of 1MP and 140° FOV performance

automotive vision application.
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