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Abstract

Various kinds of optical structured surface have been widely used in different fields,
such as imaging and illumination. However, the machining process of the optical
structured surface usually leaves tool marks, burs, debris and defects on the structured
surface. Currently, it is still a challenging problem to remove these kinds of defects and
further improve the surface quality effectively, to obtain better functional performance.
In this paper, maskless fluid jet polishing (MFJP) is innovatively presented which is an
attempt to solve this problem. In MFJP, low pressure micro abrasive water jet slurry is
impinged on the structured surface to implement tiny material removal without using a
mask. Experimental investigations on the polishing of sinusoidal structured surface and
V-groove structured surface were performed to realize the technical feasibility of MFJP
on structured surface, based on the analysis of surface roughness, form maintainability,
and surface smoothness. A computational fluid dynamics (CFD) model was also
developed to simulate the MFJP process on V-groove surface to demonstrate the fluid

flow movement and material removal characteristics. In addition, the effect of the key
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polishing parameters was also studied and discussed. The results indicate that MFJP
can significantly improve the surface quality of optical structured surface, while
possessing high form maintainability under certain conditions. It may become a
competitive method for the precision polishing of optical structured surfaces. And this
study also sheds some light on the application of MFJP for the polishing of other kinds
of surfaces with small or micrometer scale cavities or channels, such as microfluidic

chips, etc.

Keywords
Fluid jet polishing, optical structured surface, finishing, abrasive water jet, ultra-

precision machining, computational fluid dynamics, maskless

1. Introduction

Structured surface possesses a regular and periodic pattern and can realize specific
functions such as optical, physical, and biological [1]. In recent years, due to the rapid
development of industries such as optical fiber communication and imaging technology,
tiny components with structured optical functional surfaces of a small size, light weight,
and high integration, are widely used in optoelectronics and communication products,
biomedical, automotive lighting, and other fields [2]. Typical optical structured surfaces
are optical micro lens arrays, Fresnel lens structures, artificial optical compound eyes,
V-shaped or cylindrical groove structured arrays, reflective prism arrays, etc. [3, 4].
Driven by a large demand and expensive processing costs for single components, high-
precision injection molding has been widely used for the mass production [5] of
structured surface components. To improve the replication stability and extend the mold
life, difficult-to-machine material such as stainless steel, tungsten carbide, or silicon
carbide, are used as the mold material.

Various methods have been developed for the generation of structured surfaces,
including milling [6], turning [7], grinding [8], chiseling [9], electrical discharge
machining [10], laser machining [11], abrasive jet machining [12], etc. However, these

machining methods often leave tool marks, burs, debris and defects on the surface. In



most cases, the surface quality after direct machining cannot meet the practical and
functional requirements, and subsequent polishing is required.

To meet the increasing demand for high-accuracy optical structured surfaces, several
different kinds of polishing methods have been developed to improve the surface
quality of the structured surface, such as copying tool polishing, magnetic field-assisted
polishing, vibration or vibration-assisted polishing, etc. The polishing of optical
structured surface aims to improve the surface roughness without degrading the form
accuracy of the featured structure. Brinksmeier et al. [ 13] presented the pen-shaped and
wheel-shaped copying tools to polish a structured array on mold steel (X40Cr13) and
electroless nickel-plated steel. The surface roughness after polishing reached 4.5 nm.
Other researchers also successfully used the copying tool for the polishing of structures
such as v-groove array [14-15], cylindrical structure array [16-17], Fresnel surface [18],
etc.

However, the copying tool polishing method has some limitations, such as tool wear,
specific design of tool for different kinds of structures, and high requirement regarding
the motion accuracy of the polishing machine. Different kinds of magnetic field-
assisted finishing methods have also been developed for the polishing of structured
surface, such as magnetic abrasive polishing [19-21], magnetorheological fluid
polishing [22-25], and magnetic compound finishing [26-28]. Nanometer or sub-
nanometer scale surface roughness of the structured surface can be successfully
achieved by the magnetic field-assisted polishing method. Nevertheless, there is still a
big challenge to maintain the form of the featured structure, especially for surface
structures with a high aspect ratio. Moreover, there also exists a material limitation
problem when adopting the magnetic field-assisted polishing method. Different kinds
of vibration or vibration-assisted polishing have also been proposed for the polishing
of structured surfaces [29-34], while these methods still have the limitations as
mentioned of the copying tool polishing method. Matsumura et al. [35] attempted the
abrasive water jet polishing of the V-groove adopting relatively high pressure (15~35
MPa) with the help of mask. Moreover, the shape of the mask was purposely designed

to obtain a larger stagnation zone to increase the size of the crack-free zone during



polishing. The surface roughness of the groove was successfully improved from 46 nm
to 25 nm in Ra. Nonetheless, it is difficult to make a purposely designed mask for
structured array surface, which also largely increases the polishing cost. Moreover,
high-pressure abrasive water jets can easily generate brittle fracture, leading to poor
surface roughness.

On the whole, most of the existing structured polishing methods have certain
technical limitations, such as structure form maintainability, material limitation, and
shape limitation. In addition, traditional mechanical polishing methods can hardly adapt
to the structured surface form. Hence, a mature and generic polishing method is still
greatly needed to meet the increasing demand for ultra-precision optical structured
surfaces. In this paper, an innovative maskless fluid jet polishing (MFJP) method is
presented which attempts to solve the problems mentioned above. In MFJP, a low-
pressure (normally less than 15 bar) micro abrasive water jet slurry is impinged on the
structured surface to implement tiny material removal without using a mask. The
working principle of the process is presented in section 2. Section 3 presents the design
of the experiments so as to investigate the polishing performance on sinusoidal
structured surface and V-groove structured surface. Section 4 presents the experimental
results, as well as the discussion based on the computational fluidic dynamics (CFD)
simulation model built for the MFJP process. Finally, a conclusion is presented to

summarize the research work in this paper in section 5.

2. Maskless fluid jet polishing methods

An abrasive water jet polishing method under relatively low pressure (also called
“fluid jet polishing (FJP)’), proposed by Féahnle et al. [36], has been widely used in the
polishing of optical lenses and molds, including spherical/aspherical or freeform
surfaces. During FJP, abrasive at the micro/nano meter scale is evenly mixed with water
pumped out of a nozzle, and impinges the target surface to implement material removal
through an erosion process. The fluid jet is highly flexible, which can easily adapt to
surface with complicated geometry. It can be used for the polishing of most kinds of

materials, including ceramic, metal, glass, etc. Hence, why not try polishing optical



structured surface using FJP? Considering that a mask is needed under a high-pressure
abrasive water jet, a mask may not be necessary for low-pressure FJP which can not
only greatly reduce the polishing cost, but also make the polishing process much easier.

Hence, a series of experimental and theoretical investigations of the polishing
performance of maskless fluid jet polishing (MFJP) on optical structured surface were
conducted in this study. Fluid pressure of less than 15 bar is normally adopted in MFJP,
and no mask is used. Fig. 1 shows a schematic diagram of MFJP on structured surface.
In this study, the structured surfaces were divided into continuous structured surface
and discontinuous structured surface. The continuous structure here refers to a structure
with no sharp edge (e.g., wavy structure, sinusoidal structure, etc.), and others are the
discontinuous structured surface (e.g., V-groove structure array, lenticular lens array,

etc.) as shown in Fig. 1.
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Fig. 1 Schematic diagram of the maskless fluid jet polishing (MFJP) of structured
surface

3. Experimental procedures

The experiments were conducted on a ZEEKO IRP200 polishing machine as shown
in Fig. 2. Two kinds of structured surfaces were tested in this study to represent the
polishing performance on both continuous structured surface and discontinuous
structured surface, respectively. One of the workpieces was a sinusoidal structured
surface made of S136 mold steel, which is the mold of the flood lighting component,

implementing the function of transforming a surface source to a line source. The



sinusoidal structured surface was machined by electrical discharge machining (EDM),
with surface arithmetic roughness ( Ra ) of between 400 and 700 nm. The other one was
V-groove structured surface made of S136H mold steel as shown in the right bottom
part of Fig. 2. It is the mold for a LED diffusion plate, which is machined by a V-tip
grinding wheel with surface roughness ranging from 90 nm-170 nm, as reported by Lu
et al. [37]. One sapphire nozzle with a diameter of 0.5 mm was used, and the polishing
slurry was silicon carbide abrasive (average particle size of 11.9 pm, GC 1000%,
FUJIMI, Corp.) mixed with pure water with the weight percentage of 10%. Table 1
summarizes the polishing conditions on the sinusoidal structured surface. The whole
surface was polished thoroughly by three passes of polishing to demonstrate its
polishing performance. The polishing experiment on the V-groove surface was divided
into four groups to investigate the polishing performance and the effect of some key
polishing parameters, including feed rate, fluid pressure, impinging angle and stand-off
distance. Table 2 summarizes the polishing conditions. The material of the V-groove
mold surface was S136H with a hardness of 30-35HRC. Two regions with a size of 3

mm X 3 mm on the V-groove surface were polished under each condition.
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Table 1 Polishing conditions for the sinusoidal structured surface

Conditions Value

Fluid pressure 10 bar

Impinging angle 90 degrees

Stand-off distance (SOD) 2 mm

Feed rate 50 mm/min

Tool path Raster path with 0.2 mm scan interval
Polishing time 3 passes of polishing, 32.4 min for each pass

The surface topography of the sinusoidal structured surface before and after polishing
was characterized by a Hitachi Electron Microscope TM3000 with magnifications of
150, 1000, and 5000. The surface roughness was measured on a Zygo Nexview white
light 3D interferometer. The magnification of the object lens was 40. The lateral and
vertical resolutions of the measurement were 208.8 nm and 0.1 nm, respectively. The
arithmetic average surface roughness ( Sa ) was defined according to 1SO25178
standard. The surface roughness was analyzed using the software MX. A nine-order
polynomial filter was used, and other settings were the default settings of the software.
Considering the small effective area for surface roughness measurement in the bottom
area of the sinusoidal surface, a region of around 50 um>60 um was used as the
measurement area of both bottom and top surface of the sinusoidal structured surface.
The 3D surface form of the sinusoidal structured surface was measured by a Form
Talysurf PGI 1240 profilometer. A 60 mm arm with 2 um radius conisphere diamond
stylus was used. The vertical and lateral resolutions were 0.8 nm and 0.25 pm,
respectively. Considering the high surface gradient of the V-groove, leading to missing
data when measured on a white light interferometer, an Alpha-Step D300 profiler (KLA-
Tencor, California, USA) was used to measure the surface profile and surface
roughness. The vertical and lateral resolutions were 0.038 nm and 100 nm, respectively.

The surface roughness was determined according to 1SO 4287:1997 standard.



Moreover, the surface microscale topography was characterized on a high-resolution
scanning electron microscope (SEM, Quanta 450 FEG, FEI Company, Hillsboro, USA).

Table 2 Polishing conditions for the V-groove structured surface

Conditions Group 1 Group 2 Group 3 Group 4
Feed rate (mm/min) 10,20,30,40,60,80,100 30 30 30
Fluid pressure (bar) 8 6,8,10,12 8 8
Impinging angle ( °) 90 90 45,60,75,90 90
Stand-off distance (mm) 4 4 4 2,4,6,8,10
Tool path Raster path with 0.1 mm scan interval

Polishing time (min) 1passof9.3,4.7,3.1, 1 pass of 3.1 min

2.4,16,1.2,1.0 min

4. Results and discussion
4.1 Polishing performance on the sinusoidal structured array surface
4.1.1 Analysis of surface topography

Fig. 3 shows snapshots of the sinusoidal surface before and after polishing. The
surface after polishing becomes much more shiny as compared to the initial surface.
The SEM measurement results were obtained on the top, side, and bottom surfaces of
the sinusoidal surface under three different magnifications. As shown in Fig. 4, typical
discharge craters after EDM could be easily found on the initial surface [38]. These
defects were thoroughly removed after polishing, only leaving tiny abrasive erosion
marks. SEM photos on the edge were also compared as shown in Fig. 5. It was found
that the surface after polishing was much smoother than the initial surface. Meanwhile,

the form at the sharp edge was also maintained well.



Fig. 3 Snapshots of the sinusoidal structured surface before and after polishing
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Fig. 4 SEM photos of the sinusoidal structured surface before and after polishing

under three different magnifications
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Fig. 5 SEM photos of the edge surface before and after polishing
The surface roughness measurement results are presented in Fig. 6. The Sa on the
top and bottom surface before polishing were 642.1 nm and 458.9 nm, respectively.
After polishing, the Sa of the top and bottom surface was reduced to 18.8 nm and
14.4 nm, respectively. The convergence ratio of the surface roughness is defined as

_Sa —Sa

after _ polishing % 100% (1)
Sa,

initial

initial

Msa

where Sa,;, ISthe Sa of the initial surface, while Sa is the Sa after

after _ polishing
polishing. The 7., reached more than 96%, which proves that MFJP is effective in

reducing the surface roughness of the sinusoidal structured surface and has the potential
for the polishing of other kinds of continuous structured surfaces. Furthermore, the
polishing efficiency could be further enhanced by the application of multi-jet polishing

[39] or fluid line jet polishing [40].
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Fig. 6 Surface roughness comparison of the sinusoidal structured surface before and
after polishing

4.1.2 Analysis of surface form maintainability

Except for surface topography, surface form maintainability is also an important
evaluation index in structured surface polishing. A Form Talysurf PGI1240 was used to
measure the surface profile before and after polishing. Fig. 7(a) and Fig. 7(b) show the
measured surface profile before and after polishing, respectively. For better analysis,
they were matched based on the anyDOF registration algorithm [41] and compared as
shown in Fig. 7(c) and Fig. 7(d). It was found that the surface profile was maintained

well as shown in the sectional profile comparison results, and the smoothening of the

surface can also be clearly observed in Fig. 7(c).
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Fig. 7 Analysis of the sinusoidal structured surface profile before and after polishing



In order to compare them quantitatively, the maintenance ratio 7;is defined here for

better comparison, which is expressed as
H H
n=|1-

‘(hpeak - hbottom ) - ( h0_ peak hO_bottom )

hO_ peak hO_bottom

before_ polishing ~—

H

after _ polishing

x100%

before _ polishing

2

=[1= x100%

where H and H are the height between the peak and bottom of

before _ polishing after _ polishing

the structure feature before and after polishing, respectively. h and h are

0_ peak 0_ bottom

the height of the peak and bottom before polishing, while h, and h are the

bottom
height of the peak and bottom after polishing. The form maintenance ratio 77 of the

sinusoidal structured surface after MFJP reached 99.2%, which indicates high form

maintainability.

4.2 Polishing performance on V-groove structured array surface

Fig. 8 shows the surface roughness of the V-groove surface after polishing under
different feed rates. The surface arithmetic roughness Ra was calculated through Eq.
(3) [42] based on the data measured on the Alpha-Step D300 profiler (KLA-Tencor,
California, USA), considering the limited measurement depth and surface gradient of

the Zygo Nexview white light 3D interferometer.
1 cL
Ra:E_[O |h|dx 3)

where L is the sampling length which was 50 pm in this study, 4 is the profile height at
each position. The data were collected at three different positions of each V-groove
surface under each condition. It can be seen that the surface roughness was largely
reduced after one pass of the fluid jet polishing, even under the feed rate of 100 mm/min
(~1 min of the polishing time). Smaller surface roughness was obtained with a slower
feed rate, corresponding to longer polishing time. When the feed rate was 10 mm/min,
the average surface roughness was reduced from 132.5 nm to 40.6 nm after one pass of

polishing (~9.3 min of polishing time). Selected SEM photographs of the polished



surface under different feed rates are also provided in Fig. 9 to compare the surface
quality after polishing. It is found that severe grinding marks on the V-groove surface
were gradually removed under a slower feed rate. This is due to the fact that a slower
feed rate results in longer polishing time and hence larger material removal. Moreover,
the grinding marks were almost completely removed when the feed rate was less than
30 mm/min. This result indicates that MFJP is also effective in improving the surface
roughness of V-groove structured surface, which is a typical type of non-continuous

structured surface.

o o o ©
S 3 o 8
H

-

]

—f

—

.}

-

Surface arithmetic
roughness (pum)

O before 100 80 60 40 30 20 10
polishing Feed rate (mm/min)

=
=

Fig. 8 Measured surface roughness varies with the feed rate
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Fig. 9 Selected SEM photographs under different feed rates

The feature form profile of the V-groove was also measured to evaluate the form

maintainability of MFJP as shown in Fig. 10. MFJP maintains the form well (77 >88%)

when the feed rate is higher than 30 mm/min. The form maintainability ratio 77 was

95.3% when the feed rate was 100 mm/min, while 77 was 69.7% when the feed rate

was 10 mm/min. Hence, a fast feed rate with short polishing time is preferred to obtain

good form maintainability in MFJP of V-groove structured surface polishing, which is



also applicable to other kinds of non-continuous structured surfaces.
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Fig. 10 Structured surface profile comparison after polishing under different feed rates
4.3 Computational fluidic dynamics (CFD) simulation

CFD simulation of FJP has been conducted previously by different researchers to
demonstrate fluid field distribution and material removal characteristics during FJP.
Beaucamp et al. [43] adopted the CFD model to optimize the configuration of the slurry
circulation system, to obtain better polishing performance. Wang et al. [44] utilized the
CFD model to develop a material removal model of FJP under both vertical and tilted
impinging modes. Cheung et al. [45] used the CFD model to analyze the effect of the
target surface curvature on the material removal and obtained a database of tool
influence functions for various kinds of surfaces with different curvatures. Hence, the
CFD method was also used in this study to investigate the flow field distribution and
material removal characteristics during FJP of V-grooved surface. The CFD simulation
model was built using the ANSYS FLUENT software package.

Fig. 11 shows two showcases of the developed model using FLUENT, which are the
jet axis facing the peak and valley of the V-groove surface, respectively. A Eulerian-
Lagrangian approach was used in this model to simulate the multiphase flow that the
liquid water, air, and abrasive particles are involved in. The water and air were treated
as Eulerian phases, while the abrasive particle was treated as the Lagrangian phase.
Besides, the Navier—Stokes equation with incompressible form was applied to solve the
fluid velocity field. Considering the effect of turbulence on the flow field, Shear-Stress

Transport (SST) based on the blending of the k-w and k-¢ turbulence models was used



to express the turbulent fluid flow in the inner region of the boundary layer as well as
in the outer part of the boundary layer for a wide range of the Reynolds number.

To describe the multiphase systems, a coupled algorithm and Volume of Fluid (VOF)
model were employed to solve the pressure-velocity coupling and model the continuous
multiphase, respectively. A random walk model and two-way coupling method were
used to simulate the interaction between the discrete phase and continuum phase. Oka’s
erosion model was employed to determine the material erosion resulting from the
abrasive impact. The fluid pressure of the inlet was 8 bar. Other detailed settings can be
found in the previous publication by the authors [44].
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Fig. 11 Computational fluidic dynamic model of maskless fluid jet polishing V-groove



surface

The simulation result is demonstrated in Fig. 12. It is noted that the velocity
distribution in MFJP for V-groove surface is quite different from the case of FJP on flat
or curved surfaces as presented by Wang et al. [44]. The fluid flow is guided to
concentrate along a direction parallel to the groove direction after impinging, while the
fluid flow perpendicular to the groove direction is blocked as shown in the velocity
distribution in Fig. 12. Hence, the material removal distribution is not rotationally
symmetrically distributed. Moreover, the shape of the material removal distribution in
these two cases were also different from each other, induced by the different fluid flow
movement. It is also noted that the material removal on the peak surface was larger than

the valley position in these two cases, which suggests that the form change of the peak
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Fig. 12 Simulation results of the velocity and erosion rate distribution
4.4 Analysis of the effect of key polishing parameters
4.4.1 Effect of fluid pressure



Fluid pressure is a key parameter in FJP. It can directly determine the impinging
velocity of the fluid jet, which can significantly affect the polishing performance. Fig.
13 shows the surface roughness after polishing under different pressure, and it is found
that the minimum surface roughness was obtained when the fluid pressure was 8 bar.
When the fluid pressure was higher than 8 bar, it resulted in higher surface roughness.
This can be explained by the fact that the abrasive in the fluid jet can attain a higher
impinging speed under higher fluid pressure, leading to deeper indentation of each
abrasive on the target surface, which can result in larger surface roughness. According
to the material removal model of FJP developed by Cao and Cheung [46], the volume

of material removal by a single abrasive /" can be expressed as
1 1 2

Vv :k(zmpvf)(gmpvnz) (4)
where k is a material dependent coefficient, m, is the mass of abrasive particle, v, is the
tangential velocity to the target surface, v, is the normal velocity to the target surface,
and b (0.5<b<1) is a material dependent exponent of the cross-section area of
abrasive indentation. Higher fluid pressure can lead to a higher value of v; and v,
generating a larger material removal amount by a single abrasive particle, which can
also be reflected from the simulated velocity and erosion rate simulation results as

shown in Fig. 13.
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Fig. 13 Simulation results of velocity and erosion rate distribution in fluid jet polishing

of V-groove surface under different pressure



As for the reason for higher surface roughness under 6 bar of fluid pressure, it could
be attributed to the small material removal in this case, which can also be explained by
Eq. (4). As shown in the SEM photographs under different fluid pressure in Fig. 15,
most of the grinding tool marks still exist on the V-groove surface when the fluid
pressure is 6 bar, which further confirms the insufficient material removal under low

fluid pressure.
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Fig. 14 Measured surface arithmetic roughness under different fluid pressure
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Fig. 15 SEM photographs under different fluid pressure

The form profile under different fluid pressure is also demonstrated in Fig. 16. It is

interesting to note that high fluid pressure can lead to low form maintenance. The form

maintenance ratio was 91.9% after polishing with 8 bar of fluid pressure, while 77 was

84.0% when the fluid pressure was 12 bar.
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Fig. 16 Structured surface profile comparison after polishing under different fluid

pressure

4.4.2 Effect of impinging angle
The impinging angle (0° < <90°) is the angle between the fluid jet and the target

surface plane, which determines the impinging direction of the abrasive particles.
Hence, a suitable impinging angle should be considered before MFJP of structured
surface. Impinging angles of 45, 60, 75 and 90 degrees were compared in this study. An
impinging angle of less than 45 degrees was not considered in this study due to the
interference between the nozzle and the target surface during polishing. The surface
roughness of the V-groove surface after polishing under different impinging angles is
demonstrated in Fig. 17. It is noted that a large impinging angle is not beneficial for
obtaining low surface roughness. MFJP with an impinging angle of 45 degrees can

achieve the lowest surface roughness as shown in Fig. 17, that is, 43.6 nm on average.
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Fig. 17 Measured surface arithmetic roughness under different impinging angles



The generation of surface roughness is directly related to the material removal
volume by a single abrasive particle. As described in Cao and Cheung’s model [46], the
volume removal by a single abrasive particle can be decomposed into the sum of normal
and tangential components. The normal component of the volume removal Vy is critical
in the determination of surface roughness, which can be expressed as
myve " sin? 4 o

Py

Vy = K (5)

where k and n are positive constants determined by the experiments, vy is the initial
velocity of the particle before impinging, and p, is the normal component of the contact
pressure between the particle and target surface. Hence, it can be seen from Eq. (5) that
V is positively related to impinging angle & , which explains the phenomenon of larger
impinging angle resulting in higher surface roughness.

Fig. 18 shows SEM photographs of the V-groove surface after polishing under
different impinging angles, and the form profile of them are compared in Fig. 19. It is
interesting to note that a smaller impinging angle is also beneficial for form
maintenance, which can also be explained by the smaller removal volume in the normal
direction of a single abrasive particle as expressed in Eq. (4).
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Fig. 18 SEM photographs under different impinging angles
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Fig. 19 Structured surface profile comparison after polishing under different
impinging angles

4.4.3 Effect of stand-off distance

The stand-off distance (SOD) is not larger than 20 times the jet diameter for normal
FJP. Hence, SODs of 2 mm, 4 mm, 6 mm, 8§ mm, and 10 mm were investigated in this
study. The surface roughness results of the V-groove surface after polishing under
different SODs are demonstrated in Fig. 20. The result indicates that the effect of SOD
on the final surface roughness is not obvious within the suitable range of SOD, which
is consistent with the performance when polishing other kinds of surfaces as reported
by Wang et al. [47]. Nevertheless, the SOD cannot be too small, because some abrasive
particles in the fluid jet cannot reach the same velocity as the jet due to collisions on
the way to the nozzle outlet, resulting in insufficient impact for material removal or a
low material removal rate. As shown in Fig. 21, the material removal rate was the lowest
when the SOD was 2 mm. When the SOD was in the range of 4 mm to 8 mm, the
material removal rate of them was close to each other. Moreover, the effect of SOD on
surface topography and form maintenance is also negligible, as revealed by the results
of the SEM photographs and form profile comparison results in Fig. 22 and Fig. 23,
respectively. The SOD can affect the impinging velocity of the abrasive in the fluid jet,
but the variance of the velocity is small within the working range of SOD, leading to a

tiny fluctuation of the material removal according to Eq. (4).
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5. Conclusions

Maskless fluid jet polishing (MFJP) is proposed for the precision polishing of optical
structured surfaces, which may provide a turnkey solution for the precision production
of high-accuracy intricate optical structured surfaces. As compared to abrasive water
jet machining or fluid jet polishing, no mask is needed during MFJP of structured
surface due to to its low fluid pressure. A feasibility study was conducted on both
continuous (i.e., sinusoidal structured surface) and dis-continuous structured surface

(i.e., V-groove structured surface), as well as a systematic study of the effect of key

parameters. The main findings can be summarized as follows:

(@) Surface defects on sinusoidal structure surface generated by wire EDM machining
are considerably diminished by FJP, obtaining a highly smooth surface. The surface
roughness on the top and bottom position was reduced from 642.1 nm and 458.9
nm to 18.8 nm and 14.4 nm, respectively. Meanwhile, the surface form maintenance
ratio reached 99.8%, which indicates high form maintainability. It demonstrates the
superior polishing performance of MFJP on sinusoidal structured surface. Moreover,
it also sheds some light on the good polishing performance on other continuous
structured surfaces.

(b) The grinding marks on V-groove structured surface can be completely removed by

MFJP. The average surface roughness can be reduced from 132.5 nm to 40.6 nm



after one pass of polishing, while obtaining a form maintenance ratio of more than
95% under certain conditions. This proves that MFJP is also suitable for the
polishing of V-groove structured surface under proper polishing conditions.

(c) High fluid pressure is unfavorable for obtaining good form maintainability.
Moreover, a small impinging angle is beneficial for obtaining good surface
roughness. The effect of the stand-off distance is not obvious, which is the same as

for FJP in other applications.

MFIJP is effective for the polishing of optical structured surfaces in applications
without stringent requirements regarding structure form accuracy, such as illumination
field. This study also sheds some light on the application of MFJP for the post
processing of other components which have small or micrometer-scale cavities or
channels, such as microfluidic channels, etc. Moreover, nanometer-scale polishing
abrasives or even colloidal polishing abrasives can be used for surfaces with stringent
surface roughness requirements.

However, it should be noted that the form maintainability of MFJP on discontinuous
structured surface is not high under a long polishing time. Hence, the surface roughness
of discontinuous structured surface should be good enough to reduce the polishing time
in MFJP to implement high form maintainability. Moreover, the polishing efficiency of
MFIJP is lower than that of the mechanical polishing method, leading to a long polishing

time when polishing large surfaces, which should be further improved in the future.
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