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Abstract: Cylindrical microlens array (CMA) is applied widely in imaging, sensing, and laser
machining fields. Among the many techniques for machining CMA, moulding is considered a
mass-production method with low-cost and good accuracy. Aimed at the present problems in the
machining of CMA moulds, which include low processing efficiency and the prediction of the surface
topography, this paper focused on the fabrication of CMA on RB-SiC moulds by precision grinding
with micro-abrasive water jet (MAWJ) textured diamond wheels. The combined rough–fine grinding
strategy for ceramic mould materials was proposed. The grinding experiments of CMA were carried
out. The ultra-precision grinding method was optimized to obtain high shape accuracy and a high-
quality surface of RB-SiC moulds. It was found that by using MAWJ-textured diamond wheels, the
profile error in the peak-to-valley value (PV) of the CMA moulds can be further reduced to 6.7 µm by
using the combined rough–fine strategy grinding process.

Keywords: cylindrical microlens arrays; micro-abrasive water jet; precision grinding; RB-SiC

1. Introduction

The pattern of the laser beam profile is represented as a similar Gaussian intensity
shape, followed by a dynamic spatial energy distribution according to the beam generation
mechanism [1]. Nevertheless, several popular applications for a uniform intensity distribu-
tion would be desirable. For instance, a uniform intensity distribution in manufacturing
materials means that the whole laser-lighted area is uniform. It is also useful in cases where
laser light is mainly utilized for lighting. This is because consistent illumination gives
identical features the same brightness regardless of where they are in the illumination field;
thus, the image-processing task is simplified, and the contrast and resolution are improved.
These same advantages extend to broad applications, not only in scientific studies but also
in medicine.

There are many strategies to convert a Gaussian beam into a uniform intensity dis-
tribution, such as spherical microlenses, freeform lenses, and aplanatic optics. Shaoulov
proposed using micro-lenslet arrays to overcome the restriction in the size of optical sys-
tems [2]. Babadi proposed a novel circular dielectric internally reflecting optic, which
can produce over 95% uniformity within an illuminated area [3]. Mashaal presented a
promising representative design for LED collimation [4]. Compared to free-form lenses,
microlenses and CMA can overcome the restrictions in size to create extremely compact and
lightweight optical systems. CMA not only has the function based on spherical microlens
array but can also achieve a performance with a long focal depth and high lateral resolution.
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It can improve the output efficiency of OLEDs and the image quality at the same time. One
of the most effective and flexible approaches is using a CMA. However, the fabrication
of a CMA with complex features brings huge challenges to optical applications. Various
techniques for manufacturing CMAs [5–18] are still being developed. The manufacturing
techniques can be categorized into nonmechanical and mechanical methods based on the
properties of material removal. The comparison of different manufacturing techniques for
microlenses is summarized in Table 1.

Table 1. The comparison of different manufacturing techniques for microlenses.

Technique Advantages Disadvantages References

Glass moulding Low cost, high repeatability High-temperature
requirements [5,6]

Reactive ion etching
Good surface properties,
high repeatability in the

maskless process

High equipment costs and
difficulty in processing due

to the need for a mask
[7,8]

Photolithography Produces microlenses over
large areas

High cost due to need for
master mould [9,10]

Femtosecond direct
writing

High accuracy and
resolution

High cost due to expensive
femtosecond laser [11,12]

The most commonly nonmechanical methods contain reactive ion etching [8], pho-
tolithography [10], and femtosecond direct writing technology [11,12]. However, these
methods are restricted by manufacturing with expensive devices, particular materials, and
time-consuming production procedures [13,14]. Furthermore, available lens geometries are
limited, and these current machining methods have difficulty achieving the shape accuracy
in lens arrays [15,16]. To realize the production of low-cost and high-precision lenses,
ultra-precision machining methods are widely used in manufacturing moulds, including
glass moulding and film rolling moulds [17]. However, the high rigidity and brittleness
of glass make it difficult to machine by the roll-to-roll method. In modern industry, glass
moulding has become an important replication-based technology for mass manufacturing
these optical glass components [18]. Since the precision and quality of the machined surface
will be directly reflected on the products, the structural mould still needs to be processed
with ultra-precision machining technology to ensure that CMA has a high quality of the sur-
face and precision. The ceramics (e.g., silicon carbide (SiC) and silicon nitride (SiN)) have
excellent material properties, such as high wear resistance, great chemical stability, high
thermal conductivity, high hardness, and high strength [5]. Increasingly, moulds are made
of ceramics (such as SiC and SiN) rather than traditional metal materials. Furthermore, due
to the high wear resistance and strength, it is extremely hard to machine micro-patterns on
the ceramic surface.

The advanced processing method with micro-textured diamond grinding wheels
offers a highly efficient and competitive solution which converts a micro-texture into a
micro-pattern on the ceramic surface [19,20]. However, it is difficult to machine a precise
wheel profile due to their wear-resistant characteristics. Thus, to obtain the desirable curve
accuracy, the texturing process becomes very important for these wheels.

The micro-abrasive water jet (MAWJ) machining method was aimed at realizing the
grinding wheel’s thermal nondamaging and efficient dressing. It has been presented in the
previous research on dressing grinding wheels that this abrasive waterjet method can dress
the grinding wheel efficiently and achieve the thermal nondamaging ablation of grinding
wheel materials [21,22]. Nevertheless, this method is infrequently used in dressing micro-
textured grinding wheels. It is critical to use this method to obtain micro-textured on the
grinding wheel. The result expresses that the wheel surface characteristics with high protru-
sion can be acquired when applying this method to dress the grinding wheel [23]. Therefore,
MAWJ technology is considered a promising texturing method. The dwell time algorithm
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calculation plays an essential role in obtaining the great precision profile of micro-textured
wheels. The algorithm is based on the foundation that the intended material removal
quantities are a convolution operation of dwell duration and removal function. Numerous
algorithms have been designed for the development of sub-aperture optical manufacturing
technology. Their removal functions mostly have a circular symmetrical distribution, in-
cluding traditional pitch lap [24], stressed lap (S.L.) [25], reactive atom plasma [26], and
ion beam figuring (IBF). It is based on the fundamental concept of Computer-Controlled
Optical Surfacing (CCOS). The material-removal process is a 2D convolution of the spatial
domain. Because of the previous surface profile inaccuracy and the influence function, the
dwell time can be obtained by deconvolution [27]. The algorithms are primarily based on
the discrete convolutional and linear equation models. Different models will inevitably
result in different dwell-time algorithms. Therefore, the dwell time solution becomes the
most important strategy for ensuring high-accuracy texturing diamond wheels.

In this work, a sinusoidal microlens array was used to realize the uniform intensity
distribution of optical systems. The parameters of the CMA and the corresponding ho-
mogenization performances were first simulated using the ray-tracing software ZEMAX. A
novel method based on the combined rough–fine grinding process using MAWJ-textured
diamond wheels is proposed to fabricate CMA on RB-SiC moulds. A linear matrix equa-
tion is studied to build a stable dwell time algorithm for wheel texturing. An MAWJ
texturing experiment is taken to demonstrate the effectiveness of the algorithm. The
grinding experiment on RB-SiC is carried out to analyze the profile accuracy and ground
surface topography.

2. Simulation and Experiments Methods
2.1. Design and Optimization of CMA

To investigate the optical effects of CMA, optical phenomena of reflection and re-
fraction of the sinusoidal microlens array were analyzed using the ray-tracing software
ZEMAX®. Figure 1 illustrates the schematic of the optical CMA homogenizer constructed
in ZEMAX® software. The microlens array beam homogenizer usually contains two lens
arrays and a condenser lens, which will have much greater flat-top uniformity. The incident
beam cross-section is split into an array of beams by a sub-microlens array. Both beamlets
then pass through the condenser lens, converge, and overlap at the same location. With
the involvement of the second microlens array, every microlens, in conjunction with the
condenser lens, may have a field lens effect. The lens array can produce overlapping
pictures on the illumination plane of different kinds of fields of the light source. Due to the
field lens effect, rays in all directions can be refracted to the desired location of illumination.
Since for the beam generation mechanism the pattern of the excimer laser beam profile is
rendered as an irregular shape, also accompanied by complex spatial energy distribution,
the image framework as a design infrastructure is a good choice [28].

Figure 1. Optical schematic illustration of optical CMA homogenizer.
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It should be noted that general imaging homogenizers are often two similar microlens
arrays parted by the focal length, but this is not a feasible solution for the excimer laser.
Due to the high average strength of the excimer laser beam in the UV to DUV region, the
light can be easily absorbed by materials. The second microlens array can be connected by
the concentrating energy of the first microwave array using only two identical microlens
arrays configuration.

After optimizing all parameters of the optical system, an ideal distribution of light
energy intensity was obtained on the optical detector in the mean beam plane. The shaping
beam effect is shown in Figure 2. The corresponding parameters are shown in Table 2. The
light intensity distribution of this point was analyzed through the spot coordinates in the
detector to achieve an ideal degree of uniformity. The undulating state of the light spot
energy was considerably reduced, and the optimized light intensity distribution curve is
presented in Figure 2a. As shown in Figure 2b,c, the spatial distribution of the beam energy
with a flat top is ideal. The calculated light intensity of the flat-top is 0.80; the light intensity
difference is within 12%, that is, the relative light intensity is 88% to 100%; and the light
intensity error is lower than 6%. Furthermore, the highly consistent beam profile with a
huge scale is generated at a very close distance.

Figure 2. Simulated excimer laser beam profile: (a) Pseudocolor representation of the strength
distribution on the detector; (b) the x-direction standardized strength distribution chart; and (c) the
y-direction standardized strength distribution chart.

Table 2. Parameters of CMAs and imaging system.

Lens and Imaging System Parameters

Shape of lens Sinusoidal
Amplitude/mm 0.25

Period/mm 0.8
Material K-PG325

Thickness of lens/mm 0.8

2.2. Fabrication of the CMA Mould

CMA moulds were fabricated by the combined rough–fine grinding, as illustrated in
Figure 3. The operations are selected for rough grinding with a metal-bonded grinding
wheel (600#), and the resin-bonded grinding wheel (3000#) was selected for fine-grinding
CMA moulds. The micro-textured grinding wheels were employed in grinding RB-SiC
moulds. Compared with the existing ultrathin arc-shaped diamond wheel grinding process,
the proposed technology is more efficient in the fabrication cycle, benefiting from the new
tool-clamping method. It can complete the rough–fine processing of CMA moulds in one
cycle without multiple dressings and reduce the machine and auxiliary time. Detailed
texturing information can be found in Section 3. During the machining process, the metal-
bonded and resin-bonded diamond wheels are fixed on the grinder spindle, and the gasket
is placed between the grinding wheels to prevent interference, shown in Figure 4.
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Figure 3. Schematic diagram of the combined grinding process.

Figure 4. Configuration of a grinding wheel clamp for combined grinding.

3. Texturing Principle of Diamond Grinding Wheels

During the texturing procedure, the ideal surface micro-texture is produced by con-
trolling the removal volume at various spots on the surface of the grinding wheel. Material
removal of the texturing process can be described as a convolution along a dressing path
and dwell time, as illustrated in Equation (1):

b(x) = r(x) ⊗ t(x) (1)

where r(x) is a material removal function per unit of time, and t(x) is the function of dwell
time. The assumption on the constant for MAWJ process parameters is expected to result
in a long-term reliable removal function. If only the number of dwell points was given, the
dwell time could be solved based on the target values. The removal volume is a convolution
of the removal function and dwell time [29].
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In texturing process, Figure 5 presents the algorithm to solve the dwell time. When
the AWJ influences the function fix at the point x0, the value of material removal at every
place x in the space domain per unit of time can be expressed as r(x− x0). Assuming
that the dwell time is at point x, then the value of material removal at position x can be
represented as:

b0(x) = r(x− x0)t(x0) (2)

When MAWJ scans the whole dwell area on the wheel surface, the actual amount of
material removed at a specific point can be expressed as:

b(x) = ∑x0=n−1
x0=0 r(x− x0)·t(x0) (3)

where n is the overall amount of dwell points of the generatrix grinding wheel. r(x− x0)
is the value of material removal per unit time at the point x0 when the middle of MAWJ
dwells at the point x, and t(x0) is the dwell time.

Figure 5. Schematic diagram of the dwell time algorithm.

The MAWJ removal function can represent the machinability characteristic of a tex-
turing procedure. The abrasive water jet removal function was based on predicting the
location of impact velocity on a wheel surface using erosion maps generated by CFD. The
material removal function R(x) is related to many factors such as water pressure, standoff
distance, abrasive flow rate, wheel speed, and material properties of the grinding wheel, as
presented in previous work [30]. The volume of fluid (VOF) model was used to simulate
the field of the solid–liquid two-phase flow inside and outside the abrasive water jet nozzle.
The boundary condition was set in the erosion model of ANSYS Fluent to obtain the three-
dimensional erosion maps shown in Figure 6. The removal function is cosine distributed
with high stability. Figure 6 compares the anticipated axial jet velocity distributions in the
1 mm standoff distance exiting the pressure for 20 MPa and 30 MPa. The jet velocity in
1 mm standoff distance (i.e., the apex of the profiles) was lower for the 20 MPa pressure
than the 30 MPa. Thus, for the same standoff distance, the jet velocity of the larger pressure
would be increased during impact, improving the kinetic energy of impacting particles.
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Figure 6. Velocity field inside and outside the nozzle.

4. Experimental Work
4.1. Texturing of Diamond Grinding Wheel

The MAWJ texturing system is shown in Figure 7. The texturing device is fixed on the
CNC machine to achieve the micro-textured grinding wheel in situ. The 600# metal bond
diamond wheels and 3000# resin bond diamond wheel were used in the experiment. The
grinding wheels have a diameter of 200 mm with a concentration (Designating the amount
of diamond or CBN in super abrasive wheels based on carats per centimeter) of 125%, and
the thickness is 10 mm.

The removal function experiments were carried out according to Section 3. The
removal functions for 600# metal bond diamond wheels and 3000# resin bond diamond
wheels are given:{

rM(x) = 0.0126 ∗ cos(1.2658 ∗ π ∗ x)mm/minx ∈ [−0.4, 0.4]
rB(x) = 0.056 ∗ cos(1.2658 ∗ π ∗ x)mm/minx ∈ [−0.4, 0.4]

(4)

where rM and rB are the removal functions per unit time of metal bonded and resin bonded
grinding wheels, respectively.
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Figure 7. Micro-abrasive water jet in situ texturing experimental system.

MAWJ parameters (wheel speed, water pressure, and standoff distance) were selected
by the texturing requirements. The MAWJ texturing parameters are summarized in Table 3.
The structure of the diamond wheel was given by grinding a block of graphite materials.
We reveal the topography of the grinding wheel by grinding a line on the graphite. A
three-dimensional laser scanning device (VK-X200K) was used to measure the structure of
the grinding wheel recorded in the graphite block.

Table 3. Micro abrasive water jet texturing parameters.

Grinding Wheel Water Pressure
(MPa)

Standoff
Distance
(r/min)

Wheel
Speed
(r/min)

Abrasive
Flowrate
(g/min)

Metal-bonded
grinding wheels 30.00 1.00 60.00 20.00

Resin-bonded
grinding wheels 20.00 1.00 60.00 1.20

4.2. Grinding of CMA Mould

The experiments of grinding RB-SiC moulds were performed on an ultra-precision
surface profile grinder NAS-520X-CNC. The dressing and grinding were carried out under
the axial and radial accuracy of 0.1 µm. Figure 8 shows the grinding test setup. The
prepared RB-SiC specimen was rectangular, measuring 12 mm long, 8 mm wide, and
4 mm thick. The test process is the up-cut surface grinding of RB-SiC. Details of the rough
grinding and fine grinding parameters are listed in Tables 4 and 5, respectively. After
grinding, the 3D laser confocal microscope was used to observe the ground surface of
RB-SiC and measure the irregularity of the surface. After generating the three-dimensional
texture structure, the two-dimensional surface profiles in different directions were acquired
from the deepest location of the structure to obtain the geometric information of the
CMA mould.
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Figure 8. Experimental setup for combined grinding of CMA moulds.

Table 4. Rough grinding process parameters.

Parameters Wheel Speed
(m/s)

Feed Rate
(m/s)

Depth of Cut
(µm) Grinding Coolant

Value 20 0.17 5 5% water-based
grinding fluid SC25AC

Table 5. Fine grinding process parameters.

Parameters Wheel Speed
(m/s)

Feed Rate
(m/s)

Depth of Cut
(µm) Grinding Coolant

Value 30 0.057 0.50 5% water-based
grinding fluid SC25AC

5. Surface Accuracy and Topography Analysis
5.1. Diamond Grinding Wheel Topography after Texturing

The curve between the actual and ideal section profile was compared in Figure 9, and
the profile error was analyzed. The measured values on the textured grinding wheels
are in reasonably good agreement with the target values. The profile error of the metal-
bonded and resin-bonded diamond wheels were 15.45 µm and 9.62 µm, respectively. The
maximum profile error in the metal-bonded diamond wheel occurred near the middle of
the sinusoidal contour, mainly caused by the increased water pressure, and a more abrasive
flow rate increased the wheel material removal at the bottom of the sinusoidal profile. The
profile error of the grinding wheel is also connected to the effect of the particles’ secondary
impact, and the errors are confined to the allowable range. Two micro-textured grinding
wheels and their corresponding microscopic morphology measurements are indicated in
Figure 10. It can be seen from the figure that the bond material on the wheel surface was
removed by MAWJ, leading to the emergence of a large proportion of abrasive grains with
a certain protrusion height. It can be concluded that the texturing method, which uses
MAWJ, obtains the desired textured-wheel profile and improves grinding performance.
Comparing the results of two grinding wheels, it is proven that the resin-bonded diamond
wheel has higher accuracy than the metal-bonded diamond wheels.
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Figure 9. Analysis of the profile of diamond wheel after texturing.

Figure 10. Microscopic morphology after texturing of (a) the metal-bonded grinding wheel and
(b) the resin-bonded grinding wheel.

5.2. Combined Rough–Fine Grinding of CMA Moulds

Figure 11a shows the topography of the CMA mould after rough grinding. It presents
that subsurface microcracks dominated material removal in the rough grinding process.
The rough grinding stage observed several micro-cracks, fracture spalling, and fractured
pits in the SiC phase. Some fractured pits are connected end-to-end to form a continuous
fracture zone, caused by the increased feed rate and large depth of the cut. Figure 11b
illustrates the appearance of the CMA mould after fine grinding. The machined surface
is mainly composed of ductile grooves and striped residue. Most of the grooves are
distributed on the grinding surface along the grinding direction, while a small amount of
flake fragmentation and large pits exist in the SiC phase. The striped fracture and ductile
grinding surface are significantly improved because of the large wheel rotational feed rate
and small cut depth, resulting in the decrease in the maximum undeformed chip thickness.
The material removal mechanism involved plastic deformation, brittle fracture, and brittle
plastic mixing. To further improve the surface quality of CMA moulds, it is necessary to
polish them again to eliminate the broken layer.
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Figure 11. Surface topographies of the CMA mould after (a) rough grinding and (b) fine grinding.

Figure 12 shows LSM photos of the CMA mould and the fine-grinding profile ac-
curacy of the CMA mould. The excellent surface topography of the CMA mould was
machined using a rough–fine grinding strategy. After grinding, the topography of the
formed microstructure array was uniform and smooth. From the result, the P.V. value of
the sampling length is 6.7 µm, the error value of the sampling length near the middle of the
sinusoidal contour, corresponding to the profile error curve of the resin-bonded diamond
wheel. Hence, the precision of the CMA profile is highly dependent on the precision of the
grinding wheel profile. The profile error of the grinding wheel is directly recorded on the
CMA’s surface.

Figure 12. (a) Laser Confocal Microscope (LSM) photos of the CMA mould; (b) The fine-grinding
profile accuracy of the CMA mould.

6. Conclusions

This study proposed a combined rough and fine grinding process to achieve a highly
efficient precision grinding of the RB-SiC mould. The conclusions drawn are as follows:

(1) Based on the homogenization principle of CMA and the optical phenomenon of
reflection and refraction analyzed by ray-tracing software ZEMAX® for the design and
simulation of optical arrays, the flat-top coefficient of light intensity that can satisfy the most
excimer laser applications is calculated to be 0.80. Moreover, the light intensity difference is
within 12%, and the light intensity error is below 6%.
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(2) The diamond grinding wheels are textured based on the principle of MAWJ ma-
chining. The mathematical modelling of the unit removal function is established, and the
simulated results show that the removal function is cosine distributed with high stability.
The texturing method, which uses MAWJ, obtained the desired textured-wheel profile and
improved grinding performance.

(3) By using MAWJ-textured diamond wheels, the profile error (in PV) of the CMA
moulds can be further reduced to 6.7 µm using the combined rough–fine strategy
grinding process.
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