
DOI 10.1515/aot-2012-0061      Adv. Opt. Techn. 2013; 2(3): 257–268

www.degruyter.com/aot

© 2013 THOSS Media & 

     Research Article 

    Hao   Zhang   ,     Sebastian   Scheiding   ,     Lei   Li   ,     Andreas   Gebhardt   ,     Stefan   Risse   ,     Ramona   Eberhardt   , 

    Andreas   T ü nnermann    and     Allen Y.   Yi*      

  Manufacturing of a precision 3D microlens array 
on a steep curved substrate by injection molding 
process   

  Abstract:   In this study, a high volume low cost manu-

facturing method for microoptical microlens arrays on 

steep curved substrates using a microinjection mold-

ing technique was investigated. The design of the indi-

vidual lenslets was performed using ZEMAX. This 3D 

microlens array in this study contains 1219 microlenses 

that are evenly distributed on its concave surface with a 

high fill factor. The overall field of view of this microlens 

array on curved substrates is more than 104 ° . To com-

plete the manufacturing process, first the mold inserts 

were machined using a voice coil based fast tool servo 

technique, then the 3D microlens arrays were injection 

molded. The injection molding process parameters were 

evaluated using both experiments and numerical simula-

tion for best molding results. In addition, both geometri-

cal errors and optical performance tests showed that the 

molded polymer microlens arrays can be used in wide 

angle imaging applications. This study demonstrated 

that this combined process is capable of fabricating high 

precision microlens arrays at steep curved substrates at 

low cost. The microlens arrays created in this study have 

broad applications in optical, medical and biomedical 

domains. The success of this study provided a feasible 

solution for mass production of 3D microlens arrays on 

arbitrary substrates.  
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1     Introduction 
 Accurate microstructures are becoming increasingly 

important for their wide applications in optical, electronic, 

biomedical and medical domains [ 1  –  4 ]. Precision micro-

structures, such as microlens arrays, have been fabricated 

using different methods [ 5  –  9 ]. Most of these methods were 

successfully used to produce uniform micro features with 

controlled surface profiles. However, these processes were 

mainly used to create features on planar substrates. 

 For 3D micromachining, photolithography based 

methods were developed, including, but not limited 

to, multilayer exposure [ 10 ], gray-scale lithography [ 11 ] 

and micro loading effect in reactive ion etching [ 12 ]. 

However, these methods tend to be technically complex 

and often require expensive facilities. Besides, most of 

these methods approximate 3D microstructures by per-

forming multilayer 2D exposure and repeated alignment. 

These methods are more precisely 2.5D micromachin-

ing, restricting their applications. In addition to photoli-

thography based methods, processes based on substrate 

reshaping was also attempted by some researchers [ 13  –

  15 ], which was realized by fabricating microstructures on 

2D flexible substrates and then transferring them to a non-

planar substrate. This method changed the shape of the 

substrate, therefore has limitation in substrate material 

and pattern feature selection making it less suitable for 
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mass production. Except these, 3D microlens arrays were 

also successfully developed by another method [ 16 ,  17 ], 

in which the polymethylmethacrylate (PMMA) substrates 

were indented by designed indenters and afterwards 

immersed into ethanol to form the designed shapes. 

 The hot compression molding method was also uti-

lized to create simple micro features [ 18 ,  19 ]. This method 

is preferred for industrial scale mass production, because 

of its low cost and high efficiency. However, 3D micro-

structures such as the 3D microlens arrays cannot be 

easily fabricated using this method because of the difficul-

ties involved in mold making. In recent years, efforts have 

been made to apply the slow tool servo (STS) ultrapreci-

sion diamond machining technique to creating 3D micro-

structures [ 20  –  22 ]. However, STS is usually the primary 

choice for manufacturing freeform optical surfaces with 

large deviations. With the development of the fast tool 

servo (FTS) technique aimed for fabrication of small peak-

to-valley micro features [ 23 ,  24 ], it is possible to fabricate 

molds with precise 3D microstructure arrays with high 

accuracy and precision at high production rates. Thereby, 

a combination of precision mold fabrication and a high 

efficient microinjection molding process can be a possi-

ble solution to manufacturing microstructure arrays with 

high optical quality in high volume. 

 In this study, the 3D microlens arrays on curved sub-

strates were fabricated based on the combination of FTS 

and the microinjection molding technique. The aim of 

this design was to develop a device with a wide field of 

view (FOV), a high fill factor and compact size. The main 

objective of this study was to investigate the 3D microma-

chining capability of microinjection molding using mold 

inserts that were machined by a voice coil FTS. The 

process parameters were carefully considered using com-

puter simulation and proper conditions were identified to 

fabricate the microlens arrays on steep curved substrates 

of high optical quality. To evaluate fabrication quality, the 

3D microlens arrays were measured for both geometrical 

accuracy and optical performance with a focus on large 

FOV imaging applications. The efforts in this study can 

be utilized in achieving microlens arrays of high optical 

quality at very low manufacturing cost.  

2    3D Microlens array design 
 Compared with 2D microlens arrays, microlens arrays on 

curved substrates have a much wider FOV. In an earlier 

publication [ 25 ], a microlens array on curved substrates 

based on the projection method has been successfully 

developed. However, the resulting patterns have a rela-

tively low fill factor. In this study, the strategy of the 

design is to pursue a wide FOV and a high fill factor while 

maintaining a compact size. This 3D microlens array can 

be applied to 3D projection generating a complex micro 

feature array with high fill factor on curved substrates. In 

addition, the 3D microlens array can also be developed 

into optical devices needed for integrated imaging, solar 

energy concentration, and 3D motion detection. 

 The layout of the 3D microlens array is shown in  Figure 1 . 

At the bottom of the spherical substrate 1219 lenslets are 

evenly distributed and can be divided into 21 layers. For 

the spherical substrate, the radius of its top surface  R  
T
  

is 12.5000 mm, and the radius of its bottom surface  R  
B
  is 

11.0111 mm. The cross-section of the 3D microlens array is 

displayed in  Figure 1 A. Along the  x -axis, there are 21 lens-

lets namely from  n  
1
  to  n  

21
 , which represent layer 1 to layer 21. 

At each layer, the lenslets are generated by rotating around 

the  z -axis, as shown in  Figure 1 B. Details of the lenslet 

 Figure 1      Design of the 3D microlens array on curved base. (A) Cross-sectional view, (B) top view.    
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layout are listed in  Table 1 . The information of the normal 

direction of each layer measured from the  z -axis is also 

listed in  Table 1 . The included angle from layer 21 to the  z -

axis is 52.0537 ° , giving the overall FOV of the 3D microlens 

array to be more than 52.0537   ×   2  =  104.114 ° . The individual 

lenslets were designed and optimized using ZEMAX. As 

indicated in  Figure 1 A, the diameter of the aperture of each 

individual lenslet   ϕ   is 0.5 mm, and the radius of the bottom 

surface  r  is 3.80828 mm. The thickness of each individual 

lenslet  T  is 1.5 mm. The back focal length is 5.8 mm, result-

ing in an  f /# of 11.6. A larger  f /# helps reduce aberrations 

and therefore improves imaging quality.   

 The angular resolution of individual lenslet is approx-

imately 0.08 °  according to the Rayleigh criterion shown 

in Eq. (1). 

    
sin 1.22

λ
θ

φ
=

 (1) 

 where   θ   is the angular resolution in radian,   λ   is the wave-

length of light. The angular resolution is larger compared 

to a macro size individual lens, because the 3D microlens 

array sacrifices the angular resolution of individual lenslets 

to improve its overall FOV, which is very similar to the strat-

egy of compound eyes in nature. An image of wide FOV by 

individual lenslets can be achieved by adding an aperture 

array behind the 3D microlens array to prevent crosstalk 

among adjacent lenslets. Three different incident angles: 

0 ° , 5 ° , and 10 °  were employed to demonstrate the simulated 

angular performance of the individual lenslets. A diagram 

of the spots for the incident rays is shown in  Figure 2 A. The 

sizes of the spots are listed in  Table 2 , indicating that off-axis 

aberrations are reduced, even for the 10 °  incident beam.   

 The optical performance of the individual lenslet was 

simulated using ZEMAX (Radiant Zemax Corporate Offices 

& Research Center, Redmond, WA, USA), based on the F, 

D, C visible wavelengths (486.1327, 587.5618, and 656.2725 

nm). The cross-section of the point spread function (PSF) 

is shown in  Figure 2 B. Two diffraction rings can be seen 

clearly with the diameter of the first dark ring at 7.0325  μ m 

with approximately 86% of the energy inside the first ring. 

 Figure 2 C displays the optical path difference (OPD) of the 

lenslet. The maximum values for the F, D, C wavelengths 

are 0.0862, -0.0315, and -0.0683 waves, respectively. The 

modulation transfer function (MTF) is displayed in  Figure 

2 D. The spatial frequency cut-off values for the three wave-

lengths are 170.636, 139.491, and 124.237 Lp/mm.  

3    Injection molding fabrication 
 The insert for injection molding, as shown in  Figure 3 A, 

was fabricated using a voice coil based FTS technique on 

a Nanotech 450 UPL machine (Moore Nanotechnology 

Systems, LLC, Swanzey, NH, USA) (www.nanotechsys.

com). The finished insert has a surface roughness that 

is less than 4 nm. The overall form error of this freeform 

surface deviates below   ±  3  μ m from the nominal value. The 

customized program and the results of the diamond turned 

microoptical lens arrays on a steep curved substrate by 

use of a voice coil FTS process were summarized by Schei-

ding et al. earlier [ 24 ]. The Sodick microinjection molding 

machine (Sodick Plustech Co. Ltd., Tsuzuki-ku, Yokohama, 

Kanagawa, Japan) used in this study can deliver a maximum 

clamping force of 30 ton and a maximum injection velocity 

of 250 mm/s [ 26 ,  27 ]. This machine is also capable of inject-

ing a very small amount of polymer (  <  1 g) with three times 

the packaging pressure of a conventional injection molding 

machine and therefore can transfer the detailed micro fea-

tures from the mold inserts to the polymer components. A 

common optical grade material, PMMA (GE Polymerland 

Inc., code named Plexi-glas1 V825 – 100), was used to fabri-

cate the 3D microlens arrays. Important material properties 

of the polymer used for this study are listed in  Table 3 .   

3.1    Microinjection molding simulation 

 The microinjection molding fabrication process was simu-

lated using CAE software Moldex3D (CoreTech System 

Co., Ltd. Chupei City, Hsinchu County, Taiwan) (www.

moldex3d.com/en/) to study the surface deviation due to 

 Table 1      Lenslet layout.  

 Layer  Layer normal 
direction ( ° ) 

 Lens 
number 

 Layer  Layer normal 
direction ( ° ) 

 Lens 
number 

 Layer  Layer normal 
direction ( ° ) 

 Lens 
number 

 1  0  1  2  2.6027  6  3  5.2054  12 

 4  7.8081  18  5  10.4107  24  6  13.0134  31 

 7  15.6161  37  8  18.2188  43  9  20.8215  49 

 10  23.4242  54  11  26.0269  60  12  28.6295  66 

 13  31.2322  71  14  33.8349  76  15  36.4376  82 

 16  39.0403  87  17  41.6430  91  18  44.2457  96 

 19  46.8483  100  20  49.4510  105  21  52.0537  110 
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 Table 2      Angular performance of the individual lenslet.  

 Incident   angle  RMS radius ( μ m)  Geometrical radius ( μ  m) 

 0 °   1.498  3.464 

 5 °   2.040  6.409 

 10 °   4.486  10.918 

A B

 Figure 3      (A) Finished mold insert. (B) Sodick microinjection molding machine.    
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 Figure 2      Optical performance of the individual lenslet, based on F, D, C wavelengths. (A) Diagram of the spots, (B) PSF, (C) OPD, (D) MTF.    

thermal shrinkage of the 3D microlens array. A solid model 

was first built in Solidworks and meshed using Hypermesh. 

The micro features at the bottom surface were removed from 

the model to simplify the numerical simulation. The PMMA 

material data employed in the experiments was imported 

from the Moldex3D database. The parameters setting of 

the microinjection molding process were based on pre-

vious experience. In microinjection molding of polymer 

optics, a higher melt temperature was preferred because 

the polymer viscosity is further reduced and therefore the 

melt flow can be improved in the filling stage [ 26  –  28 ]. Fur-

thermore, the PMMA melt with a higher temperature needs 

more time to cool down and therefore allows more effective 
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packing. A higher injection speed can help the PMMA melt 

flow into the cavity quickly to avoid rapid cooling in the 

delivery system. Although higher packing pressure and 

longer packing time lead to more material flowing into the 

cavity [ 27 ], excessive packing pressure may cause uneven 

distribution of density, resulting in variations in refraction 

index. Moreover, if the packing time is too long the gate will 

be frozen thus preventing material from flowing into the 

cavity. In this study, the optimized fabrication conditions 

were studied using numerical simulation as summarized in 

 Table 4 . After microinjection molding was completed, both 

simulation and experimental results are plotted in Figure 6 

in Section 4.2 for further study.   

 Table 3      Properties of Plexi-glas1 V825 – 100.  

 Material properties  Value 

 Glass transition temperature,  T  
g
   101 ° C 

 Solid density,   ρ    1.172 g/cm 3  

 Refractive index,  n   1.4890 

 Luminous transmittance  92% 

 Polymer melt flow rate (230 ° C/3.8 kg)  3.7 g/10 min 

 Water absorption (24 h immersion)  0.3% of resin weight 

 Table 4      Processing parameters used in this study.  

 Parameters  Value 

 A: Barrel temperature  260 ° C 

 B: Packing pressure  100 MPa 

 C: Packing time  8 s 

 D: Injection speed  200 mm/s 

 E: Mold temperature  70 ° C 

 F: Cooling time  12 s 

 G: Injection pressure  150 MPa 

 H: Velocity/pressure switch  90% 

A B

 Figure 4      (A) A molded microlens array. (B) SEM of the molded microlens array.    

3.2    Microinjection molding process 

 The microinjection molding process was performed using 

the same conditions identified in numerical simulation. 

The process involves four steps: namely, preparation, 

filling, packing, and cooling. First, PMMA resins were 

dried in an oven at 88 ° C for 4 h to remove moisture and 

other contaminations in the material. PMMA pellets were 

then heated to 260 ° C, a temperature that is much higher 

than glass transition temperature ( T  
g
 ) of PMMA to liquefy 

polymer resins. A proper shot size was set to ensure 

enough material flow into the mold cavity and to control 

dimensional accuracy. The injection velocity was identi-

fied as 200 mm/s, and the injection pressure was 150 MPa. 

Packing is a very important step to reduce the volume 

shrinkage of the workpiece. In this study, packing pres-

sure was 100  MPa and packing time was 8 s. To reduce 

thermal stresses caused by fast cooling, mold tempera-

ture was controlled by a water-based Matsui MC-25 mold 

temperature controller. According to computer simula-

tion, cooling at temperature of 70 ° C was adopted. Cooling 

time was set at 12 s to ensure that the workpiece can be 

released. When cooling completed, a microlens array on a 

curved substrate was manufactured.   

4    Geometrical errors characterization 
 A finished 3D microlens array is shown in  Figure 4 A. 

 Figure 4 B shows a close-up view using a scanning elec-

tron microscope (SEM). To further study the geometri-

cal errors introduced during the fabrication process, the 

surface roughness, form errors, and surface deviations 

were evaluated.  
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 Figure 5      (A) SEM photo showing close-up view of a lenslet surface. (B) Surface roughness of the PMMA surface in a field of 126  μ m   ×   96  μ m 

inside a microlens using the Wyko interferometer.    

4.1    Micro surface roughness 

 First, an SEM image was employed to present the close-

up view of the lenslet surface, as shown in  Figure 5 A. To 

measure the surface roughness, a white light interferometer 

(Wyko NT9100, Bruker AXS Inc., Madison, WI, USA) was 

utilized, as shown in  Figure 5 B. This measurement was per-

formed in a field of 126  μ m   ×   96  μ m, with a best-fit spherical 

surface removed from the measurement. To form an optical 

surface, the roughness should be 10 to 20 times smaller 

than the light wavelengths [ 26 ]. For this measurement, the 

arithmetical mean roughness ( R  
a
 ) is 4.77 nm, the root mean 

square roughness ( R  
q
 ) is 6.31 nm, and the total height of 

the roughness ( R  
t
 ) is 234.89 nm. The measured root mean 

square roughness is close to that of the mold insert, which 

is 3.9 nm [ 24 ], demonstrating a smooth surface.   

4.2    Form error 

 The overall shape deviation of the 3D microlens array was 

measured using a tactile 3D profilometer (UA3P-5, Pana-

sonic). First, the profilometer was utilized to scan the 

surface of the microlens array with a contact probe that has 

a tip of 2  μ m radius. The non-uniform point cloud data were 

exported from the Panasonic proprietary analysis software, 

which is not capable of analyzing the entire arrays of micro 

lenses on curved surfaces and interpolated to fit a uniform 

homogeneous polar mesh. Subsequently, the overall shape 

deviation is divided into two parts: rotationally symmetric 

error and freeform error to obtain the exact information for 

error compensation. The rotationally symmetric error can 

be corrected in the microinjection molding process or as 

part of iterative steps in mold manufacturing. The freeform 

error shows the asymmetric deformations of the parts and 

can be partially corrected by changing the mold design and 

by adjusting injection molding parameters. As shown in 

 Figure 6 B,C, the peak-to-valley (PV) value of the overall 

shape error is 22  μ m, the PV value of the rotationally sym-

metric error is 17  μ m, and the PV value of the freeform error 

is 12  μ m. The simulation result for the overall shape error is 

shown in  Figure 6 A, and the PV value of the simulated result 

is 23  μ m, and shows a little difference with the overall shape 

error. The difference may be caused by many reasons such 

as the math model associated with the calculation, the mate-

rial property in the database, and the actual operational 

machine status. Besides, the individual 1219 microlenses 

were removed from the substrate to simplify the simulation 

process. Although the difference exists, the simulated shape 

error predicted the measured overall shape error well, vali-

dating the selected process parameter combination.  

 The amount of shape error is largely due to volume 

shrinkage, which occurred during cooling. Because the 

cooling rate across the lens cavity was different, it resulted 

in uneven temperature gradient along the radial direction. 

The PMMA material was cooled faster at the edge and thus 

has less time to relax resulting in a larger volume. Overall, 

the molded lenses are thinner at the center and become 

increasingly thicker in the radial direction. Because mate-

rial relaxation is both temperature- and temperature gra-

dient-dependent, the overall shrinkage is the result of a 

strong nonlinear process. This deviation, however, can be 

compensated for using multiple iterations with the finite 

element method based numerical simulation [ 29 ,  30 ], pro-

viding a practical solution for manufacturing high preci-

sion 3D polymer microlenses at low cost.  

4.3    Surface deviation 

 The surface deviation of the individual lenslet from the 

designed spherical surface was measured using the Wyko 
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white light interferometer. After being subtracted by the 

design spherical surface of 3.80828 mm radius, a section 

of the deviation is displayed in  Figure 7 A.  Figure 7 B shows 

a cross-section of the deviation map, as indicated by the 

red arrow in  Figure 7 A. From the results, the deviation is 

shown to have increased slightly from the center to the 

edge of the lenslet. At the center, the average deviation is 

-20 nm. At the edge, the maximum deviation appears but 

still within 250 nm. Compared with the overall lens sag 

height which is 8.215  μ m, the low surface deviation indi-

cates a highly spherical surface.    

5     Optical performance 
characterization 

 To evaluate fabrication quality, optical performance of 

individual lenslets was measured using a home-built 

metrology system consisting of a Mach-Zehnder interfer-

ometer (MZI) and a Twyman-Green interferometer (TGI) 

using a He-Ne laser (632.8 nm), as shown in  Figure 8 . 

There are three optical switches in this system to select the 

type of interferometer. When switch 1 (S1) is turned off, 
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 Figure 6      Shape deviation from the nominal spherical surface. (A) Simulated overall shape deformation using Moldex3D. (B) Measured 

overall shape deformation using UA3P-5. (C) Rotationally symmetric error. (D) Freeform error.    
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switch 2 (S2) and switch 3 (S3) are on, the system is an MZI, 

otherwise the system is a TGI.  

 The focal length was measured in several steps. First, 

in the TGI mode, the 3D microlens array was moved along 

the  X  direction until the focal point arrived at the surface of 

the lenslet. This position was recorded as P1, which is also 

called the Cat ’ s eye position [ 31  –  33 ], as shown in  Figure 8 A. 

Second, the system was switched to the MZI mode. The 3D 

microlens array was moved along the  +  X  direction until the 

focal plane of the objective lens overlaps with that of the 

lenslet. This position was recorded as P2, which is called 

confocal position, as shown in  Figure 8 B. The distance 

between P1 and P2 was the back focal length of the lenslet. 

There were three lenslets measured by using this method. 

The first lenslet was at the center of the 3D microlens 

array, with a 5.713 mm focal length. The second lenslet was 

located between the center and the edge, with a 5.654 mm 

focal length. The third lenslet was at the edge of the lenslet, 

with a 5.618 mm focal length. Compared with the nominal 

back focal length of 5.8 mm, the measured focal lengths 

were 1.5%, 2.52%, and 3.14% shorter, respectively, due to 

volume shrinkage during cooling. 

 In the following section, the OPD, PSF, and MTF of 

the individual microlens were measured by using the MZI 

and Intelliwave software (Engineering Synthesis Design, 

Inc., Tucson, AZ, USA). At first, the optical aberrations 

caused by the refraction index variation and shape devia-

tion were measured using the MZI, and  Figure 9  shows the 

OPD map of some of the measured lenslets. There were 

eight lenslets tested, shown in  Table 5 . Numbers 1 and 2 

represent the lenslets at the center part of the 3D micro-

lens array; numbers 3 to 5 are the lenslets at the middle 

parts; and numbers 6 to 8 are the lenslets close to the 

edge. From  Table 5 , we can see that the OPD PV values 

for lenslets 1 and 2 are less than 0.1350 waves, and the 

same values are less than 0.1541 waves for lenslets 3 to 

5. The PV values increase slightly for lenslets 6 to 8, but 

still within 1/4 wave. The standard deviation (STD) values 

for these parameters were calculated and are displayed 

in the last row in  Table 5 , indicating that optical perfor-

mance of the lenslets is homogeneous. The measurements 

demonstrated that the individual lenslets are very close to 

the diffraction limit, and of good imaging quality. Optical 

performance was influenced by geometrical dimension 

 Figure 8      Schematic of the combined interferometers setup: (A) TGI mode; (B) MZI mode.    
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and index variation. Although the 3D microlens array 

has volume shrinkage due to the inherent disadvantage 

of injection molding, the geometrical errors did not dra-

matically influence the optical performance of individual 

lenslets. Besides, the index variation was well controlled 

during the injection molding process.   

 The PSF of the lenslet was measured using the MZI. 

As shown in  Figure 10 A, three diffraction rings can be 

observed, and the radius of the first dark ring is 19.13  μ m 

with 83% of the energy concentrated at the center, indicat-

ing good imaging quality of the lenslet under investigation.  

 The MTF of the aforementioned three lenslets with 

known focal lengths was also measured using the MZI. 

 Figure 10 B shows the comparison between the ZEMAX 

simulation and the experiment results. At the given 

working wavelength 632.8 nm, the frequency cut-off for 

ZEMAX simulation is 129.06 Lp/mm, whereas the fre-

quency cut-off for the three lenslets is 147.21, 144.10, and 

144.02 Lp/mm, separately. The deviation of the frequency 

cut-off is caused by the difference between the focal 

lengths.  

6     Overall performance of the 3D 
microlens array in large FOV 
imaging application 

 To study the overall performance of the 3D microlens 

array, an imaging test was conducted using a home-built 

 Figure 9      OPD of the lenslets at different locations of the 3D microlens array. (A) OPD of the lenslet at the center; (B) OPD of the lenslet in 

the middle; (C, D) OPD of lenslets close to the edge.    

 Table 5      Optical aberrations for different lenslets.  

 #  PV98.00% (wave)  RMS (wave)  X Astig (wave)  Y Astig (wave)  X Coma (wave)  Y Coma (wave)  Spherical (wave) 

 1  0.1322  0.0280   – 0.0019  0.0490   – 0.0040   – 0.0067   – 0.0072 

 2  0.0983  0.0197   – 0.0162  0.0301  0.0004  0.0028   – 0.0032 

 3  0.1141  0.0228   – 0.0426  0.0098  0.0019  0.0011  0.0021 

 4  0.1541  0.0308   – 0.0638  0.0045   – 0.0016  0.0054   – 0.0113 

 5  0.1411  0.0306   – 0.0651  -0.0047   – 0.0070  0.0135   – 0.0038 

 6  0.2202  0.0437   – 0.0941  -0.0025   – 0.0146  0.0318   – 0.0091 

 7  0.2146  0.0429   – 0.0851  -0.0108   – 0.0100  0.0120   – 0.0178 

 8  0.2121  0.0339  0.0144  -0.0060  0.0151  0.0187   – 0.0434 

 STD  0.0484  0.0086  0.0396  0.0207  0.0090  0.0119  0.0134 
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 Figure 10      (A) PSF of an individual lenslet. (B) Comparison between the MTFs of three lenslets in ZEMAX simulation. Wavelength  =  632.8 nm.    

setup as shown in  Figure 11 A. A computer screen was 

placed in front of the 3D microlens array. The dimension 

of the screen is 304 mm   ×   189 mm. There are three letters, 

 ‘ O ’ ,  ‘ S ’ , and  ‘ U ’  on the screen function as the targets, each 

letter has a dimension of 5  mm   ×   10 mm. The distance 

between the letter  ‘ O ’  and the letter  ‘ U ’  is 299 mm, and 

the distance  L  from the screen to the 3D microlens array is 

120 mm, which guarantees the screen covers the nominal 

FOV of the 3D microlens array. This screen was observed 

from three different directions as illustrated in  Figure 11 A. 

First, the screen was observed from the direction of view 

1, and  Figure 12 A is the corresponding image captured in 

this direction.  Figure 12 B is the image captured from the 

direction of view 2, which is parallel to the horizontal line. 

 Figure 12 C is the corresponding image captured from the 

direction of view 3.  

  Figure 12  shows that every letter was imaged by mul-

tiple layers of lenslets, proving the FOV overlap among 

the adjacent imaging channels. The FOV overlap compen-

sates for the flux limitation caused by the small sizes of 

the individual lenslet, which is useful for multichannel 

signal processing. Therefore, the 3D microlens array can 

be employed for 3D imaging or super-resolution imaging 

application. The FOV is controllable according to different 

demands by adding an aperture array in future study. By 

contrast,  Figure 12  also displays the entire screen captured 

using the 3D microlens array. Restricted by the size of the 

CCD imager, only images for the lenslets of limited layers 

were captured every time. For example, there are more 

than ten layers of lenslets imaging  ‘ S ’  from the direction of 

view 2. Considering this limitation, the overall FOV of this 

3D microlens array is more than 104 ° .  Figure 12 B shows 

that the imaged  ‘ S ’  becomes increasingly blurred from 

the center to the edge. Owing to the position differences 

and the axis direction variation, the imaging planes of the 

lenslets are not coincident. To overcome this problem, a 

device, such as a freeform lens developed in [ 34 ] can be 

employed to transfer the images of different lenslets onto 

the same planar detector.   

7    Future work 
 In one of the follow-up studies, 3D microlens array will 

be applied to 3D projection to generate micro features 

Objective
lens

A BCCD

View 1

View 2 O S U

View 3L

Screen

 Figure 11      (A) Setup for optical performance test. (B) Screen image of the notebook.    
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 Figure 12      Images of different views: (A) image captured from view 

1, (B) image captured from view 2, (C) image captured from view 3.    

planar. To overcome this conflict, we are working on an 

optical device that can transfer the images onto the planar 

imaging detector. The design of this device was completed 

and the fabrication is ongoing. The success of this device 

will be critical to applications such as motion detection 

and integrated imaging, bringing profound changes to 

medical and biomedical imaging applications.  

8    Conclusion 
 In this study, a low cost manufacturing process for a 

precision 3D microlens array on curved substrates was 

developed using the microinjection molding process 

and high precision molds machined using the FTS tech-

nique. This 3D microlens array has more than 104 °  overall 

FOV. Although the lens array has a compact size, it still 

contains 1219 lenslets evenly distributed on its bottom 

surface, resulting in a high fill factor. To identify the 

proper injection molding conditions, different process 

conditions were experimentally evaluated with the assis-

tance of numerical simulation for best molding results. 

Specifically, polymer melt temperature, packing pressure, 

cooling time and mold temperature were determined 

using numerical simulation to minimize volume shrink-

age and the refraction index variation introduced during 

the injection molding process. More in-depth studies on 

microinjection molding will be carried out in the future. 

 The finished 3D microlens array was tested both for 

geometrical errors and optical performance. The surface 

roughness was less than 5 nm, the deviation from the 

designed spherical shape for the individual lenslet was 

less than 250 nm, and the overall shape deviation from 

the design value was less than 22  μ m. The optical per-

formance of the individual lenslet was evaluated using 

two different interferometers. The PV values of the OPD 

were less than 1/4 waves. The OPD, MTF, and PSF of the 

lens array demonstrated good optical performance of 

individual lenslets and the feasibility of the manufactur-

ing process. The overall performance of the 3D microlens 

array was evaluated using a home-built optical test setup. 

The wide FOV of the 3D microlens array, the FOV overlap 

among adjacent channels, and the unique imaging capa-

bility were verified. In the future, additional components, 

such as a freeform lens, will be added to transfer the 

images from different directions into a planar detector for 

possible imaging applications. 

 This study illustrated that 3D microlens arrays 

on curved bases can be fabricated by using the injec-

tion molding method to produce high optical quality 

with higher fill factor on curved substrates. Success of 

this application will dramatically improve the 3D projec-

tion micromachining capability. In other studies, optical 

devices will be developed based on this 3D microlens array 

with wide FOV and high fill factor. The technical challenge 

is the fact that the focal planes of the lenslets distribute 

on a spherical surface, while most imaging detectors are 
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components at very low cost. This study also proved 

that the injection molding process can produce high 

precision true 3D micro structures in high volume there-

fore providing a practical solution for many optical 

applications.   
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