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Backlight modules are key components in thin-film transistor liquid crystal displays (TFT-LCD). Among the components of a
backlight module, the light guide plate (LGP) plays the most important role controlling the light projected to the eyes of users. A
wedge-shaped LGP, with its asymmetrical structure, is usually fabricated by an injection proces, but the fabrication time of this
process is long. This study proposes a continuous extrusion process to fabricate wedge-shaped LGPs. This continuous process has
advantages for mass production. Besides a T-die and rollers, this system also has an in situ monitor of the melt-bank that forms
during the extrusion process, helping control the plate thickness. Results show that the melt bank has a close relationship with the
plate thickness.The temperature of the bottomheater and roller was adjusted to reduce the surface deformation of thewedge-shaped
plate. This continuous extrusion system can successfully manufacture wedge-shaped LGPs for mass production.

1. Introduction

All displays without self-luminance, such as liquid crystal
displays (LCDs), use a backlight as a light source. Common
backlightmodules consist primarily of a light source, a reflec-
tor, a light guide plate (LGP), a diffusion film, a prism sheet, a
cover sheet, a print circuit board, and a drive circuit.The LGP,
also called the backlight plate, is the most important compo-
nent of the backlight module because it integrates all other
components to control the backlight source path.

Poly(methylmethacrylate) (PMMA) material has excel-
lent properties of optical transmittance, low weight, low cost,
and easy processing. These features make PMMA useful in
many applications, such as LCD backlight display panels, lens
optics, optical fibers, and other photoelectric components,
devices, and applications. Therefore, PMMA can replace tra-
ditional glass materials as the main material of LPGs. Kim
[1] investigated amechanism of warping behavior for PMMA
diffusing plate. To avoid warpage of a diffuser plate, the

various different composite glass fiber contentswere adjusted.
Results indicate that the warpage of the diffusing plate was
reduced by using PMMA composites modified with glass
fiber. Moreover, the thermal and optical properties such
as thermophysical, diffusing characteristics, and uniformity
were also improved. Tagaya et al. [2] demonstrated the
advanced highly scattering optical transmission polymer
backlight. Based on the reflection and refractive and light-
scatting theory, the LGP with microprism structures was
designed.This backlight exhibited approximately three times
higher luminance and 20% efficiency than conventional flat-
type backlight. Okumura et al. [3] proposed a highly efficient
backlight with microspherical particle for thin LCD applica-
tions. The modeling simulation program employed a Monte
Carlo method based onMie scattering theory.They can opti-
mize both prismatic condition and multiple scattering char-
acteristics. Compared to the conventional backlight, the pro-
posed model optical efficiency can be enhanced up to 62%
with 0.5mm thickness for a 4-inch panel. Moreover, the light
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Figure 1: Scheme and illustration of the extrusion system. (a) Side view and (b) top view.

uniformity of brightness can be achieved without using any
optical films.

Based on physical appearance, LGPs can be classified as
flat plate and wedge-shaped plate. A wedge-shaped plate has
the advantages of lighter weight, thinner thickness, reduced
power consumption, less heat generation, and improved color
uniformity. Therefore, most of the large backlight modules
use a wedge-shaped LGP to meet the demands of a large
dimension display.

A wedge-shaped plate is usually manufactured using two
forming processes: injection molding and hot embossing [4].
Of these two processes, injection molding is the more com-
mon method of fabricating wedge-shaped LGPs. The injec-
tion compression molding processes adopt an automatic
batch mode to conduct open and close movements between
the mold and the slide, fabricating three-dimensional struc-
tures. To fabricate asymmetrical shapes, it must use different
molds and cooling equipment. The major limitation of this
injection method is its discontinuous process for mass pro-
duction. Compared to the injection processing, the extrusion
process is a continuous process.The extrusion processes have
the advantages of (i) high throughput, (ii) low equipment
investment cost, (iii) low labor cost, and (iv) easy automation
for fabricating standardized and uniform products [5]. For
cost-effective fabrication of large area products, roll-to-roll
extrusion process stands for an ideal method [6]. Roll-to-
roll manufacturing is a very efficient system for web material
packaging and storage and has beenwidely applied in numer-
ous industrial material processes [7]. This process is applica-
ble to many fields such as metal sheets, plastic foils, paper,
and textiles [7, 8]. However, there is no research using roll-to-
roll extrusion processes to fabricate wedge-shaped light guide
plates.

Controlling the processing temperature and pressure is an
important issue in producing thin LGPs with large dimen-
sions. The temperature and pressure affect the structural and
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Figure 2: Schematic diagram of the standard wedge-shaped LGP.

optical performance characteristics of the product. In an
effort to determine the optimal conditions of the molding
processes, related studies have discussed the parameters of
the injection molding process. Chen et al. [9] used CAE
software to simulate the PVT characteristics of plastic optics.
Their simulation results show that the temperature distribu-
tion affects the shrinkage, deformation, and residual stress of
the plastic. Their results can help to predict shrinkage and
deformation of the plastic and efficiently control real pro-
cessing performance. Yang et al. [10] used three-dimensional
mold flow theory to derive equations of padding, packing,
cooling, and deformation in the injection forming processes.
They also developed amathematicalmodel based on the finite
volume method to determine the optimization parameters.
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Figure 3: Flowchart of the continuous extrusion forming process.

Table 1: Specifications of the single screw extrusion machine.

Throughput 250 ± 20 kg/hr
Single screw Diameter = 7.5 cm, Length = 270 cm

Roller Precision of temperature ±1∘C
Cooling type Water

Bottom heater Far IR emitter 220V/360W

T-die Width 60 cm
Zone number 10

Table 2: Characteristics of PMMAmaterial.

Type SUMIPEX EX
Refractive index 1.49
Total light transmittance (%) >92
Haze (%) <0.5
Vicat softening temperature (∘C) 104
Deflection temperature under load (∘C) 99
Melt flow rate (g/10min) 1.5
Tensile strength (MPa) 74
Specific gravity (g/m3) 1.19
Mold shrinkage (%) 0.2–0.6
Water absorption (%) 0.3

Table 3: Temperatures of the T-die at different positions.

Temperature of T-die position (∘C)
L5 L4 L3 L2 L1 R1 R2 R3 R4 R5
254 256 251 251 250 250 249 249 253 253

Gissing and Knappe [11] presented a thin plate model and
discussed the volume shrinkage rate of the opening mold. In
addition, the proposed simplemodel was used to describe the
effects of volume shrinkage, residual stress, and dimension
shrinkage. Their results indicate that a long processing time
led to smaller shrinkage, and the smaller shrinkage rate could
reduce unbalance of the shrinkage.

The literature review in this study only covers the injec-
tion molding method of manufacturing LGPs. For the first
time, this study uses a continuous extrusion process to fabri-
cate a wedge-shaped LGP. The experiments in this study also
test the melt-bank adjustment and system device tempera-
tures to maximize product quality. Using the precise control
of themold flow through a T-die, a 0.46 degree wedge-shaped
LGP can be fabricated with ease in mass production.

2. Experimental Equipment and Test Method

A single screw extrusion machine (BREYER Gmbh, Ger-
many) was used to fabricate wedge-shaped LGPs and Table 1
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Figure 4: Schematic illustration of melt-bank monitoring.

shows the specifications of the extrusion machine. The T-
die was designed to be a symmetrical structure, and different
aperture ratios (Figure 1) which can adjust the heating tem-
peratures of different positions (R1 to R5 and L1 to L5) to
adapt the nonuniform exit thickness. Figure 1 also indicates
the cooling equipment, which consists of three polished roll-
ers. Roller 1 and Roller 3 are cylinders and Roller 2 has a sym-
metrical trapezoidal shape to form the wedge-shaped plate.
To avoid an intense decrease in temperature of melt PMMA,
a bottom heater was adapted to control temperatures of the
extrusion process to have a uniform pressure distribution.

2.1. Wedge-Shaped LGP Design. Optical-grade PMMA (EX
series, Sumitomo Chemical Singapore Pte Ltd.) was used to
form wedge-shaped LGPs. Table 2 presents a summary of
the material properties of used PMMA. Figure 2 shows the
designed dimension of the LGP products in this study. A
standard LCD dimension (12.1 in) was used, and the wedge-
shaped angle was 0.46∘.

2.2. Fabrication Process and Measurement Methods. Figure 3
shows a process flowchart of continuous extrusion-forming.
We performed the fabrication process in a climate-controlled
room at a constant temperature and humidity (23∘C and 60%
relative humidity). First, the PMMA material was melted
through the T-die and then trundled by Roller 1, Roller 2,
and Roller 3 to form the large workpiece. Table 3 shows the
fabrication temperatures of T-die to spread the melt PMMA.
The temperatures of the bottom heater and Roller 3 were
adjusted to investigate the effects of temperature on product
deformation. Finally, a milling machine cut off the large
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Figure 6: Deformation measurement of the wedge-shaped LGP.
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Figure 7: Edge thickness variations through the total plate length.

extruded workpiece to obtain LGPs. This fabrication process
achieved a production rate of 10.2 pcs/min.
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Figure 8: Melt-bank height and plate thickness (dashed line: before
adjustment, solid-line: after adjustment).

2.2.1. Melt-Bank Monitoring. The melted PMMA materials
passing through the high-temperature T-die piled up at the
gap between Roller 1 and Roller 2, causing the formation of
a melt-bank. The melt-bank plays an important role in the
characteristics of manufactured LGPs. The height and profile
of the melt-bank were monitored by a temperature sensor.
If bank size is large, melt-bank height becomes longer with
the decrease in sheet surface temperature. The relationship is
acquired by numerical analysis to figure out the melt-bank
height based on the measured sheet surface temperature [12].
Figure 4 schematically shows the monitoring in the melt-
bank.

2.2.2. Definition of the Valid and Invalid Regions ofWorkpiece.
Using the melt-bank monitoring, the relationships of the
height and profile of the melt-bank versus the positions
could be correlated (Figure 5). The contour of the workpiece
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Table 4: Edge deformation values under different temperatures of the bottom heater and Roller 3 (Unit: mm).

Roller 3 Bottom heater
130∘C 140∘C 150∘C

100∘C
0 > −0.5 +0.5∗ 0 0 +0.3 0 0 +0.1
> −0.5 +0.5 > −0.5 +0.25 > −0.5 0

0 > −0.5 +0.5 0 +0.2 +0.3 0 0 0

110∘C
0 −0.5 +0.5 0 −0.5 +0.3 0 −0.4 0
−0.5 +0.5 −0.5 +0.2 −0.45 0
0 −0.5 >+0.5 0 −0.45 +0.15 0 −0.4 0

115∘C
0 −0.3 +0.5 0 −0.2 +0.2 0 −0.2 0
−0.1 +0.5 0 +0.1 0 −0.1
0 −0.3 >+0.5 0 −0.1 +0.1 0 −0.2 0

120∘C
0 −0.1 >+0.5 +0.1 0 +0.2 0 0 0

+0.2 +0.5 +0.1 +0.2 0 −0.1
0 0 >+0.5 0 0 +0.2 +0.1 0 0

∗The eight values in each combination of the bottom heater and Roller 3 are the measure results corresponding to the positions from p1 to p8 in Figure 6,
respectively.

obtained after Roller 3 agreed with the profile of the melt-
bank. We removed the central and side regions of the result-
ing workpiece to obtain a smooth region as an LGP product.
As Figure 5 shows, “X” represents the invalid regions, “O”
represents the valid regions, and the dashed line indicates the
milling cut-off path.

2.2.3. EdgeThicknessMeasurement. To test the stability of this
continuous extrusion process, we measured the edge thick-
ness of the extruded workpiece. A digital micrometer (Mitu-
toyo, Tokyo, Japan) with an accuracy of 0.01mm was used
to measure the edge thickness. The total length of the
obtainedworkpiecewas 64m. Both side edges of the extruded
workpiece were measured.

2.2.4. Deformation Measurement of the Wedge-Shaped LGP.
To check the surface property of the wedge-shaped LGP, we
measured the surface deformation of LGP products. Figure 6
shows the deformation measurement at eight points (p1–p8)
of the wedge-shaped LGP. Each point was measured three
times to provide data for an average value. The surface defor-
mation was recorded with a digital micrometer (Mitutoyo,
Tokyo, Japan).

3. Results and Discussion

3.1. Stability Analysis of Workpiece Thickness. Figure 7 shows
the edge thickness variation through the total extrudedwork-
piece length under the fabrication conditions listed in Table 1.
Results indicate a variation of less than 0.02mm through the
64m production length.Therefore, the extrusion process has
good stability for a long fabrication time.

3.2. Relationship of the Wedge-Shaped LGP Thin Side versus
Melt-Bank. The melt-bank plays a key role in the manufac-
ture of wedge-shaped LGPs. The distance between T-die and
the roller affects themelt-bank height and the associated plate
thickness. The melt-bank height and plate thickness increase
with this distance.Themelt-bank height should be controlled
to obtain the same LGP thickness through the production
length. The chocker bar and flex lip of the T-die mold can
be adjusted to control the melt-bank. The mold has a total of
thirty-four adjustment points. Based on the fabrication para-
meters in Table 1, Figure 8 shows the relationship of melt-
bank height and wedge-shaped LGP thin side thickness ver-
sus measurement points under unadjusted and adjusted con-
ditions. Results indicate that adjusting the T-die mold condi-
tion can help achieve a uniform product thickness.

The thickness distribution profile of the extruded plate is
similar to the melt-bank height distribution in Figure 5. The
designed standard thin part of wedged-shape LGP is 0.4mm.
The measured thickness of the final manufactured LGP is
about 0.44mm. The difference can be reduced by modifying
the melt-bank to fit the commercial product in the future.

3.3. Effect of Temperatures on the Deformation. Table 4
summarizes the surface deformation values under different
temperatures of the bottom heater and Roller 3. For each
temperature condition, the eight deformation values are the
measurement results at points p1 to p8 in Figure 6. Results
show that the deformation decreases with the increasing
temperature of both the bottomheater andRoller 3.When the
bottom heater was fixed at the maximum operating temper-
ature (150∘C) and the temperature of Roller 3 changed from
100∘C to 120∘C, the deformation decreased as the temperature
of Roller 3 increased. A good surface condition with a defor-
mation less than 0.1mmwas obtainedwhenRoller 3was set at
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120∘C. Experimental results demonstrate that this decrease in
deformation can be achieved by increasing the temperatures
of the bottom heater and of Roller 3.

4. Conclusions

This study proposes a continuous extrusion process for fab-
ricating wedge-shaped LGPs at a high production rate. The
proposed approach has the advantages of a short cycle time,
mass production, an easily controlled process, low cost, sim-
ple mold design, and precision in the product thickness.
The melt-bank is a crucial factor in processing adjustments
because it affects the properties of LGPs. Various thicknesses
of LGPs can be obtained by adjusting the melt-bank condi-
tion. The deformation control can be adjusted by changing
the temperatures of the bottom heater and Roller 3. Finally, a
wedge-shaped LGP with an angle of 0.46 degrees and surface
deformation of less than 0.1mm were successfully fabricated
using this approach.
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