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ABSTRACT

Main technological approaches to produc-
tion of light-conducting systems with scattering 
microstructures are considered with a special at-
tention to processing method of the optical ma-
terial influence on geometrical parameters of the 
being formed microstructure. Relevance of it is 
caused by an insufficiency of studying influence of 
the microstructural scattering element configura-
tion distortion on output luminance distribution of 
the light-conducting systems (because of the tech-
nological features of their production). As exempli-
fied by a light-conducting system made by milling 
technology, a physically correct simulation of this 
system is carried out, and influence of the micro-
structure relief on output luminance distribution is 
shown. For the simulation, the Lumicept program 
system was used, which has provided physical cor-
rectness of the modelling results.
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1. INTRODUCTION

At present, about 20 % of all electric energy [1] 
generated in the world is consumed for illumina-
tion, which actualises the problem of power con-
sumption decrease for all illumination devices (ID). 
In the world, a big attention is paid to design [2–4] 

and production [5, 6] of energy-effective and ergo-
nomic special IDs with light-conducting systems. 
In particular, one can name thin LED panels, IDs 
of LCD display back illumination, IDs plane cab-
ins, car interiors, dashboards and advertising panels 
among such IDs.

This subject attracts a great interest of such 
leading global manufacturers as Asahi Kasei, Den‑
so, Panasonic, Fuji-Film, Toshiba, etc. So, Japa-
nese company Denso manufactures a wide range of 
light-conducting IDs for dashboards based on the 
scattering element technologies [7]. Korean Sam‑
sung and LG based on scattering microelements 
manufacture optoelectronic devices of mass con-
sumption [8, 9], and Russian companies Kvazar 
and VOLO develop light-conducting systems with 
scattering microelements for defence industry. Nu-
merous patents concerning specific character of 
forming geometry and parametrical functions of 
scattering microstructural elements distribution, as 
well as publication in the leading scientific jour-
nals and proceedings of international conferences 
(Proc. SPIE, Optical Engineering, Applied Optics, 
Optical Review, etc.) on the problems of physical-
ly correct simulation and design of light-conduct-
ing IDs [10–13], give evidence of a great interest 
for the matter.

Uniformity of radiation distribution between 
light-conducting devices is provided by micro geo
metrical elements (light-scattering microstructures) 
deposited on the light-conducting element surface. 
Simulation of an optimum microelement structure 



Light & Engineering	 Vol. 26, No. 3

23

is rather complex problem requiring considerable 
computing resources. As a rule, the design results 
are configuration of the scattering elements, their 
co-ordinates and orientation on the light-conduct-
ing plate surface. One of the main problems of this 
type ID design is that the design results based on the 
physically correct laws of light propagation can dif-
fer from real lighting characteristics of the manu-
factured ID. The design errors can be explained by 
non-availability of the data on the light-conducting 
system production method and on the technological 
features of forming the scattering microstructures 
necessary to construct a correct model used when 
designing.

In this article, a method of simulating errors of 
production of scattering microstructures as exempli-
fied by designing back illumination light-conduct-
ing IDs of LCD displays is proposed, and methods 
of forming micro geometrical elements with a de-
scription of possible defects of their production are 
considered.

2. DEPOSITION TECHNOLOGY OF 
MICRO GEOMETRICAL ELEMENTS ON 
AN OPTICAL SURFACE

The microelement size is usually tens micro-
metres, and special technologies are required for 
their production. Modern technological equipment 
allows forming microelements for lighting systems 
with a high precision and acceptable quality. There 
are several methods of microelements production. 
The main of them are hot forging, silk-screen print-
ing, engraving and milling.

2.1. Hot Forging

The hot forging is a widespread process of ma-
nufacturing products from polymethyl methacrylate 
(PMMA) and polycarbonate. This method is usual-
ly applied to produce geometrical configurations, 
which size is tens and hundreds micrometres. By 
means of forging, formation of light-scattering 
microelements is possible. In this case, the sur-
face thickness and quality high requirements can 
be applied. The hot forging is performed step by 
step. A workpiece of PMMA previously heated 
to the softening temperature (140–190ºС) is in-
stalled into the moulding machine, and then a con-
tact is created between the optical surface and the 
compression mould, giving the workpiece a re-

quired configuration [14]. Upon the moulding com-
pletion, the finished product is cooled in the com-
pression mould.

When pressing, wavy surface distortions (me-
chanical waves) can appear, which freeze up when 
cooling the workpiece [15]. Such distortions have 
a significant effect on light scattering by microstruc-
tures, which influences spatial luminance distribu-
tion of the light-conducting illumination devices 
and can result in a difference from the calcula-
tion distribution.

2.2. Silkscreen 

The silkscreen printing is one more wide-
spread technology for deposition of microstructures 
on a plain optical surface. It is also named stencil 
process.

This technology means light-scattering material 
deposition. The deposited material layer has thick-
ness of several tens micrometres with a good endu
rance and durability.

During silkscreen printing, an emulsion lay-
er is deposited on the product surface, and over it 
a light-scattering composition is applied through 
a special stencil plate. Using an UV radiation source, 
the emulsion layer is irradiated, and those sites of 
this layer where the radiation “fell into” are har
dened, and other (unirradiated) sites are washed 
away. The light-scattering composition is forced 
through the mesh sites free of emulsion on the pro-
duct surface when printing. Water and solvent paint-
ing compositions, plastisol UV paints and UV var-
nish can be used as light-scattering materials. The 
deposited compositions are hardened (polymerised) 
under UV radiation influence during the printing 
process.

The stencil plate in this case is usually made us-
ing a special mesh of nylon or metallic threads.

Silkscreen printing is considered to be quick 
and economic technology to manufacture light-con-
ducting systems [16]. However, microstructures 
formed using it may be non-uniform and not identi-
cal, and their configuration may be far from the re-
quired [17].

2.3. Engraving and Milling

To perform a laser engraving on PMMA, 
a CO2 laser with wavelength of 10.6 µ is used [18]. 
PMMA has a high absorption factor at this wave-
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length, which allows (depending on the laser radia-
tion flux) carrying out engraving or cutting the ma-
terial. When exposing this radiation on a material, 
its evaporation occurs. Thickness of the evaporat-
ed layer depends on the radiation exposure time. 
Precision technologies used with modern laser ma-
chine tools allows moving the laser beam along the 
set lines with positioning accuracy of up to 25 µm, 
which makes it possible to obtain micro geometri-
cal elements beginning from 250 µm size. Never-
theless, laser engraving has some disadvantages. 
In particular, it is impossible to obtain absolutely 
identical micro-relief over all surface of the material 
evaporation, and this influences the angular diagram 
of light scattering [19]. It is also possible to handle 
non-planar surface by means of a laser but the ad-
ditional mechanical equipment is necessary to do it.

As for milling, one can produce microstructures 
of hundreds and thousands micrometre size using it. 
The milling treatment of a PMMA plain surface is 
widespread [20]. The milling cutter moves over the 
working field and cuts off a layer of the light-con-
ducting plate in the locations of microstructure el-
ements. The spent material residues are removed 
by air from the work-piece surface. The milling 
treatment can be also applied to produce curvi-
linear light-conducting systems. For this purpose, 

upon milling termination, one should give the work-
piece a necessary form using a special attachment 
and then cool it. After these stages are completed, 
a curvilinear surface with light-scattering microele-
ments is formed. To provide a high precision of mi-
croelement forming, high requirements are applied 
to sharpness of the cutting tool, to removal of the 
working out products and to cleanness maintenance 
on the treatment surface.

All above described microstructure manufac-
turing technologies have its own features, which 
should be taken into consideration when model-
ling. On the one hand, it can be residual products 
of burning when PMMA laser treatment is going 
on, bad repeatability of the microelement configu-
ration, scratches on the surface due to operation of 
the milling cutter, etc. On the other hand, an inci-
dentally oriented roughness can be formed (but not 
a specular surface), or it can be stiffened mechani-
cal waves on the surface around the microelements. 
All of this significantly influences correctness of 
the constructed model and, if a maximum approach 
of the calculation results with work of the real sys-
tems is necessary, one should take into conside-
ration all possible distortions. The authors set and 
solved the problem of correct simulating light-con-
ducting systems with due to account for features of 
technologies of their production and with coordi-
nation of the simulation results with the real pro-
duct. When solving such problems, some research-
ers chose a selection of parameters of bidirectional 
scattering function of element surface of the scatter-
ing microstructure [21]. In this article, an alternative 
approach to the correct simulation is offered.

3. AN EXAMPLE AND RESULTS

Let’s consider a coordination of the measure-
ment results of spatial luminance distribution over 
the light-conducting plate output surface with the 

Fig. 1. ID (node) of back illumination of an LCD display

Fig. 2. Light-scattering 
microstructure
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simulation results as exemplified by an ID project 
(node) of back illumination of an LCD monitor with 
end face input of the light radiation (Fig. 1).

A model of a light-conducting plate is paral-
lelepiped of transparent PMMA (relative refractive 
index is the 1.49 and transmission factor is the 0.92) 
with overall length, width and thickness dimensions 
of (315.7×233.5×4) mm respectively. Under the 
light-conducting plate, a diffuse reflector is located 
(diffuse reflection factor is 0.89). On the plate sur-
face, a microstructure as a massif of more than hun-
dred thousand spherical segments of a constant ra-
dius (400 µm) but of an alternating height (Fig. 2) 
was set. Thirty light emitting diodes were located 
on both sides of the plate. They radiate in the visi-
ble interval and have luminous intensity distribu-
tion curve of D type.

The modelling was carried out using the Lumi‑
cept program system [22]. In comparison with the 
similar systems “ASAP” [23], “TracePro” [24], 
“LightTools” [25] and “SPEOS” [26], the Lumi‑
cept has the most effective algorithm of ray tracing 
and supports practically all possible from the view 
point of the beam optics physical effects of radia-
tion propagation and light transformation on optical 
objects. The Lumicept has the most powerful and 
physically correct model of forming geometrical 
microstructures and their spatial distribution. Trans-
formation of rays in the microelement geometrical 
model is also physically correct. All this makes the 
Lumicept an optimum tool for calculation design of 
complex IDs and of light scattering analysis in op-
tical devices.

In this simulation example, a method of direct 
stochastic ray tracing was used. The output radi-
ation parameter calculation was carried out using 
a model of luminance detector located in the plane 
of the light-conducting plate output edge. The de-
tector model (Fig. 3) consisted of 713 cells (31×23). 
A cell size was equal to (10×10) mm, and integra-
tion cone angle was within ± 2º. The observation di-

rection changed within – ​60 to + 60º interval with 
a pitch of 15º.

During the first attempts of luminance distri-
bution simulation, surface of each element of the 
scattering microstructure was set being completely 
smooth, i.e. without any micro-relief on it. The si-
mulation results are presented in Fig. 4, where rise 
of the luminance level is well seen in the middle 
area of the light-conducting plate.

At the same time, the measured luminance distri-
bution of the manufactured experimental specimen 
of the light-conducting plate with a scattering mi-
crostructure (Fig. 5) shows a noticeable luminance 
decrease in the middle area of the plate output edge, 
which significantly differs from the simulation re-
sults presented in Fig. 4. Such a measurement and 
simulation results discrepancy required to carry out 
an analysis to clarify its reasons.

As a result of the microscopic analysis of 
a separate microelement surface (Fig. 6, a) paral-
lel grooves (Fig. 6, b) were found on it, which obvi-
ously arose when working the mould using a cutting 
tool. These grooves have a pronounced regularly di-
rected structure, and this can quite lead to changes 
of angular distribution of light coming out of the 

Fig. 3. Conditions of luminance distribution simulation 
over output surface of a light-conducting plate

Fig. 4. Results of luminance 
distribution simulation over a 
light-conducting plate surface 
in the event of a completely 
smooth surface of micro-ge-
ometry elements: a – ​spatial 
distribution; b – ​distribution  
in the marked sections
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plate and, thereby, have a significant effect on spa-
tial luminance distribution. Unfortunately, exact 
measurements of either bidirectional scattering 
function [27], or of fine-grain relief on the spherical 
segment being a separate microgeometry element, 
not yet possible. Therefore, an attempt of reproduc-
tion of averaged parameters of the micro-relief ob-
served in a microscope was made.

At the following simulation stage, a micro-re-
lief consisted of sinusoidal grooves of 1.2 µm depth 
with the period of 3 µm (Fig. 6, c) was set on the 
surface of each element of microgeometry, which 
optical properties did not differ from the properties 
of the light-conducting plate.

In the first simulation experiment, micro-relief 
groove were placed in parallel to the longest side 
of the light-conducting plate, which corresponds 
to zero angle of the relief deviation. As it can be 
seen from Fig. 7(1), at different observation angles, 
luminance and its distribution on the plate edges 
is changing. During the second simulation experi-
ment, direction of the micro-relief grooves was set 
with a deviation of 15º for all microstructural ele-

ments. Respectively, it is seen from Fig. 7(2) that 
luminance distribution on the edges is asymmet-
ric, and this is noticeable for observation angles 
of – ​60,– 45, + 45 and + 60º. In the third simula-
tion experiment, the relief for all microelements 
was turned by 30º. The correspondent luminance 
distribution (Fig. 7 (3)) strongly depends on the ob-
servation angle, and asymmetry is revealed strong-
er than in the previous experiment. This allows us 
to conclude that when changing micro-relief ori-
entation, luminance distribution of the radiating 
light-conducting plate changes its symmetry for dif-
ferent observation angles. During the fourth simula-
tion experiment, nature of micro-relief multidirec-
tional orientation influence was verified. Each half 
part of the microelement massif is deviating off on + 
15° and – ​15° respectively. The obtained luminance 
distributions presented in Fig. 7 (4) save distribu-
tion symmetry. However, with increase of observa-
tion angle to – ​60º, luminance on the light-conduct-
ing plate edges decreases.

The fifth simulation experiment differed from 
the fourth by the relief deviation angle (± 30°) only. 
In this case, with big observation angles (– 60º,– 
45º), luminance decreases. When turning the mi-
cro-relief by ± 30°, at the observation angle equal 
to 0º, the simulation result repeats the measurement 
results of the light-conducting plate luminance dis-
tribution, wherein difference of luminance average 
values is equal to13 %.

Modelling experiment showed that an “addi-
tion” of a microstructural element micro-relief 
model allows coordinating calculation and mea-
surement results among themselves. In that case, 

Fig. 5. A result of measuring luminance distribution over a 
manufactured specimen light-conducting plate output edge

Fig. 6. Pictures of scattering elements microstructures (a) 
and of grooves on a microelement surface (b). Parameters 

of the groove relief (c)

Fig. 7. Results of simulating output luminance distribution 
over the surface of a light-conducting plate taking into 

account micro-relief
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spatial-and-angular luminance distribution depends 
on the micro-relief orientation.

4. CONCLUSION

Defects of light-conducting system optical sur-
face, arising during manufacturing of microstruc-
ture diffusers, has a significant effect on the output 
light distribution, energy efficiency and ergonomics 
of an ID as a whole.

Therefore, to obtain correct results of light-con-
ducting system simulation, it is necessary to know 
and take into consideration the features of micro-
structural scattering element formation technology.

As exemplified by simulation of an LCD display 
light-conducting plate with scattering microstruc-
tures performed using hot forging, it was found out 
that relief of microstructural elements influences 
the general luminance distribution. In spite of the 
fact that parameters of micro-relief arising on the 
surface of scattering microstructure elements al-
most cannot be exactly measured, several simula-
tion experiments allow rather exactly selecting the 
micro-relief parameters for a further optimisation of 
this ID. Assuming that the technological process is 
stable, the obtained parameters of the micro-relief 
can be used for simulation and design of illumina-
tion systems, which light-scattering microelements 
are manufactured by a similar technology. The aut-
hors successfully solved the problem of a correct si-
mulation of light-conducting systems taking into ac-
count the features of its production technology, and 
they developed an approach to simulation of output 
luminance distribution and to coordination of the re-
sults with the real luminance distribution. Use of the 
described method will help to improve quality of 
light-conducting system design in the future.
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