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Abstract 
In the general fabrication process of a microlens array mold, considerable time and labor are required for the shaping of optical 
surfaces; a numerical control machine tool is used in the shaping step, in which each element is shaped individually by feeding the 
tool precisely. To efficiently produce lens array molds, in a previous study, we proposed a method for forming microlens elements 
by indentation. In this method, a flat sintered porous metal plate is used as a workpiece, which is indented by an indenter having a 
lens element profile. The repetition of the indentation process enables a number of impressions, i.e., lens elements, to be rapidly 
produced on the mold surface. In the previous study, each indentation was terminated when the indentation load reached specific 
value to obtain the target depth of the impression. However, it was found that the depth of the impressions was not constant even 
though the indentation load was constant for each indentation. This was probably because the porosity of the workpiece was 
heterogeneous, which resulted in the variation of the depth of the impressions generated by setting the load of the indentation. In 
the present study, we terminate each indentation when the height displacement of the indenter is a specific value. To set the 
displacement in this manner, it is important to determine the start position of the height of the indenter. Thus, in the present 
method, the start position is determined by detecting electrical conduction between the indenter and the workpiece. As a result, 
the repeatability of the depth of the impressions is improved as compared with that of the previous method.  
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1. Introduction  

To efficiently produce lens array molds, some methods based 
on plastic forming have been proposed [1-2]. In these methods, 
a number of impressions are generated on a workpiece surface 
by repeated indentation; these impressions become the lens 
elements of the mold. Forest et al. proposed a method in which 
a rough cut with a ball-end mill is first performed, and then the 
shape and sag height are achieved by pressing a tungsten-
carbide sphere into the milled divot [1]. Yan et al. proposed a 
method combining micro-nanoindentation and ultraprecision 
cutting, in which micro-nanoindentation was first performed to 
form dimples, and then the burrs generated around the 
dimples were removed by ultraprecision cutting [2].   

 In our previous work [3], we proposed a new indentation 
method for forming lens elements on a mold surface, which 
uses a flat sintered metal plate as a workpiece. When cast pure 
aluminum was used as the workpiece material, the outer edges 
of the impressions were found to increasingly pile up with 
increasing indentation load, as shown in Fig. 1(a). Such pileups 
cause shape errors in a lens array mold. On the other hand, in 
our previous study, we found that a sintered metal plate does 
not cause pileups when the plate is indented, as shown in Fig. 
1(b).  Our method does not require cutting in the process, in 
contrast to the methods of Forest et al. and Yan et al., because 
pileups are not generated. 

In our previous study, each indentation was terminated 
when the indentation load reached a specific value to obtain 
the target depth of the impression. In the present study, we 
terminate each indentation when the height displacement of 
the indenter is a specific value. As a result, the repeatability of 

the depth of the impressions is improved as compared with 
that of the previous method.  

Figure 1. Cross-sectional profiles of the impressions for various 
indentation loads. (a) Cast pure alminum. (b) Porous sintered pure 
aluminum. 

2. Fabrication principle of lens element    

2.1. Indentation machine  
Figure 2 shows a schematic of our newly developed 

indentation machine. The machine consists of XY and Z stages, 
a load sensor system, a worktable with a tilt stage, and an 
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indenter fixed on a rod. A tungsten carbide ball with a diameter 
of approximately 1 mm is used as the indenter. In this machine, 
the electrical resistance between the workpiece and rod can be 
measured. 

 

 
Figure 2. Schematic of our newly developed indentation machine.  
 
 
2.2. Indentation method 

To generate impressions on a workpiece, a workpiece placed 
on the worktable can be lifted up to the indenter through the Z 
stage with a numerical controller. After generating one 
impression, the workpiece is moved by the XY stage to 
generate the next impression. The repetition of this procedure 
enables the production of a lens array mold surface.  

In the previous work, the impressions were generated so that 
each indentation process was terminated when the load 
detected by the load sensor reached a specific value. The load 
sensor was placed under the Z stage. This method is referred to 
as the load-controlling method. In the present work, the 
impressions are generated so that each process is terminated 
when the indentation depth reaches a specific value. The 
indentation is performed by setting the indentation depth as 
follows.  
   The electrical resistance between the workpiece and rod is 
measured, as shown in Fig. 2. In the proposed process, the Z 
stage is lifted up toward the indenter, which results in electrical 
conduction between the workpiece and rod. The position of 
the Z stage at which electrical conduction is first detected is 
defined as the start point of the indentation. From the start 
point, each impression is created by lifting the Z stage a specific 
height. The depth of the indenter is determined by the Z stage 
with a positioning resolution of 0.1 µm. In this paper, this 
method is referred to as the height-controlling method. 

3. Experimental method  

We manufactured pure aluminum disks by sintering using 
aluminum powder with an average grain size of 15 μm. The 
sintering process was conducted so that the disks were porous 
with a porosity of approximately 10%. Then, one side of each 
sintered disk, which was used for indentation experiments, was 
polished with a polishing paper having an average grain size of 
approximately 10 μm. The indentations were performed by 
both the height- and load- controlling methods to compare the 
fabrication characteristics of both methods. In the experiment, 
three impressions were generated for each experimental 
condition. Surface profiles of impressions were measured by a 
laser probe three-dimensional measuring instrument (Mitaka 
Kohki Co., Ltd., NH-3).  

4. Results and discussion  

Figure 3(a) shows the experimental results for the load-
controlling method, showing the relationship between the 
maximum depth of the impression and the indentation load. 

Figure 3(b) shows the experimental results for the height-
controlling method, showing the relationship between the 
maximum depth of the impression and the height displacement 
of the Z stage.   

As shown in Fig. 3(a), the maximum variation of the depth of 
the impressions is 7.8 µm for the load-controlling method. One 
reason for this variation is likely to be the variation of the 
porosity of the material, which depends on the position of the 
workpiece. Thus, even though the indentation is terminated 
when the indentation load reaches a specific value, the depth 
of the impression varies.  

On the other hand, as shown in Fig. 3(b), the maximum 
variation of the depth of the impressions is 1.7 µm for the 
height-controlling method. Thus, this method enables the 
production of impressions with less variation than the load-
controlling method.  In addition, as shown in Fig. 3(b), the 
depths of the impressions were found to be less than the 
height displacement. This probably resulted from the elastic 
recovery of the impressions and the elastic deformation of the 
indenter and the machine.  

Figure 3. Depth of impressions produced by two indentation methods. 
(a) Indentation by load-controlling. (b) Indentation by height-
controlling.  

5. Conclusions       

To efficiently produce lens array molds, we have proposed a 
method for forming lens elements by indentation, which uses a 
flat sintered metal plate as a workpiece. In the present study, 
we proposed a new indentation method, which is referred to 
the height-controlling method, in which each indentation is 
terminated when the indentation depth reaches a specific 
value: in the previous method, the indentation was terminated 
when the indentation load reached a specific value. As a result, 
the height-controlling method achieved a depth of impressions 
with greater reproducibility than the previous method. 
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