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I. INTRODUCTION

Mesoscale functional optical films or plates with tens 

(>50 µm) or hundreds (<500 µm) of micro-structures that 

can be fabricated by mechanical manufacturing method 

have been actively researched for various applications. For 

the examples of functional optical sheets such as diffusion 

sheets, prism sheets, corner-cube sheets, and pyramid 

sheets, the functional optical elements on the surface of 

sheets are mesoscale structures and normally fabricated with 

mechanical machining techniques. Among the mesoscale- 

structured optical patterns engraved in those films and 

plates, linear ones such as prism patterns, pyramid patterns 

or retroreflection patterns, as shown in Fig. 1, are popular 

structures [1, 2], and are used for improving brightness 

performance, LED radiation, chromatic aberrations, and the 

polarization extinction ratio. Normally, the main processes 

of their design, analysis, and assessment are based on the 

theory of geometric optics. In industrial settings, in order 

to create high-quality mesoscale structured optical patterns, 

the methods for design, analysis, and assessment using 

geometrical optics simulation programs are normally used 

[3]. However this approach often leads to the goods 

produced proving less efficient than was expected during 

the design, analysis and modeling of the patterns and can 

give rise to unexpected problems. This is because something 

unexplainable from the perspective of geometrical optics 

occurs as patterns becomes smaller. In addition, it is 

highly likely that errors are created while working the 

metal molds and producing the optical films or plates 
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cause the optical films or plates to create different optical 

patterns from those originally intended. Despite these 

problems only few studies on the design of mesoscale 

optical products have considered such errors. In this paper, 

the light transmission properties of a mesoscale periodic 

pyramid structure with a 50 µm pitch size is studied to 

determine the role of geometric and wave optic features in 

mesoscale optical structures. Both geometric analysis and 

wave-optic analysis are used in a hybrid approach. In order 

to prepare polymeric pyramid plate samples, we machined 

metal molds and used injection molding to produce 

polymeric pyramid plates. The optical properties of the 

resulting polymeric pyramid plates were then both evaluated 

experimentally and analyzed quantitatively through numerical 

simulation. In addition, 3D modeling of the mesoscale- 

structured optical patterns with errors was conducted to 

analyze the refractive effects of the polymeric pyramid 

patterned plates by geometrical optics simulation. Not only 

geometrical optics but also wave optics should be taken into 

consideration, when analyzing the experimentally observed 

field distribution formed by patterns of particularly small 

dimension and analyzing and evaluating the quality of 

those mesoscale-structured optical patterns. Due to this, we 

also assessed optical properties based on wave optics so as 

to analyze the optical properties of polymeric pyramid plates 

with mesoscale-structured optical patterns. Additionally, 

this paper looks at the relative contributions of geometrical 

and wave optics to the optical pattern as the size of optical 

patterns changes. In Section 2, the experimental observation 

of the light transmission pattern of a mesoscale polymer 

pyramid plane is presented. In Section 3, a geometric optic 

simulation analysis of the target sample is shown and its 

limitations are discussed. In Section 4, a wave optic 

simulation analysis is carried out and compared with the 

geometric-only simulation results. The relative contributions 

of the geometric optic and wave optic effects to the total 

scattering field distribution are analyzed, and the concluding 

remarks follow.

II. EXPERIMENTAL OBSERVATION OF LIGHT 

TRANSMISSION PATTERNS OF MESOSCALE 

POLYMER PYRAMID PLATES

In order to determine what optical effects the mesoscale- 

patterned polymeric pyramid plates with mesoscale patterns 

have, we observed the image on the rear-screen onto 

which the transmitted light is shed when a 532 nm He-Ne 

laser beam was vertically incident on the back side of the 

sample. The experiment was conducted after setting the 

distances between the laser, the polymeric pyramid plate, 

and the screen as depicted in Fig. 2. The simulation 

modeling was based on the same arrangement. For the 

experiment, mesoscale optical pattern molds were produced 

and from them, optical plates were created through an 

injection molding process. To compare a partially unmolded 

optical plate and an optimally formed optical plate, two 

optical plates were produced under different injection 

temperatures. The polymeric pyramid plate was designed and 

fabricated by us. We produced a metal mold for injection 

molding of polymeric pyramid plates with mesoscale- 

structured optical patterns as optimized in the previous 

study [4]. The intended pattern, a mesoscale-structured 

optical pattern optimized to improve optical efficiency, was 

a periodically repeated pyramid with 25 µm height, 50 µm 

pitch, and 90° apex angle as shown in Fig. 3(b). The 

patterns were made with a 90 mm × 60 mm nickel mold 

using an ultrafine planer. UVM-450 (Toshiba) was used 

for the process at a 200 mm/s processing speed. We used 

the 90 degree diamond tool and adopted an overlap 

processing method [5] so as to make the processed surface 

of better quality. The SEM image of Fig. 3(b) revealed a 

surface relief of square pyramidal patterns. There was no 

burr, and the four base lines and the vertices of the square 

pyramidal pattern were very sharp. However, the vertex at 

the top of the pyramid was not a perfect dot, but a line 

about 1.7 µm long. In order to translate the less-processed 

part into length, we calculated the height of an isosceles 

triangle with a 1.7 µm base line and obtained a height 

(a) (b) (c)

FIG. 1. Mesoscale optical structures; (a) prism pattern, (b) pyramid pattern, and (c) retroreflection pattern.

FIG. 2. Optical pattern generated by mesoscale-pyramid 

patterns under the normal incident illumination of a 537 nm 

HeNe laser.
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value of about 0.85 µm. The square pyramidal pattern 

relief machined in nickel was around 24.1 µm deep. We 

used transparent PMMA (Poly methyl methacrylate), which 

is widely used in injection molding with metal molds 

featuring machined patterns, and produced polymeric 

pyramid plates with mesoscale-structured optical patterns. 

In the experiment, we used, an SE-50D, an injection 

molder made by Sumitomo and produced a PMMA plate 

with 40 mm width, 70 mm length, and 2 mm thickness. 

Because it is difficult to shape the vertices of the square 

pyramid by injection molding, we optimized the injection 

direction and speed, and the temperature of the metal mold 

according to an existing study [6]. Since we did injection 

molding after producing metal molds with relief pyramidal 

patterns, the patterns were injected as intaglio. Although 

the boundaries between the pyramids that were formed in 

the direction parallel to the injection direction, were 

molded as lines even in low temperatures, those in the 

direction perpendicular to the injection direction were 

molded convexly. We attribute this incomplete molding to 

consolidation made from the surface while the metal mold 

was filled by resin during fine pattern molding, rapidly 

undermining fluidity and creating weld lines on the pattern 

boundaries [7]. To avoid such artifacts we optimized the 

molding conditions by using an 80°C mold temperature 

and a 150 mm/s injection speed.

The optical transmission image in Fig. 3(a) shows two 

straight lines forming the shape of a cross horizontally and 

vertically with four linking rhombus-shaped curved lines. 

This optical transmission pattern image is formed by the 

optical plate shown in Fig. 3(b), which was produced under 

the optimal molding conditions mentioned above featuring 

an 80°C mold temperature and 150 mm/s injection speed. 

The optimized injection-molded plate showed line-shaped 

boundaries in directions parallel and perpendicular to the 

injected direction. However, the microscope showed that 

this shape does not have perfect pyramidal edges but that 

the edges have a certain thickness as shown in Fig. 3(c). 

The thickness was 4.65 µm on the side perpendicular to 

the injected direction and 3.49 µm on the side parallel to 

it. Measuring the size of intaglio pyramid formed by the 

plate produced as above, we found the width was 50 µm, 

the same as the processed metal mold. However the 

height, which was measured through a 3D microscope, 

was 22 µm as shown in Fig. 3(d). After comparing the 

heights in the perpendicular and parallel directions to the 

injection with a 3D microscope, we discovered that the 

two heights differ only slightly. The part shot by the laser 

got significantly brighter, which we thought was due to 

the round edges and the vertices of the injected pyramid 

consisting of curved surfaces rather than points.

Next, we compare the polymeric pyramid plates produced 

by these different molds. After measuring the edges of the 

polymeric pyramid plate which was injection-molded in 

Fig. 3(c) above, we found that the polymeric pyramid plate 

injected at 80°C has edges in the vertical and horizontal 

directions which differ only slightly from each other. For 

the polymeric pyramid plate injected at 60°C, however, the 

edges in the vertical direction were 2.67 times thicker than 

those in the horizontal direction as shown in Fig. 4(c). 

(a) (b) (c) (d)

FIG. 3. Optical plane of the molding produced under optimal conditions; (a) light pattern, (b) 2D SEM image of metallic mold, (c) 

2D microscope image of the polymeric pyramid pattern, and (d) 3D profile of the pyramid pattern measured by 3D optical microscope.

(a) (b) (c) (d)

FIG. 4. Optical plane of the molding produced under non-optimum conditions; (a) light pattern, (b) 2D SEM image of metallic mold, 

(c) 2D microscope image of the polymeric pyramid pattern, and (d) 3D profile of the pyramid pattern measured by 3D optical 

microscope.
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The polymeric pyramid plate made of the same mold 

can show structural errors according to the conditions of 

injection molding, which, in turn, have an influence on 

optical field. The differences in the molded polymeric 

plates are reflected in the light patterns they produce in 

the optical experiment. The resulting width of the vertical 

lines in the light pattern shown in Fig. 4(a) with the 

sub-optimal molding is 3.18 times thicker than that of Fig. 

3(a) with the optimal molding. It is inferred that the light 

spread out much more due to the refraction effect at the 

rounding edges. It is found that the polymeric pyramid 

plate injected at 60°C formed convex patterns between 

each pyramid in the horizontal direction as a result of the 

way the intaglio pyramid was injected.

III. GEOMETRIC-OPTIC ANALYSIS

In order to check the results of the optical experiment 

presented in Section 2, which were found to vary from 

plate to plate, we conducted a geometric optic simulation 

used in industrial settings. We molded polymeric pyramid 

plates injected by CATIA and performed a ray-tracing 

simulation using ZEMAX. The resulting modeled polymeric 

pyramid plates are shown in Figs. 5(a) and 5(b). The 

scaled numerical model shown in Fig. 5(a) is of the 

polymeric pyramid plates injected at 80°C, and that in 

Fig. 5(b) is of the one injected at 60°C with the same 

specifications. The ZEMAX simulation results for the two 

samples are presented in Figs. 5(c) and 5(d), respectively, 

showing only the refraction effects. In the simulation 

results, neither the cruciform lines nor the rhombus lines 

are observed, but the four points of light refracted by the 

four inclined facets of the pyramid plate and a horizontally 

stretched bright spot in the central region are. In Fig. 5(d), 

a stretching of the light is also evident in the optical 

experiment and the spreading width of the central spot was 

measured as 3.18 times longer than its length. As when 

measuring the width and length in the results obtained 

from the ZEMAX simulation, we found that the width is 

3.27 times longer than the length, which agrees well with 

the experimental results. As shown in Figs. 3(a) and 4(a), 

the vertical line of the latter stretches more than that of 

the former, which is ascribed to refraction effects caused 

by the bottom pyramid pattern facing blunt edges that 

were yet to be injected.

Since the geometric optic simulation only models the 

refraction effect, it does not reproduce the cruciform and 

rhombus lines apparent in the experimental light pattern as 

they which formed by edge diffraction. The vertical line 

shown in Fig. 4(a) stretches more than that shown in Fig. 

3(a). This is ascribed to the blunt edges that were not 

precisely injected.

The spreading of the vertical line observed in the optical 

experiment is interpreted by the refraction of diffracted 

light, and does not appear in ZEMAX simulation results 

shown in Fig. 5 because the simulation does not model 

diffraction by edges. From the simulation result, one can 

infer that the light in the middle spreads in a horizontal 

direction but the vertical line in the cross shape does not. 

In the further simulations, the extent of unmolding was 

varied when conducting the simulation and this allowed the 

correlation between the unmolded portion of the PMMA 

plate and the horizontal spread of light to be measured. 

The result showed that the extent of unmolding and the 

area across which the light spread are proportionate.

IV. WAVE OPTICAL ANALYSIS

An optics simulation was also conducted to observe the 

effects induced by the diffraction of light on the mesoscale- 

optical patterns that were unable to be observed using 

commercial ray-tracing programs. In order to explain the 

diffraction effect, we develop a mathematical model of 

non-paraxial diffraction field of the polymer pyramid plate. 

For this, the angular spectrum formulas of diffractive wave 

[8, 9] were used and a wave optics simulator allowing the 

assignment of the mesoscale-pyramid pattern’s length, width, 

and height was implemented. A plane wave is incident on 

the flat bottom interface of the grating substrate and the 

transmitted plane wave is refracted by the Snell’s law on 

the top interface of the structure. The unit pyramid intaglio 

consists of four triangle facets. In a previous study, the 

mathematical model of an illuminating triangle facet in 

3D free space was introduced for a computer generated 

(a) (b) (c) (d)

FIG. 5. Modeling of (a) the polymeric pyramid plate injected at 80°C and (b) the polymeric pyramid plate injected at 60°C. The 

ZEMAX optical simulation result of (c) the optical plate injected at 80°C and (d) the one injected at 60°C.
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hologram of arbitrary polygon objects [10] and this theory 

is employed in our analysis. The illuminating triangle facet 

is modeled by a titled triangular aperture and the carrier 

wave which passes through it. The light field distribution 

of the illuminating triangle facet is given by the angular 

spectrum representation,

( ) ( ) ( )2

, , ,
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where the angular spectrum of the light field ( ),
k

A α β  is 

given in Eq. (10) of ref. [10]. Let us apply the mesh model 

to explain the light transmission of the pyramid plate. 

In the wave optical simulation, the laser beam is incident 

upon the four sides and edges of the rectangular pyramid; 

the beam incident upon the sides is then refracted while 

those refracted upon the edges are diffracted. The laser 

beam refracted through the pyramid’s four sides is separated 

into four beams of different directions. Assume the pyramid 

plate is periodic and infinitely repeated on the x-y plane, 

and then the propagating plane wave will meet two 

interfaces which are the boundaries between free space and 

the PMMA. The first interface is an infinite flat bottom 

surface. All we need to calculate is the wave vector of a 

plane wave in the PMMA medium. Let us assume 
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. The second interface consists 

of the tilted triangular surfaces of the pyramid structure. 

The diffraction field of the pyramid structure is analyzed 

by the linear coherent superposition of the partial diffraction 

on each triangular surface. In the local coordinate system 
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Where θ  and φ  are the longitudinal tilt angle and azimuthal 

angle of the normal vector of the triangular facet [10]. 

Finally, the angular spectrum expression of the diffraction 

field propagating from the PMMA pyramid structure to the 

free space is represented by substituting ( ), ,α β γ  of Eq. 

(2) into Eq. (1). This analytic model can explain the 

non-paraxial light field of structures with great depth or 

steep surfaces including their related refraction and total 

reflection phenomena, except for those cases that include 

multiple internal reflections.

In the optic simulation, the pyramid’s top and each 

corner has the form of a dot and a straight line, 

respectively, as shown in Fig. 6(a). Analyzing the designed 

mesoscale-optical pattern by the wave optics simulation 

results in total internal reflection and only the light that 

penetrates the edge of the mesoscale-optical pattern (that is 

the edge of the pyramid) is visible. However, the height of 

the pyramid pattern produced through the injection 

molding process into the metal model was 22 µm, but 

because the experiment used a lower height it resulted in 

both geometrical optics and diffractive optics as shown in 

Fig. 6(b). Figure 6(b) illustrates a cross shape composed of 

two straight lines—one vertical and one horizontal—and a 

rhombus shape composed of four curved lines. The four 

spots in Fig. 6(b) are the optical pattern induced by the 

refraction. The four rhombus-shaped curved lines are the 

diffraction pattern generated by the sharp line-edges of the 

pyramid pattern that, as discussed in the paper, cannot be 

simulated by only the geometric optic analysis. The edges 

of the rhombus are curved rather than straight because the 

edges of the pyramid are spatially tilted from the 

horizontal plane. The edges are not spatially parallel to the 

sides upon which the beam is incident, so the light 

penetrating the edges creates a diffractive pattern with a 

curved shape known as a conical diffraction [10, 12]. The 

conical diffraction is observable with bare eyes when at 

the point where the height of the pyramid reached 11 µm, 

as it is increased in 1 µm increments from 0 µm. As 

previously described, this effect results when the edges are 

not spatially parallel with the sides of incidence; it seems 

(a) (b)

FIG. 6. (a) Pyramid structure used and (b) resulting light 

pattern simulated by the wave optic model.
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that to be able to observe the phenomenon with bare eyes, 

the minimum pyramid height required is 11 µm. The 

vertical and horizontal straight lines are also diffractive 

effects resulting from the checkerboard shape of the 

bottom side of the rectangular pyramid.

Lastly, the wave optic analysis examined the refraction 

and diffraction effects resulting from changes in the ideal 

rectangular pyramid pattern’s size. The geometric effect is 

estimated by the light power of the geometric pattern 

measured in the localized area of the four spots refracted 

by the four inclined facets of the pyramid structure. The 

diffraction effect is estimated by the light power of the 

diffraction pattern except the geometric light pattern 

induced by the sharp edges. The diffraction optical effect 

in Fig. 7 is estimated by the total power allotted to the 

whole set of rhombus-shaped curved and cross-shaped 

lines. This experiment studied the refraction and diffraction 

effects when the size of the pyramid was enlarged up to 

100 times its original size (length 5,000 µm, height 2,200 

µm, respectively) while keeping the ratios constant. As 

illustrated in Fig. 7, the diffraction effect becomes more 

vivid when the structure size becomes smaller, but the 

refraction effect becomes dominant with increase of the 

structure size. For the enlargement of 20 times the original 

size (length 1,000 µm and height 440 µm respectively) or 

over, the refraction effect was higher than the diffraction 

effect. Thus, as the size of the rectangular pyramid becomes 

measurable in mm, the diffraction effect decreases. In 

electromagnetic theory, the asymptotic hybrid methods using 

wave features in terms of geometric optics have been 

developed [13-18]. However, those methods are limited to 

use with perfect conducting objects not widely used for 

optical structures. It should be researched to build up the 

optical hybrid analysis framework for mesoscale structures.

V. CONCLUSION

In this study, an optic plate was designed that possesses 

a certain structured mesoscale-optical pattern and the 

resulting optical transmission patterns were analyzed based 

on geometrical optics and wave optics. The numerical 

simulation has shown that the relative changes in the 

refraction and diffraction effects are dependent on the scale 

of the pyramid element. By showing the diffraction effect 

generated by mesoscale optical structures and explaining 

how pattern size or molding artifacts can affect optical 

qualities associated with diffraction effect, this study can 

be useful for many optical engineering endeavors related 

to design of mesoscale optical structures. Further research 

will focus on improving the simulation tool, which employs 

hybridization of geometric optics and wave optics simulation 

techniques for more general mesoscale optical elements.
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