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Abstract: Optical microstructure array surfaces such as micro-lens array surface, micro-
groove array surface etc., are being used in more and more optical products, depending on its 
ability to produce a unique or particular performance. The geometrical complexity of the 
optical microstructures array surfaces makes them difficult to be fabricated. In this paper, a 
novel method named fluid jet-array parallel machining (FJAPM) is proposed to provide a new 
way to generate the microstructure array surfaces with high productivity. In this process, an 
array of abrasive water jets is pumped out of a nozzle, and each fluid jet simultaneously 
impinges the target surface to implement material removal independently. The jet-array 
nozzle was optimally designed firstly to diminish the effect of jet interference based on the 
experimental investigation on the 2-Jet nozzles with different jet intervals. The material 
removal and surface generation models were built and validated through the comparison of 
simulation and experimental results of the generation of several kinds of microstructure array 
surfaces. Following that, the effect of some factors in the process was discussed, including the 
fluid pressure, nozzle geometry, tool path, and dwell time. The experimental results and 
analysis prove that FJAPM process is an effective way to fabricate the optical microstructure 
array surface together with high productivity. 
© 2017 Optical Society of America 
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1. Introduction 
Nowadays, optical components which possess optical microstructure array surfaces are being 
used in more and more products, depending on its ability to produce a unique or particular 
performance. These optical microstructure array surfaces are usually classified as micro-
groove or channel array, micro-lens array, micro grating array, micro-pillar array, etc [1–5]. 
For example, micro-lens array surface have been widely used in imaging, sensing, light 
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source devices and optical interconnects [6–8]. Micro-groove array surface and other pattern 
surface were used to generate structure light for the measurement or imaging of complex 
surface [9–11]. 

To meet the increasing need of the optical microstructure array surfaces, many micro-
machining technologies had been developed, such as micro-milling [12], chemical wet 
etching [13], electrical discharge machining (EDM) [14], ultra-precision diamond turning 
[15–17], and laser or laser assisted micro-machining [18,19]. However, these technologies 
either require relatively expensive equipment, or can be time-consuming. Besides, a number 
of other limitations also had been encountered. For example, micro-milling tool failure is 
difficult to predict, and tool deflection in the tool tip trajectory affects the accuracy of the 
desired features [20,21]. Chemical wet etching requires hazardous chemicals such as 
hydrogen fluoride (HF) [22]. Micro-machining with EDM suffers from electrode wear which 
makes it difficult to reproduce sharp corners and fillets on the workpiece. In addition, EDM 
can also produce large temperature variations, leading to crack formation in the workpiece 
[23]. Ultra-precision diamond turning can hardly be used to machine the hard materials such 
as glass and ceramics, and it is also difficult to be used to machine high aspect ratio 
microstructures. Ogura and Yoshida [24] found that micro-machining with a laser causes 
local melting and a heat-affected zone, which can obstruct subsequent bonding and device 
assembly. Though ultra-fast laser micro machining [25] can solve this problem, the 
machining device is too expensive. Hence, there is a need for the development of a more 
economic and high productivity process to fabricate the optical microstructure array surface. 

Abrasive water jet machining is a cost effective way for producing micro structure array 
surfaces because of its ability to machine a wide range of ductile and brittle materials, with no 
heat affected zone and no tool wear [26,27]. Its fluid pressure could be provided at different 
levels so s to generate the structure surface with different aspect ratio. Haghbin et al. [28] 
successfully used high pressure abrasive water jet to machine micro-channels. As for the 
situation of low fluid pressure with pre-mixed slurry, which also called fluid jet polishing 
[29,30], can also be used to polish or machine three dimensional (3D)-structured surface as 
demonstrated by Ho et al. [31]. To enhance the polishing efficiency of fluid jet polishing, the 
authors [32] developed the Multi-Jet Polishing (MJP) process. However, there exists jet 
interference in the presented experimental results, which leads to different material removal 
of each jet. With this point of view, a novel fluid jet-array parallel machining (FJAPM) 
process is presented in this paper to implement high productivity fabrication of micro-
structure array surfaces. 

In the FJAPM method, an array of abrasive water jets is pumped out of a jet-array nozzle 
possessing a number of orifices, and each fluid jet simultaneously impinges the target surface 
to implement material removal independently. Moreover, the enhancement of the productivity 
is proportional to the number of orifices integrated in the jet array nozzle. When operated 
under low fluid pressure (lower than 20 bar), it could be considered as a polishing process. 
Moreover, it could be a micro-milling process when provides high fluid pressure (i.e. the 
pressure can up to thousands of bar). 

In this paper, a jet array nozzle is optimally designed firstly to diminish the effect of jet 
interference based on the experimental investigation on the 2-Jet nozzles with different jet 
intervals in section 2. In section 3, the material removal characteristic was characterized and 
validated based on computational fluid dynamics (CFD) analysis method. Its surface 
generation model was also built, and several kinds of microstructure array surfaces were 
generated to validate this surface generation model in section 4. Following that, the effect of 
some factors in the process was discussed in section 5, including the fluid pressure, nozzle 
geometry, tool path, and dwell time. 
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2. Design of the fluid jet-array parallel machining tool 

2.1 Principle of fluid jet-array parallel machining process 

Figure 1 shows the principle of FJAPM process. Polishing slurry including abrasives and 
water are mixed adequately by mechanical stirring in a tank, and pumped at a certain pressure 
to a jet array nozzle as shown in Fig. 1(a). Fluid jet array with certain jet interval are 
generated, and impinge the target surface leading to material removal. In FJAPM, each fluid 
jet works independently with the same material removal characteristic, and moves along the 
same tool path simultaneously as shown in Figs. 1(b) and 1(c). 

 

Fig. 1. Principle of Multi-Jet parallel machining process. (a) Schematic diagram of the 
polishing system, (b) spatial distribution of the fluid jet array, and (c) top view of synchronous 
movement of each fluid jet. 

However, there exists jet interference which leads to the change of material removal of 
each fluid jet as shown in Fig. 2(a), and extra material removal at the center of the adjacent 
fluid jet as shown in Fig. 2(b). Hence, the jet interval must be designed large enough in 
FJAPM to minimize the jet interference, so as to obtain the same material removal 
characteristic of each fluid jet. 

 

Fig. 2. Jet interference demonstration. (a) Fluid jet interference of a linear distributed 5-jet 
nozzle, in which the orifice diameter is 1mm and the jet interval is 2mm; (b) the corresponding 
material removal on BK7 with the dwell time of 3 min [32]. 

2.2 Optimal design of the parallel jet machining tool 

To determine the suitable jet interval, a group of experiments were conducted to study the 
tool influence function (TIF) generation by adopting a series of 2-Jet nozzles with different jet 
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intervals. As shown in Fig. 3, the orifices of the nozzles were all designed as 0.3 mm. In this 
study, 440C stainless steel with heat treatment was adopted as the nozzle material. The 
orifices were machined through electrical discharge machining (EDM), and the practical 
orifice diameter was about 0.29 mm~0.34 mm. Moreover, the jet interval was designed as 0.6 
mm, 1 mm, 2 mm, and 3 mm, respectively. 

 

Fig. 3. Photographs of four kinds of 2-Jet nozzles with different jet interval: (a) jet interval = 
0.6mm, (b) jet interval = 1 mm, (c) jet interval = 2 mm, and (d) jet interval = 3 mm. 

TIF generation experiments were conducted on ZEEKO IRP200 7-axis ultra-precision 
polishing machine with our purposely designed nozzle. The TIF was generated on nickel 
copper alloys which is widely used materials for optical mold insert. 4000# silicon carbide 
(SiC) abrasive mixed with water was adopted as the machining slurry. Moreover, the fluid jet 
impinged the workpiece vertically. Table 1 summarizes the TIF generation conditions. 

Table 1. TIF generation conditions 

Slurry concentration Fluid pressure (bar) Stand-off distancea (mm) Dwell time (min) 

Silicon carbide: water = 1 kg:10 kg 8 3 2 
a The stand-off distance has been defined in Fig. 1(a). 

Figure 4 demonstrates the generated TIFs of 2-Jet nozzle with different jet interval 
measured by the Zygo Nexview 3D optical profilometer. As shown in Fig. 4(a), the TIF shape 
was distorted significantly induced by the jet interference. When the jet interval increases to 1 
mm, the jet interference can still affect the TIF shape, which makes the material removal 
much deeper in the central region than the peripheral region as shown in Fig. 4(b). When the 
jet interval is 2mm, the effect of the jet interference can hardly be observed in the generated 
TIF as shown in Fig. 4(c), and there is no jet interference when the jet interval is 3mm as 
shown in Fig. 4(d). Although there are some slightly differences of each jet in Fig. 4(c) and 
Fig. 4(d), it may be induced by some burrs inside the orifice after EDM or the roundness of 
the orifice as shown from the magnified photo of the orifice in Fig. 3. Hence, when the orifice 
diameter is 0.3 mm, the jet interval should be larger or equal to 2 mm to minimize the effect 
of jet interference to the material removal. Considering that large jet interval could decrease 
the space utilization of the nozzle, 2mm was selected as the jet interval to design the jet array 
tool in this study. 
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Fig. 4. Generated TIF shapes of the nozzles in Fig. 3: (a) jet interval = 0.6mm, (b) jet interval = 
1mm, (c) jet interval = 2mm, and (d) jet interval = 3mm. 

In this study, linear distributed 4-Jet jet array nozzle was designed as the FJAPM tool with 
the jet interval of 2 mm as shown in Fig. 5(a). Figure 5(b) shows its generated TIF with the 
same conditions as shown in Table 1. The material removal shape and the depth of each jet 
are very close with each other. It indicates that the jet interval of 2 mm is suitable for the 
FJAPM when the orifice diameter is 0.3 mm. It is interesting to noe that there exist some 
small differences between the TIF of each jet. These differences are mainly induced by the 
geometrical error of the orifice shape as shown in Fig. 5(a). Besides, the wearing of the 
orifice may also lead to these differences. However, it is still good enough for conducting the 
feasibility verification study of the fluid jet array machining method. The surface material 
removal after machining along a 6 mm length line with the feed rate of 0.5 mm per min was 
also characterized as shown in Fig. 5(c), and the shape and the form of the removed material 
were also closed to each other, which further validates the rationality of the jet interval of 2 
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mm. In order to confirm the pumped out fluid flow of each jet from the 4-jet jet array nozzle 
has the same fluid pressure, Computation Fluid Dynamics (CFD) simulation was conducted, 
and the velocity results have been shown in Figs. 5(d) and 5(e). The volume of fluid (VOF) 
model was employed to model the continuous multiphase, and the shear stress transport k-ω 
model was adopted to study the effect of the turbulence on the fluid flow. Other CFD model 
details can refer to the previous work [32] done by the authors. Moreover, the velocity of the 
pumped out fluid flow after 1mm distance from the nozzle was also extracted along the line 
shown in Fig. 5(e). It indicates that the fluid velocity of each jet is almost the same among 
each other, which further proves that fluid pressure of each pumped out jet is equal. 

 

Fig. 5. Photograph and material removal characteristics of multiple linear distributed 4-jet 
nozzle: (a) Photograph of the multiple linear distributed 4-jet nozzle, (b) TIF contour with the 
dwell time of 2min, (c) generated surface form after polishing along a 6 mm length line with 
the feed rate of 0.5 mm/min, (d) simulated velocity distribution of the fluid flow pumped out of 
the 4-jet jet-array nozzle, (e) magnified figure of the region in (d), and (f) the velocity 
distribution of four fluid jet flow when pumped out 1mm distance. 
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3. Characterization of the material removal 
As jet interference almost has no effect on the material removal of each jet, the material 
removal of the FJAPM can be characterized through accumulating material removal of all 
single jets. The maximum fluid pressure of ZEEKO IRP 200 is 20 bars. Hence, fluid jet 
parallel machining in this study can be treated as a polishing process. The material removal of 
a single jet polishing process can be characterized through combining the computational fluid 
dynamics analysis with a single abrasive erosion model, which can refer to the previous work 
by the authors [32,33] for details. The Eulerian-Lagrangian approach was used to simulate the 
multi-phase flow that the liquid water (continuous phase) and abrasive particles (discrete 
phase) are involved in. In this approach, the water and air are treated as Eulerian phase, and 
the abrasive particles are treated as Lagrangian phase. The Vicker’s hardness of SiC is 
27.445GPa in the erosion model. 

Figure 6 shows the simulated results when the fluid pressure is 4 bars with the dwell time 
of 3 minutes, and other conditions were the same as shown in Table 1. Figure 6(a) presents 
the sectional fluid velocity distribution, and the material removal distribution was shown in 
Fig. 6(b). 

 

Fig. 6. Simulation results of single jet polishing when the fluid pressure is 4bar: (a) Simulated 
fluid velocity distribution, (b) simulated material removal distribution. 

Assuming the single jet’s TIF, which is the material removal depth in a unit time, can be 
expressed by a K × L matrix RSJ

[K × L]. Normally, the corresponding material removal region 
of the TIF is smaller than the length of the jet interval. Hence, the TIF of the single jet should 
be extended to the size equal to the length of the jet interval, which becomes a M × N matrix 
REX_SJ

[M × N], where M> = K, N> = L. When I × J jet array with uniform jet interval are 
integrated in a jet array nozzle, its TIF RMJ

[P × Q] can be expressed as 
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Where P = I × (M-1) + 1;Q = J × (N-1) + 1; REX_SJ
[(M-1) × (N-1)], REX_SJ

[(M-1) × N], REX_SJ
[M × (N-1)] 

are REX_SJ
[M × N] subtracted from three kinds of edges of the matrix data, respectively. 
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The TIF of the jet array nozzle can be generated through combining the simulation results 
of the single jet’s TIF and Eq. (1). Figure 7(a) shows the measured 3D topography of the 
material removal distribution with the dwell time of 3 minutes, and the corresponding 
simulated material removal is shown in Fig. 7(b). In order to compare their shape and size 
accurately, the Gaussian process and image registration method was used to match the 
simulation and experimental results [34]. Figure 7(c) presents the matching 3D results, 
together with the comparison of their corresponding sectional profiles. The experimental and 
simulation result agrees well with each other. The deviation error was also extracted as shown 
in Fig. 7(d) to determine the deviation quantitatively. The root-mean-square (RMS) value of 
the deviation error is 1.5 μm, which is only 6.64% as compared to the maximum amplitude of 
the experimental data. Hence, the characterization model of the material removal 
characterization is effective, and can be successfully used to simulate the material removal of 
the FJAPM. Though some deviations can be observed in Fig. 7(c), especially the periphery 
part of each jet’s TIF, which may be induced by the error of the model itself used in CFD or 
some assumptions made during the simulation process [33]. There also exist some small 
deviations leading to the asymmetry of the TIF, which is caused by the machined geometrical 
error of the orifices and the burrs inside. 

 

Fig. 7. Validation of the model to characterize the material removal of FJAPM: (a) measured 
practical material removal, (b) simulated material removal, (c) comparison of the 3D matching 
results marked with sectional profiles (Dash line and solid line are corresponding to the 
measured result and simulation result, respectively), (d) the deviation between the simulation 
and measured results. 

4. Surface generation mechanism 

4.1 Surface generation model 

As for the FJAPM process utilizing low fluid pressure, the material removal is much 
shallower than the abrasive water jet machining process. The machined surface of the 
preceding step has little effect on the subsequent material removal. Hence, the material 
removal during the polishing process could be considered as linear material removal [35], 
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which means that the TIF during the polishing process could be considered as the same over 
the whole surface. Viewing this, the surface generation of the FJAPM can still use the method 
adopted in deterministic polishing process [36], which are the two dimensional convolution 
between TIF and the dwell time. The material removal amount H(x,y) can be expressed as: 

 ( , ) ( , ) ( , )x y x y x y= ∗MJH R T  (2) 

where T(x,y) is the dwell time distribution matrix. The initial surface form is assumed to be 
H0(x,y), the generated surface form E(x,y) can be 

 ( , ) ( , ) ( , )x y x y x y= −0E H H  (3) 

In this model, the TIF matrix RMJ could be the simulated one as demonstrated in section 3, 
and it can also be the measured result of the experimental generated TIF, which depends on 
the practical situation. The verification experiments of this model under these two 
circumstances have been presented on various microstructure array surfaces in the following 
part. 

4.2 Model verification based on simulated tool influence function 

In this section, both simulation and experiments were conducted to demonstrate the material 
removal along two different kinds of paths, and the simulated TIF was adopted in the 
simulation process. In the first kind of path, the jet array nozzle moved along an orthogonal 
crossed line path, and the length of each line is 6 mm. The second path is 4 sequential raster 
paths, and the distance between each raster path is 2 mm. Path size of each raster path is 1.6 
mm × 1.6 mm with 0.1 mm scan interval. Other polishing conditions are summarized in Table 
2. The workpiece is the nickel copper diamond turned flat surface, with the form error of 
surface smaller than 500 nm, which can reduce the effect of the initial surface error to the 
generated structure array surface. The polishing slurry is the same as mentioned in section 
2.2. The material removal matrix as shown in Fig. 7(b) divided by 2 was taken as the TIF 
matrix RMJ. Moreover, the simulation of the surface generation was according to Eqs. (2) and 
(3). During the simulation of the material removal along a continuous path, the path was 
discretized to many high density distributed dwell points with the averaged dwell time [37]. 

Table 2. Polishing conditions for the validation experiments based on simulated TIF 

Tool path type Fluid pressure (bar) Stand-off distance* (mm) Feed rate (mm/min) 

Crossed line 4 3 1 

4 raster path 4 3 4 

Figures 8 and 9 present the simulation and experimental results of the surface generation 
along these two paths, respectively. It is interesting to note that the simulated result agrees 
quite well with the measured result. Their deviation error between simulation and 
experimental results were also quantitatively determined through the matching process. The 
RMS values of their deviation error are only 0.31 μm and 0.61 μm. The ratio of this RMS 
value to the maximum amplitude of the surface form is defined as η. Hence, η of these two 
cases are only 5.09% and 5.93%, respectively. As shown in Figs. 8(b) and 9(b), the generated 
structure surface has quite good surface texture, with the arithmetic roughness (

aR ) of 32 nm 

and 25 nm, respectively. 
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Fig. 8. Generated surface on nickel copper alloy through adopting the cross line path: (a) photo 
graph taken on Alicona Infinite Focus, (b) measured surface roughness of the position in (a), 
(c) measured surface form on Zygo Nexview 3D profilometer, and (d) simulation result of the 
generated surface form, (e) 3D matching results of the measured and simulated surface form, 
and (f) deviation error distribution. 
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Fig. 9. Generated surface on nickel copper alloy through adopting the 4 sequential raster path: 
(a) photo graph taken on alicona InfiniteFocus, (b) measured surface roughness at the position 
shown in (a), (c) measured surface form on Zygo Nexview 3D profilometer, and (d) simulation 
result of the generated surface form, (e) 3D matching results of the measured and simulated 
surface form, and (f) deviation error distribution. 

4.3 Model verification based on measured tool influence function 

To further validate this surface generation model based on the measured TIFs, another two 
cases adopting two different paths to generate two kinds of micro-structure array surfaces 
were conducted in this section. The first kind of path is two adjacent 5 mm lines with the 
interval of 0.22 mm. Figure 5(c) has demonstrated the generated groove array when the jet 
array nozzle moves along one line, the deepest depth is not at the center of the groove. The 
deepest position of the groove can be moved to the center of the groove through the 
superposition of the removal of two adjacent lines. The material removal matrix as shown in 
Fig. 7(a) divided by 2 was taken as the TIF matrix RMJ, which also means that all the 
polishing conditions are the same with the conditions relating to the result of Fig. 7. The feed 
rate is 2 mm per min, and the workpiece material is nickel copper alloy. Figure 10 shows the 
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surface generation results of this kind of groove array surface. The experimental and 
simulation results have reasonably with agreement with each other as shown in Fig. 10(c). 
The RMS of the deviation error is 0.41 μm, and η is 7.21%. 

 

Fig. 10. Generated channel arrays with the 2-line path on nickel copper alloy: (a) measured 
surface form on Zygo Nexview 3D profilometer, and (b) simulation result of the generated 
surface form, (c) 3D matching results of the measured and simulated surface form, and (d) 
deviation error distribution. 

The second case aims to generate a 4 × 4 lens array surface on a ground BK7 sample 
through adopting four sequential circle paths. The radius of each circle is 0.18 mm and the 
interval between each circle is 2 mm as shown in Fig. 11(a). The diameter of the BK7 sample 
is 20 mm. The polishing conditions are the same as mentioned in Table 2. The federate is 2 
mm per minute. Each circle path was executed three times before moving to another one. The 
arithmetic roughness aR  of the ground BK7 surface is 0.668 μm as shown in Fig. 11(b). 

Moreover, the arithmetic roughness ( aR ) of the generated lens array surface is 0.144 μm as 

shown in Fig. 11(c). Figure 11(d) shows the generated lens array surface on ground BK7 
glass. The simulation of the surface generation of lens array adopting the practical TIF as 
showed in Fig. 11(e) was presented in Fig. 11(f). The 3D shape of them matched well with 
each other as shown in Fig. 11(g), and Fig. 11(h) shows the deviation error map. The RMS 
value of the deviation error is 0.30 μm, and η is only 3.10%. It indicates that the proposed 
surface generation model can be successfully used to predict the surface generation of the 
FJAPM process. Moreover, the maximum depth of each generated lens is compared in Fig. 
11(i) to quantitatively analyze the uniformity. And the variation range is about 10.4%~8.3%. 
This is mainly induced by the difference of TIF of each jet as discussed in section 2.2. The 
non-uniformity can be minimized in a future research through adopting the ceramic or 
diamond nozzle material. 
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Fig. 11. Generated 4 × 4 lens array surface on ground BK7 glass: (a) photo graph of the 
generated lens array surface, (d) measured surface form on Zygo Nexview 3D profilometer, (e) 
measured practical TIF on BK7 for the simulation, (f) simulation result of the generated 
surface form, (g) 3D matching results of the measured and simulated surface form, (h) 
deviation error distribution, and (i) maximum depth comparison of the generated lens array. 

The total machining time of this lens array surface is only 6 minutes 48 seconds. For 
classical single jet polishing, the time needs to generate for a 4 × 4 lens array would be 27 
minutes 12 seconds. It infers that the utilization of the 4-jet jet array nozzle saves 3/4 of the 
total machining time. Moreover, the productivity of the FJAPM process can be directly 
proportional to the number of orifice integrated in the FJAPM nozzle. If there are 1 0 × 10 
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orifice designed on the FJAPM nozzle, and it is used to machine a 10 × 10 lens array surface, 
the total machining time would be only 1/100 of the classical single jet polishing process. 

As the diameter of the orifice in the jet array nozzle in this study is 0.3 mm, the generated 
diameter of the lens unit is ~1.2 mm. However, the diameter of the orifice can be made as 
small as 10 μm. Hence, lens unit with the diameter of several tens of micrometers can also be 
fabricated through scaling the size of the orifice on the jet array nozzle. 

5. Discussions 

5.1 Effect of the fluid pressure 

Limited by the experimental device used in this study, low fluid pressure (<20 bar) was 
provided in the above experiments. The shape of the TIF or footprint of each single jet is a 
ring shape, and the material removal rate is very small. Hence, the depth of the structure 
surface generated in this study was usually only several micrometers. Moreover, the 
generation of the lens array surface and micro-grooves may need a purposely designed tool 
path. However, when providing high fluid pressure, this process becomes a jet-array parallel 
milling process. The jet footprint becomes a Gaussian-like shape [27], and the shape can also 
be controlled through controlling its machining conditions. Under this situation, no tool path 
is needed to generate a lens unit for a single jet corresponding to the result in Fig. 10, and no 
material removal superposition is required to generate a micro-groove with the deepest depth 
at the center corresponding to the result in Fig. 10. With this in view, the FJAPM process 
could be used to generate various kinds of microstructure array surface from low aspect ratio 
to high aspect ratio, including the optical microstructure, through controlling the fluid 
pressure. 

5.2 Effect of the jet array nozzle geometry 

The diameter of the orifice in the study was nominally 0.3 mm, and the generated TIF size of 
each jet was about 1 mm. However, the size of TIF can also be controlled through adopting 
different sizes of the orifice. The diameter of the orifice can be made from about 10 
micrometers to several millimeters. Moreover, the size of the abrasives can be tens of 
nanometers to several millimeters. Hence, multi-scale of the structure array surface varies 
from tens of micrometers to millimeters, could be fabricated through adopting the FJAPM 
process. 

The geometrical accuracy of the orifices on the jet array nozzle, including roundness error, 
burrs inside, etc., is critical for the uniform material removal of each jet in the FJAPM, which 
can be seen from the results especially in Fig. 7. The machining error of the orifices have 
induced some non-uniformity of the generated structure array surface in this study, but the 
non-uniformity was very small which can prove that the FJAPM process is effective for 
machining the optical microstructure array surface. In the future, the geometrical accuracy of 
the orifice can be further improved through using the ceramic nozzle material and laser 
drilling orifice, which will improve the uniformity of the machined optical microstructure 
array surface. 

Four orifices were integrated in the jet array nozzle in this study, which can generate four 
parallel fluid jets synchronously. Moreover, its productivity is four times as compared to the 
single jet nozzle which has been analyzed in section 4.3. When the fluid pressure can be 
provided large enough, tens or hundreds of orifices could be designed in one jet array nozzle. 
And its machining efficiency would be enhanced tens to hundreds times. 

5.3 Effect of the tool path and dwell time 

The FJAPM process is also a deterministic polishing process which is the same as the 
classical fluid jet polishing. Its material removal can also be controlled through controlling 
the dwell time. Cheung et al. [38] had proposed a method to generate the structure array 
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surface through computer controlled ultra-precision polishing, and both simulation and 
experimental results demonstrate that it is an effective way to generate the structure array 
surface. With the successful fabrication of those structure arrays surfaces presented in part 4, 
it suggests that other structure array surfaces for different applicationd can also be fabricated 
by the FJAPM method through adopting different tool path plan and dwell time. With the 
known target structure array surface form and TIF of the FJAPM tool, the dwell time could be 
computed based on the dwell time calculation algorithm [35] presented before. 

6. Conclusions 
A novel fluid jet-array parallel machining (FJAPM) process was presented in this paper, 
which provides a new way to generate the microstructure array surfaces with high 
productivity, especially on hard and brittle materials. In this process, each pumped out fluid 
jet from the jet-array nozzle impinges the target surface synchronously, with almost no fluid 
jet interference. Hence, each jet in the FJAPM process can work independently with almost 
the same material removal characteristics. The material removal model and surface generation 
model have been built, and validated through both simulation and practical polishing 
experiments. The generation of several kinds of microstructure array surface utilizing the 
FJAPM process was also demonstrated, such as lens array surface, micro-groove array 
surface, etc. The results prove that the FJAPM process is an effective way to fabricate the 
microstructure array surface together with high productivity, whose material removal can be 
accurately predicted and controlled. Moreover, its machining efficiency is proportional to the 
number of the orifices designed in the FJAPM nozzle. Its surface generation process can be 
successfully predicted adopting the proposed surface generation method. 

Limited by the experimental device in this study, only low fluid pressure experiments 
were conducted, which is fluid jet-array parallel polishing. However, it can also be extended 
to the machining field of high pressure fluid jet, which is fluid jet-array parallel milling. With 
the high fluid pressure, the form of the machined microstructure array surface would have 
much higher aspect ratio and material removal rate. In addition, there exists some small non-
uniformity of the generated structure array surfaces, which is induced by the geometrical error 
of the machined orifice and wearing of the orifice. This non-uniformity could be further 
minimized through adopting wear-resist ceramic or diamond nozzle material in our future 
work. 
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