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(57) ABSTRACT 
The invention provides a light diffuser comprising a macro 
diffusion efficiency variation Wherein at least part of the 
diffuser is colored. The invention also provides light diffuser 
comprising a macro diffusion ef?ciency variation visible to 
the naked eye Wherein at least part of the diffuser is colored 
for rear projection displays, back-lighted imaging media, 
and a liquid crystal display component and device. The 
invention further provides a process for preparing such a 
diffuser. 
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LIGHT DIFFUSER WITH COLORED VARIABLE 
DIFFUSION 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation-in-part or US. 
Ser. No. 10/147,659 ?led May 16, 2002, Which parent 
application Was co-?led With Ser. Nos. 10/ 147,703; 10/147, 
776; 10/147,777; and 10/147,775; the contents of all of 
Which are incorporated herein by reference. 

FIELD OF THE INVENTION 

[0002] The invention relates to a colored polymeric ?lm 
light diffuser having variable diffusion ef?ciency for specu 
lar light. In a preferred form, the invention relates to a 
colored variable back light diffuser for rear projection liquid 
crystal display devices. 

BACKGROUND OF THE INVENTION 

[0003] Optical structures that scatter or diffuse light gen 
erally function in one of tWo Ways: (a) as a surface diffuser 
utiliZing surface roughness to refract or scatter light in a 
number of directions; or (b) as a bulk diffuser having ?at 
surfaces and embedded light-scattering elements. 

[0004] A diffuser of the former kind is normally utiliZed 
With its rough surface exposed to air, affording the largest 
possible difference in index of refraction betWeen the mate 
rial of the diffuser and the surrounding medium and, con 
sequently, the largest angular spread for incident light. 
HoWever, some prior art light diffusers of this type suffer 
from a major drawback: the need for air contact. The 
requirement that the rough surface must be in contact With 
air to operate properly may result in loWer ef?ciency. If the 
input and output surfaces of the diffuser are both embedded 
inside another material, such as an adhesive for example, the 
light-dispersing ability of the diffuser may be reduced to an 
undesirable level. 

[0005] In one version of the second type of diffuser, the 
bulk diffuser, small particles or spheres of a second refrac 
tive index are embedded Within the primary material of the 
diffuser. In another version of the bulk diffuser, the refractive 
index of the material of the diffuser varies across the diffuser 
body, thus causing light passing through the material to be 
refracted or scattered at different points. Bulk diffusers also 
present some practical problems. If a high angular output 
distribution is sought, the diffuser Will be generally thicker 
than a surface diffuser having the same optical scattering 
poWer. If hoWever the bulk diffuser is made thin, a desirable 
property for most applications, the scattering ability of the 
diffuser may be too loW. 

[0006] Despite the foregoing difficulties, there are appli 
cations Where a surface diffuser may be desirable, Where the 
bulk type of diffuser Would not be appropriate. For example, 
the surface diffuser can be applied to an existing ?lm or 
substrate thus eliminating the need for a separate ?lm. In the 
case of light management in a LCD, this increases ef?ciency 
by removing an interface (Which causes re?ection and lost 
light). 
[0007] It is desirable to have the amount of diffusion vary 
across the diffusion ?lm, Whether a bulk or surface diffuser, 
to compensate for uneven brightness across a backlit display. 
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A diffuser ?lm With uniform diffusion across the ?lm must 
have the diffusion ef?ciency to diffuse the most intense, 
specular areas of the display across the entire diffuser. These 
diffusers tend to need high levels of diffusion ef?ciency 
causing loWer percentages total transmission across the 
entire ?lm. With a diffuser With variable diffusion ef?ciency, 
the areas of high specular light could be diffused more than 
areas of less specular light. The result Would be a display 
that had even diffuse light across it While having a higher 
overall transmission value compared to the uniform diffu 
sion ?lm. 

[0008] The colored variable diffusion ?lm evens out the 
color and illumination of the backlight across the display 
using a gradient in color tone, color density, and diffusivity. 
For a backlight With the light source in the center of the 
display, the percent total light transmission Would increase 
and diffuse light transmission Would decrease from the 
center of the roll to the edge of the roll. The ?lm Would be 
more diffuse and less transparent in the center of the display 
Where the light is located, to compensate for the light 
intensity of the light bulb. ToWards the edge of the ?lm and 
display, aWay from the light source, more light passes 
through the ?lm and the light is diffused less to create an 
even light intensity across the entire display. Selective 
coloration of the variable diffuser creates an even color tone 
across the display by using higher density color close to the 
light source and loWer color density aWay from the light to 
create an even color across the display. Using colored 
variable diffusers even illumination and color across the 
display can be achieved. 

[0009] In US. Pat. No. 6,270,697 (Meyers et al.), blur 
?lms are used to transmit infrared energy of a speci?c 
Waveband using a repeating pattern of peak-and-valley 
features. While this does diffuse visible light, the periodic 
nature of the features is unacceptable for a backlight LC 
device because the pattern can be seen through the display 
device. 

[0010] US. Pat. No. 6,266,476 (Shie et al.) discloses a 
microstructure on the surface of a polymer sheet for the 
diffusion of light. The microstructures are created by mold 
ing Fresnel lenses on the surface of a substrate to control the 
direction of light output from a light source so as to shape 
the light output into a desired distribution, pattern or enve 
lope. The materials disclosed in US. Pat. No. 6,266,476 
shape and collimate light, and therefore are not ef?cient 
diffusers of light particularly for liquid crystal display 
devices. 

[0011] It is knoWn to produce a base having a resin coated 
on one surface thereof With the resin having a surface 
texture. This kind of base is made by a thermoplastic 
embossing process in Which raW (uncoated) base is coated 
With a molten resin, such as polyethylene. The base With the 
molten resin thereon is brought into contact With a chill 
roller having a surface pattern. Chilled Water is pumped 
through the roller to extract heat from the resin, causing it to 
solidify and adhere to the base. During this process the 
surface texture on the chill roller’s surface is embossed into 
the resin coated base. Thus, the surface pattern on the chill 
roller is critical to the surface produced in the resin on the 
coated base. 

[0012] One knoWn prior process for preparing chill rollers 
involves creating a main surface pattern using a mechanical 
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engraving process. The engraving process has many limita 
tions including misalignment causing tool lines in the sur 
face, high price, and lengthy processing. Accordingly, it is 
desirable to not use mechanical engraving to manufacture 
chill rollers. 

[0013] In Us. Pat. No. 6,381,068 (Harada et al.) the 
diffusing element may be a bulk diffuser including a trans 
parent base material of and at least one light-diffusing 
material, such as a pigment and/or beads, dispersed in the 
transparent base material. The pigments used may include a 
White pigment (for eXample, titanium oxide) and may also 
include one or more colored pigments. The pigments in this 
invention are only used With a uniform diffuser and not a 
variable diffuser. Furthermore, the colored pigments must be 
a single color tone and density across the display. The 
colored variable diffuser can tailor the color and diffusion 
properties of the ?lm as a function of location on the ?lm 
With varying colors and densities across the ?lm. 

[0014] In US. Pat. No. 6,266,476 (Shie et al.) a monolithic 
element having a substrate body and a macro-optical char 
acteristic produced by surface micro-structures. These 
micro-structures can be non-uniform across the lens to 
minimiZe certain lens aberrations. These non-uniform 
micro-structures reduce lens aberrations, but are not able to 
signi?cantly alter the macro-optical characteristics of the 
optical body. The diffusing structures, in this invention, vary 
as to change the macro diffusion ef?ciency across the 
diffusion ?lm. The diffusion elements can vary changing the 
diffusion characteristics of the diffusion area from diffusing 
most of the light to letting light pass specularly Which 
micro-structures are unable to do. 

[0015] Us. Pat. No. 6,285,001 (Fleming et al) relates to 
an eXposure process using eXcimer laser ablation of sub 
strates to improve the uniformity of repeating microstruc 
tures on an ablated substrate or to create three-dimensional 

microstructures on an ablated substrate. This method is 
dif?cult to apply to create a master chill roll to manufacture 
complex random three-dimensional structures and is also 
cost prohibitive. 

[0016] In US. Pat. No. 6,124,974 (Burger) the substrates 
are made With lithographic processes. This lithography 
process is repeated for successive photomasks to generate a 
three-dimensional relief structure corresponding to the 
desired lenslet. This procedure to form a master to create 
three-dimensional features into a plastic ?lm is time con 
suming and cost prohibitive. 

[0017] Us. Pat. No. 6,093,521 describes a photographic 
member comprising at least one photosensitive silver halide 
layer on the top of said member and at least one photosen 
sitive silver halide layer on the bottom of said member, a 
polymer sheet comprising at least one layer of voided 
polyester polymer and at least one layer comprising non 
voided polyester polymer, Wherein the imaging member has 
a percent transmission of betWeen 38 and 42%. While the 
voided layer described in Us. Pat. No. 6,093,521 does 
diffuse back illumination utiliZed in prior art light boXes 
used to illuminate static images, the percent transmission 
betWeen 38 and 42% Would not alloW a enough light to reach 
an observers eye for a liquid crystal display. Typically, for 
liquid crystal display devices, back light diffusers must be 
capable of transmitting at least 65% and preferably at least 
80% of the light incident on the diffuser. 
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[0018] In US. Pat. No. 6,030,756 (Bourdelais et al), a 
photographic element comprises a transparent polymer 
sheet, at least one layer of biaXially oriented polyole?n sheet 
and at least one image layer, Wherein the polymer sheet has 
a stiffness of betWeen 20 and 100 millineWtons, the biaXially 
oriented polyole?n sheet has a spectral transmission 
betWeen 35% and 90%, and the biaXially oriented polyole?n 
sheet has a re?ection density less than 65%. While the 
photographic element in US. Pat. No. 6,030,756 does 
separate the front silver halide from the back silver halide 
image, the voided polyole?n layer Would diffuse too much 
light creating a dark liquid crystal display image. Further, 
the addition of White pigment to the sheet causes unaccept 
able scattering of the back light. 

[0019] In US. Pat. No. 5,223,383 photographic elements 
containing re?ective or diffusely transmissive supports are 
disclosed. While the materials and methods disclosed in this 
patent are suitable for re?ective photographic products, the 
% light energy transmission (less than 40%) is not suitable 
for liquid crystal display as % light transmission less than 
40% Would unacceptable reduce the brightness of the LC 
device. 

[0020] In Us. Pat. No. 4,912,333, X-ray intensifying 
screens utiliZe microvoided polymer layers to create re?ec 
tive lenslets for improvements in imaging speed and sharp 
ness. While the materials disclosed in US. Pat. No. 4,912, 
333 are transmissive for X-ray energy, the materials have a 
very loW visible light energy transmission that is unaccept 
able for LC devices. 

[0021] In Us. Pat. No. 6,177,153, oriented polymer ?lm 
containing pores for eXpanding the vieWing angle of light in 
a liquid crystal device is disclosed. The pores in Us. Pat. 
No. 6,177,153 are created by stress fracturing solvent cast 
polymers during a secondary orientation. The aspect ratio of 
these materials, While shaping incident light, eXpanding the 
vieWing angle, do not provide uniform diffusion of light and 
Would cause uneven lighting of a liquid crystal formed 
image. Further, the disclosed method for creating voids 
results in void siZe and void distribution that Would not 
alloW for optimiZation of light diffusion and light transmis 
sion. In eXample 1 of this patent, the reported 90% trans 
mission includes Wavelengths betWeen 400 and 1500 nm 
integrating the visible and invisible Wavelengths, but the 
transmission at 500 nm is less that 30% of the incident light. 
Such values are unacceptable for any diffusion ?lm useful 
for image display, such as a liquid crystal display. 

PROBLEM TO BE SOLVED BY THE 
INVENTION 

[0022] There remains a need for an improved provide 
colored light transmission While simultaneously diffusing 
specular light sources. 

SUMMARY OF THE INVENTION 

[0023] The invention provides a polymeric ?lm light dif 
fuser comprising a macro diffusion efficiency variation 
visible to the naked eye Wherein at least part of the diffuser 
is colored. The invention also provides light diffuser com 
prising a macro diffusion ef?ciency variation visible to the 
naked eye Wherein at least part of the diffuser is colored for 
rear projection displays, back-lighted imaging media, and a 
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liquid crystal display component and device. The invention 
provides a process comprising color transfer. 

ADVANTAGEOUS EFFECT OF THE 
INVENTION 

[0024] The invention provides colored transmission for a 
back-lit display While simultaneously diffusing specular 
light sources. It also provides colored variable diffusers for 
display media. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0025] FIG. 1 illustrates a cross section of a colored 
variable diffusion complex lens formed on a base material 
suitable for use in a liquid crystal display device. 

[0026] FIG. 2 illustrates a liquid crystal display device 
With a colored variable diffusion complex lens polymer light 
diffuser. 

[0027] FIG. 3 illustrates a printed projection media With 
specular transmission in the form of text, graphics, and 
images. 
[0028] FIG. 4 is a schematic of a ?lm With diffusion 
ef?ciency variation having iso-ef?ciency areas that exhibit 
an elliptical pattern. 

[0029] FIG. 5 is a schematic of a ?lm With diffusion 
ef?ciency variation having a repeating pattern. 

[0030] FIG. 6 is a schematic of a ?lm With a diffusion 
ef?ciency variation and a microvoided polymer sheet. 

[0031] FIG. 7 is a schematic of a top vieW of a bisected 
microvoided sheet. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0032] The invention has numerous advantages over prior 
practices in the art. The prior art diffusion screen, uniform 
across the ?lm surface, could not tailor the light transmis 
sion, diffusion, and color as a function of position on the 
?lm. The colored variable diffusion ?lm can be designed to 
the light source and the display. The colored variable dif 
fusion ?lm evens out the color and illumination of the 
backlight across the display using a gradient in color tone, 
color density, and diffusivity. For a display With the light 
source in the center of the display, the percent total light 
transmission Would increase and diffuse light transmission 
Would decrease from the center of the roll to the edge of the 
roll. The ?lm Would be more diffuse and less transparent in 
the center of the display Where the light is located, to 
compensate for the light intensity of the light bulb. ToWards 
the edge of the ?lm and display, aWay from the light source, 
more light passes through the ?lm and the light is diffused 
less to create an even light intensity across the entire display. 
Selective coloration of the variable diffuser creates an even 
color tone across the display by using higher density color 
close to the light source and loWer color density aWay from 
the light to create an even color across the display. Using 
colored variable diffusers even illumination and color across 
the display can be achieved. 

[0033] A high transmission rate for light diffusers is par 
ticularly important for liquid crystal display devices as a 
high transmission value alloWs the liquid crystal display to 
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be brighter or holding the level of brightness the same, 
alloWs for the poWer consumption for the back light to be 
reduces therefore extending the lifetime of battery poWered 
liquid crystal devices that are common for note book com 
puters. The invention can be easily changed to achieve the 
desired diffusion, diffusion variation, and light transmission 
requirements for many liquid crystal devices thus alloWing 
the invention materials to be responsive to the rapidly 
changing product requirements in the liquid crystal display 
market. 

[0034] A voided polymer diffuser and a complex lens 
surface diffuser can be easily altered in both pre and post 
manufacturing processes to achieve the desired variable 
diffusion, light transmission, and color requirements for 
many liquid crystal. These technologies alloW the invention 
materials to be responsive to the rapidly changing product 
requirements in the liquid crystal display market. 

[0035] Further, the light diffuser With ef?ciency variation 
can create patterns, text, and pictures by diffusing light 
selectively to create areas of diffusion, less diffusion, and no 
diffusion (specular). The colored variable diffuser can dis 
play text, shapes, and images in varying amounts of diffu 
sion or specular areas and different colors surrounded by 
diffuse regions. These colored variable diffusers can be used 
in displays and as overheads. As overheads the colored 
variable diffuser has added utility. In an unexpected result, 
When the colored variable diffuser Was placed on an over 
head projector, the diffuse areas Were dark, and the specular 
areas Were bright. This occurred because When the light 
from the light source in the overhead projector hit the diffuse 
areas of the diffuser sheet, the light Was diffused and the 
focusing lens did not collect the light and the image pro 
jected Was dark. The specular areas transmitted specular 
light producing bright areas on the display. Colored variable 
diffusion sheets, With there ability to produce colored text, 
shapes, and images With diffuse and specular areas, can be 
used as project materials to improve the contrast in the 
projected sheet alloWing the display to be more easily read 
in a bright room and producing for an unusual display effect. 

[0036] The diffusion ?lm of the present invention can be 
produced by using a conventional ?lm-manufacturing facil 
ity in high productivity using roll to roll manufacturing 
processes. These and other advantages Will be apparent from 
the detailed description beloW. 

[0037] Color can be applied by any method, for example 
inkjet, ?exo printing, gravure printing, screen printing, elec 
trophotography, and thermal dye sublimation. The colora 
tion techniques can apply heat and pressure to change the 
characteristics of the diffusion ?lm, or not apply heat and 
pressure and apply to an diffusion ?lm With variable diffu 
sion efficiency. 

[0038] The term “LCD” means any rear projection display 
device that utiliZes liquid crystals to form the image. The 
term “diffuser” means any material that is able to diffuse 
specular light (light With a primary direction) to a diffuse 
light (light With random light direction). “Specular” means 
light With a primary direction and a haZe value of 15% or 
less. The term “light” means visible light. The term “diffuse 
light transmission” means the percent diffusely transmitted 
light at 500 nm as compared to the total amount of light at 
500 nm of the light source. The term “total light transmis 
sion” means percentage light transmitted through the sample 
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at 500 nm as compared to the total amount of light at 500 nm 
of the light source. This includes both spectral and diffuse 
transmission of light. The term “diffusion ef?ciency” means 
the ratio of % diffuse transmitted light at 500 nm to % total 
transmitted light at 500 nm multiplied by a factor of 100. 
The term “polymeric ?lm” means a ?lm comprising poly 
mers. The term “polymer” means homo- and co-polymers. 
The term “average”, With respect to lens siZe and frequency, 
means the arithmetic mean over the entire ?lm surface area. 
“Diffuse areas” means areas in a ?lm Where the haZe of the 
light transmitted is more than 15%. “Specular areas” means 
areas in a ?lm Where the haZe of the light transmitted is 15% 
or less. “Transparent” means a ?lm With total light trans 
mission of 50% or greater at 500 nm. “In any direction”, 
With respect to lenslet arrangement on a ?lm, means any 
direction in the X and y plane. The term “pattern” means any 
predetermined arrangement Whether regular or random. 

[0039] “Macro transmission ef?ciency variation” as used 
herein means a transmission ef?ciency that is macroscopic 
or visible to the naked eye as de?ned in Webster’s Ninth 
NeW Collegiate Dictionary (1990). Such a variation exhibits 
a diffuse transmission ef?ciency variation that is greater than 
5% for at least one set of tWo different locations separated 
by an in-plane distance of at least 2 cm, using the Hitachi 
U4001 UV/Vis/NIR spectrophotometer equipped With an 
integrating sphere and a 25.4 mm port, as described in the 
instructional literature for that instrument. The sample is 
placed at the entry port and the amount of light falling on the 
sphere Wall is measured both With and Without a standard 
iZed 99% re?ector in place on the exit port to determine the 
% diffuse transmission by difference. Useful examples of an 
optical gradient include a light transmission gradient, a light 
diffusion gradient and light adsorption gradient. “Gradient”, 
in reference to diffusion, means the increasing or decreasing 
of diffusion ef?ciency relative to distance from a starting 
point. “Colored macro diffusion ef?ciency variation” and 
“colored variable diffusers” means a diffuser that has a 
macro diffusion ef?ciency variation and at least part of the 
diffuser is colored. “Color” and “chromatic” mean light in 
the visible Wavelengths (approximately 400-750 nanom 
eters) that are seen by the vieWer as having coloration. 

[0040] Better control and management of the back light 
are driving technological advances for liquid crystal displays 
(LCD). LCD screens and other electronic soft display media 
are back lit primarily With specular (highly directional) 
?uorescent tubes. Diffusion ?lms are used to distribute the 
light evenly across the entire display area and change the 
light from specular to diffuse. Light exiting the liquid crystal 
section of the display stack leaves as a narroW column and 
must be redispersed. Diffusers are used in this section of the 
display to selectively spread the light out horiZontally for an 
enhanced vieWing angle. 

[0041] Diffusion is achieved by light scattering as it passes 
though materials With varying indexes of refraction. This 
scattering produces a diffusing medium for light energy. 
There is an inverse relationship betWeen transmittance of 
light and diffusion and the optimum combination of these 
tWo parameters is desired for each application. 

[0042] The back diffuser is placed directly in front of the 
light source and is used to even out the light throughout the 
display by altering specular light into diffuse light. Prior art 
methods for diffusing LCD back light include layering 
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polymer ?lms With different indexes of refraction, micro 
voided polymer ?lm, micro surface structures, or coating the 
?lm With matte resins or beads. The role of the front diffuser 
is to broaden the light coming out of the liquid crystal (LC) 
With directional selectivity. The light is compressed into a 
tight beam to enter the LC for highest ef?ciency and When 
it exits it comes out as a narroW column of light. The diffuser 
uses optical structures to spread the light selectively. Most 
companies form elliptical micro-lens to selectively stretch 
the light along one axis. Elliptically shaped polymers in a 
polymer matrix and surface micro-lenses formed by chemi 
cal or physical means also achieve this directionality. 

[0043] In one embodiment of the invention, the diffusion 
?lm has a textured surface on at least one side, in the form 
of a plurality of random microlenses, or lenslets. The term 
“lenslet” means a small lens, but for the purposes of the 
present discussion, the terms lens and lenslet may be taken 
to be the same. The lenslets overlap to form complex lenses. 
“Complex lenses” means a major lens having on the surface 
thereof multiple minor lenses. “Major lenses” mean larger 
lenslets that the minor lenses are formed randomly on top of. 
“Minor lenses” mean lenses smaller than the major lenses 
that are formed on the major lenses. The plurality of lenses 
of all different siZes and shapes are formed on top of one 
another to create a complex lens feature resembling a 
cauli?oWer. The lenslets and complex lenses formed by the 
lenslets can be concave into the base or convex out of the 
base. The term “concave” means curved like the surface of 
a sphere With the exterior surface of the sphere closest to the 
surface of the ?lm. The term “convex” means curved like the 
surface of a sphere With the interior surface of the sphere 
closest to the surface of the ?lm. The term “top surface” 
means the surface of the ?lm farther from the light source. 
The term “bottom surface” means the surface of the ?lm 
closer to the light source. 

[0044] The term “polymer” means homo- and co-poly 
mers. The term microbead means polymeric spheres typi 
cally synthesiZed using the limited coalescence process. 
These microbead spheres can range in siZe from 0.2 to 30 
micrometers. They are preferably in the range of 0.5 to 5.0 
micrometers. The term microvoids means pores formed in 
an oriented polymeric ?lm during stretching. These pores 
are initiated by inorganic particles, organic particles, or 
microbeads. The siZe of these voids is determined by the siZe 
of the particle or microbeads used to initiate the void and by 
the stretch ratio used to stretch the oriented polymeric ?lm. 
The pores can range from 0.6 to 150 pms in machine and 
cross machine directions of the ?lm. They can range from 
0.2 to 30 micrometers in height. Preferably the machine and 
cross machine direction pore siZe is in the range of 1.5 to 25 
micrometers. Preferably the height of the pores is in the 
range of 0.5 to 5.0 micrometers. The term substantially 
circular means indicates a geometrical shape Where the 
major axis is no more than tWo times the minor axis. 

[0045] It has been shoWn that a colored variable diffuser 
?lm can tailor the light source in diffusivity and coloration 
With respect to location on the ?lm. It has been shoWn that 
the most ef?cient colored diffuser ?lms Would have higher 
diffusion values and color density near the light sources to 
destruct the light source shape and perform color correction 
and less diffusion and color density aWay from the light 
source. Having a light diffuser With colored macro diffusion 
ef?ciency enables the diffuser to tailor the diffusion, trans 
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mission, and color properties as a function of location on the 
diffuser ?lm. In a back-lit display, When the diffusion ?lm is 
tailored to the needs of the backlight, higher light transmis 
sion and diffusion ef?ciency and more even color tone can 
be achieved. It has been shoWn that selective coloration of 
the variable diffuser creates an even color tone across the 

display. For example, a display might have a red tint to it and 
the desire is to have a neutral display. The diffuser for the 
light source Would need to have a cyan component to it, 
higher in density close to the light source and loWer in 
density aWay from the light to create an even color across the 
display. Using colored variable diffusers displays can be 
fabricated With even illumination and color across the dis 
play. 

[0046] Further, a light diffuser With colored macro ef? 
ciency variation can eliminate the need for edge printing on 
the diffusion ?lm and dot printing on the acrylic light guide. 
These printing devices Were to guide the light through back 
light of an LCD to be used more ef?ciently by the liquid 
crystal and to “hide” the light sources from the vieWer. 
Further, the light diffuser With ef?ciency variation can create 
patterns, text, and pictures by diffusing light selectively to 
create areas of diffusion, less diffusion, and no diffusion 
(specular). This can create differentiated backlit media such 
as backlit display, greeting cards, and printed media. 

[0047] Preferably, the colored light diffuser has a color 
With at least the density of 0.2. A color density of less than 
0.1 could be caused by coloration in the materials and could 
vary due to manufacturing processes. A color density of 0.2 
is enough density to be used in display media and as color 
correction for light sources. 

[0048] It is preferred that the specular areas of the macro 
ef?ciency variation are colored. This creates text, graphics, 
shapes, and images in specular colored areas surrounded by 
diffuse regions creating media that can become display 
media or overhead projection ?lms, for example. Preferably, 
the diffuse areas of the macro efficiency variation are colored 
because the ?lm can color light transmitted diffusely. This 
can be used to color correct lighting for artWork or anyWhere 
that the variable diffuser Would need coloration. Further 
more, the color tone and density can change over the diffuse 
regions of the ?lm. In another embodiment of the invention, 
diffusion gradient areas of the macro efficiency variation are 
colored. In this embodiment, the gradient from specular to 
diffuse regions of the ?lm are colored With a uniform or 
varying color tone and density. This creates unique display 
and lighting effects and can be used in the backlight assem 
blies of LC displays for color tone and illumination evening. 

[0049] The colored macro diffusion ef?ciency variation 
comprising dye based colorants is preferred. Dye based 
colorants are preferred because of the ease of application to 
the variable diffuser ?lms. They are relatively inexpensive 
and have a large color gamut. Dye can be applied to the 
diffuse ?lm, for example, by inkj et, thermal dye sublimation, 
and screen printing. A dye is a colorant, Which is dissolved 
in the carrier medium. Any dye may be used in this inven 
tion. Preferably, any anionic, Water-soluble dye may be used 
such as a dye having an anionic group, e.g., a sulfo group or 
a carboxylic group. The anionic, Water-soluble dye may be 
any acid dye, direct dye or reactive dye listed in the COLOR 
INDEX but is not limited thereto. MetalliZed and non 
metalliZed aZo dyes may also be used as disclosed in US. 
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Pat. No. 5,482,545, the disclosure of Which is incorporated 
herein by reference. Other dyes Which may be used are 
found in EP 802246-A1 and JP 09/202,043, the disclosures 
of Which are incorporated herein by reference. A Mixture of 
dyes may also be used. 

[0050] The colored macro diffusion ef?ciency variation 
comprising pigment based colorants is preferred. Pigment 
based colorants are preferred because of the ease of appli 
cation to the variable diffuser ?lms and for the image 
stability of the pigments. Pigments can be applied to the 
diffuse ?lm, for example, by inkj et, thermal dye sublimation, 
and screen printing. In pigment-based inks, the colorant 
exists as discrete particles. These pigment particles are 
usually treated With addenda knoWn as dispersants or sta 
biliZers Which serve to keep the pigment particles from 
agglomerating and settling out of the carrier. Water-based 
pigmented inks are prepared by incorporating the pigment in 
the continuous Water phase by a milling and dispersing 
process. In the present invention, any of the knoWn organic 
pigments can be used. Pigments can be selected from those 
disclosed, for example, in Us. Pat. Nos. 5,026,427; 5,085, 
698; 5,141,556; 5,160,370 and 5,169,436, the disclosures of 
Which are hereby incorporated by reference. The pigment 
can be a colored pigment, or a black colored pigment, such 
as carbon black. The exact choice of pigment, or mixture of 
pigments, Will depend upon the speci?c color reproduction 
and image stability requirements of the printer and applica 
tion. 

[0051] Preferably, the colored light diffuser comprises 
?uorescent materials. An optical brightener is substantially 
colorless, ?uorescent, organic compound that absorbs ultra 
violet light and emits it as visible blue light. Examples 
include but are not limited to derivatives of 4,4‘-diaminos 
tilbene-2,2‘-disulfonic acid, coumarin derivatives such as 
4-methyl-7-diethylaminocoumarin, 1-4-Bis (O-Cy 
anostyryl) BenZol and 2-Amino-4-Methyl Phenol. Because 
the ultraviolet source for a transmission display material is 
on the opposite side of the LC, the ultraviolet light intensity 
is not reduced by ultraviolet ?lters common to polariZers. 
The result is less optical brightener is required to achieve the 
desired background color. This can create coloration in the 
variable diffuser. 

[0052] Preferably, the macro diffusion ef?ciency variation 
corresponds to a color Wavelength band of 10 to 70 nanom 
eters Wide. This creates a colored variable diffuser With a 
very speci?c narroW color band. Having a narroW color band 
can very selectively transmit or block light of varying 
Wavelengths tailoring the light. It has been shoWn that 
producing narroW color band of light creates a more “pure” 
color of light and is more efficient for use in liquid crystal 
display color matrixes because the red, green, and blue color 
?lters only transmit speci?c Wavelengths of light. 

[0053] The light diffuser Where the colored macro diffu 
sion ef?ciency variation comprises text is preferred. In 
another embodiment of the invention, the colored macro 
diffusion ef?ciency variation comprising graphics are pre 
ferred. Preferably, the colored macro diffusion ef?ciency 
variation comprises images. The colored variable light dif 
fuser can have areas of text, graphics, and images in selected 
amounts of diffusion. For example, areas of diffuse text can 
be surrounded by specular colored areas or an image can be 
formed Where all areas of White of the image are diffuse and 
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the colored areas of the image are semi-diffuse to specular 
colored. This creates unique display media such as backlit 
displays, display media, overheads, and greeting cards. 

[0054] The light diffuser comprising a colored element is 
preferred. This colored element can produce colored trans 
missions or correct the coloration of the light source. Or 
eXample, if a display required neutral colored light and the 
light source used Was blue in color, a yelloW colored element 
could be added to the diffuser so that the transmission of the 
diffuser Would be neutral and more suited to the display. 
“Colored element” means any colored material, a substance, 
such as a dye, pigment, or paint that imparts a hue. 

[0055] A light diffuser Wherein the macro diffusion ef? 
ciency variation comprises chromatic transmission is pre 
ferred. To obtain chromatic transmission, different Wave 
lengths that compose White light are affected differently by 
refraction. For eXample, the red radiation (With longer 
Wavelengths) are less deviated While the blue or violet 
radiation are more deviated from their initial direction and 
this creates a chromatic transmission. 

[0056] The light diffuser Wherein the chromatic transmis 
sion comprises yelloW light at 570 to 620 nm is preferred. In 
another embodiment of the invention, the chromatic trans 
mission comprises magenta light at 630 to 690 nm and 425 
to 480 nm is preferred. Preferably, the chromatic transmis 
sion comprises cyan light at 480 to 520 nm. In another 
embodiment of the invention, the chromatic transmission 
comprises red light at 630 to 690 nm. The preferred diffuse 
tranmission comprises green light at 525 to 590 nm. For 
another application, the preferred diffuse transmission com 
prises blue light at 425 to 480 nm. The desired chromatic 
transmission color depends on the application and use. 

[0057] A light diffuser Wherein the diffusion ef?ciency 
varies more than 5 percent in tWo different locations of the 
diffuser is preferred. A diffusion ef?ciency that varies less 
than 3 percent could be caused by variations in the diffusion 
?lm caused by manufacturing process variations. Most 
preferred is a diffusion efficiency that varies more than 50 
percent in tWo different locations of the diffuser. It has been 
shoWn that over 50 percent variation in tWo different loca 
tions of the diffuser ?lm produces a ?lm that can be tailored 
to diffusing needs of the backlight. 

[0058] A light diffuser Wherein the diffusion ef?ciency 
variation comprises a gradient is preferred. Having a gradi 
ent alloWs for the smooth transition from one diffusion 
ef?ciency to another diffusion ef?ciency. For eXample, in a 
liquid crystal display, it is desirable to have more diffusion 
by the light source because the light is more intense and 
specular in that region, hoWever, it is not desirable for the 
vieWer to see the transition in the diffusion ?lm. A gradient 
alloWs that transition to be undetectable by the vieWer. The 
diffusion ef?ciency can change by the folloWing mathemati 
cal variations, for example: 

l/distance eel/distance Diffusion e?iciency=e or 

Diffusion e?iciency=1/distance or —1/distance 

Diffusion ef?ciency=distance*x 0r —distance*x (Where 
x is a real number) 

[0059] Each speci?c light diffusing application determines 
the amount of variation needed and the rate at Which 
diffusion ef?ciency changes With respect to distance. 

May 19, 2005 

[0060] The diffusion ?lm is tailored to the backlight and 
the light source to be diffused. Typically, to produce an 
evenly lit display, there need to be more diffusion near the 
light source and less further aWay from the light source. 
Where the light source is positioned in relation to the display 
determines What variable diffuser is needed. The preferred 
light diffuser that is rectangle is shape has a diffusion 
ef?ciency variation along a diagonal of the rectangle. This 
Would be desirable to compensate for a lighting variation on 
a diagonal of a rectangle. In another embodiment of the 
invention, the preferred light diffuser that is rectangular in 
shape has a diffusion ef?ciency variation along the Width or 
height of the rectangle. For another application, the pre 
ferred light diffuser has a diffusion ef?ciency variation from 
the center to the perimeter of the diffusion ?lm. Preferably, 
the light diffuser has a diffusion efficiency variation along 
the perimeter of the diffusion ?lm. The preferred light 
diffuser has a diffusion ef?ciency variation such that the 
iso-ef?ciency eXhibits an elliptical pattern. The preferred 
light diffuser has a diffusion efficiency variation having a 
pattern. The variable diffusion ?lm can take on any of these 
variations based on the backlight and display con?guration. 

[0061] For eXample, prior art light diffusers for liquid 
crystal display devices utiliZe edge or perimeter printing of 
the light diffuser to direct light aWay from the edges of the 
display Were the light is typically absorbed into the LCD 
frame. Light adsorbed into the LCD frame is lost light 
energy in that absorbed illumination light energy can not be 
used to illuminate the LC image. Prior art diffusers for LCD 
devices are typically printed With White or silver, re?ecting 
dots around the perimeter that provide specular re?ection of 
perimeter light so that some of the perimeter light can be 
“recycled” by the illumination components aWay from the 
perimeter. While the printing of White re?ective dots does 
reduce the amount of absorbed light energy by the LCD 
frame, perimeter printing is expensive in that it required an 
additional printing operation. Further, the perimeter printing 
of the light diffuser has been generally shoWn to reduce edge 
absorption by 30%. Using less diffuse region (a more 
specular region) around the perimeter of the diffusion ?lm, 
more of the light Would be directed straight out of the 
backlight and into usable space on the display instead of 
being directed toWards the edge of the display and being 
lost. 

[0062] Preferably, the light diffuser has a diffusion ef? 
ciency variation having a specular component. Using pre or 
post-manufacturing processes, the diffusion ?lm can be 
selectively “red on” or “turned off” meaning the areas can be 
diffuse, or specular. The edge printing typically done on 
back diffusers for LCD can be replaced by creating a 
specular edge around the ?lm, thus directing the light 
specularly instead of re?ecting it thus creating a brighter 
display. The specular areas of the ?lm can also form patterns 
and teXt. Films With areas of specular and diffuse light 
transmittance can also be used as overhead projection ?lms 
Where the diffuse areas shoW up as darker areas on the 
display and the specular areas shoW up as bright areas on the 
display. The light diffuser Where specular areas of the ?lm 
are colored are preferred. This can create colored areas of 
specular patterns, teXt, images, and graphics. Films With 
areas of colored specular and non-colored diffuse light 
transmittance can be used as overhead projection ?lms 
Where the diffuse areas shoW up as darker areas on the 
projection display and the specular areas shoW up as bright 
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colored areas on the display. This creates a colored projec 
tion ?lm that has increased contrast to be vieWed in room 
light conditions Without the need to turn the ambient light 
doWn. 

[0063] The preferred light diffuser has a diffusion ef? 
ciency variation of at least 10% less diffusion efficiency on 
the edges of the diffusion ?lm than the center of the ?lm. At 
the edge of a liquid crystal display, some of the light that is 
diffused is lost as it is de?ected aWay and off the device. By 
making the edge of the display less diffuse than the center, 
less of the light is lost off of the display and the result is a 
brighter display. This can reduce or eliminate the need for 
edge printing on the diffusion ?lm. 

[0064] A light diffusion ?lm having a top and bottom 
surface comprising a plurality of convex or concave com 
plex lenses on the surface of the base is preferred. Curved 
concave and convex polymer lenses have been shoWn to 
provide very efficient diffusion of light. Further, the polymer 
lenses of the invention are transparent, alloWing a high 
transmission of light alloWing the brightness of LC displays 
to emit more light. Further, the complex lenses can be altered 
in design or a post processing method to achieve a macro 
diffusion ef?ciency variation. 

[0065] One embodiment of the present invention could be 
likened to the moon’s cratered surface. Asteroids that hit the 
moon form craters apart from other craters, that overlap a 
piece of another crater, that form Within another crater, or 
that engulf another crater. As more craters are carved, the 
surface of the moon becomes a complexity of depressions 
like the complexity of lenses formed in the base. 

[0066] The surface of each lenslet is a locally spherical 
segment, Which acts as a miniature lens to alter the ray path 
of energy passing through the lens. The shape of each lenslet 
is “semi-spherical” meaning that the surface of each lenslet 
is a sector of a sphere, but not necessarily a hemisphere. Its 
curved surface has a radius of curvature as measured relative 
to a ?rst axis parallel to the base and a radius of curvature 
relative to second axis (y) parallel to the base and orthogonal 
to the ?rst axis The lenses in an array ?lm need not have 
equal dimensions in the x and y directions. The dimensions 
of the lenses, for example length in the x or y direction, are 
generally signi?cantly smaller than a length or Width of the 
?lm. “Height/Diameter ratio” means the ratio of the height 
of the complex lens to the diameter of the complex lens. 
“Diameter” means the largest dimension of the complex 
lenses in the x and y plane. The value of the height/diameter 
ratio is one of the main causes of the amount of light 
spreading, or diffusion that each complex lens creates. A 
small height/diameter ratio indicates that the diameter is 
much greater than the height of the lens creating a ?atter, 
Wider complex lens. Alarger height/diameter value indicates 
a taller, skinner complex lens. The complex lenses may 
differ in siZe, shape, off-set from optical axis, and focal 
length. 
[0067] The curvature, depth, siZe, spacing, materials of 
construction (Which determines the basic refractive indices 
of the polymer ?lm and the substrate), and positioning of the 
lenslets determine the degree of diffusion, and these param 
eters are established during manufacture according to the 
invention. 

[0068] The divergence of light through the lens may be 
termed “asymmetric”, Which means that the divergence in 
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the horiZontal direction is different from the divergence in 
the vertical direction. The divergence curve is asymmetric, 
meaning that the direction of the peak light transmission is 
not along the direction 0=0°, but is in a direction non-normal 
to the surface. There are at least three approaches available 
for making the light disperse asymmetrically from a lenslet 
diffusion ?lm, namely, changing the dimension of the lenses 
in one direction relative to an orthogonal direction, off 
setting the optical axis of the lens from the center of the lens, 
and using an astigmatic lens. 

[0069] The result of using a diffusion ?lm having lenses 
Whose optical axes are off-set from the center of the respec 
tive lenses results in dispersing light from the ?lm in an 
asymmetric manner. It Will be appreciated, hoWever, that the 
lens surface may be formed so that the optical axis is off-set 
from the center of the lens in both the x and y directions. 

[0070] The lenslet structure can be manufactured on the 
opposite sides of the substrate. The lenslet structures on 
either side of the support can vary in curvature, depth, siZe, 
spacing, and positioning of the lenslets. 

[0071] The concave or complex lenses on the surface of 
the polymer ?lm are preferably randomly placed. Random 
placement of lenses increases the diffusion ef?ciency of the 
invention materials. Further, by avoiding a concave or 
convex placement of lenses that is ordered, undesirable 
optical interference patterns are avoided. 

[0072] In an embodiment of the invention, the concave or 
convex lenses are located on both sides of the transparent 
polymer sheet. By placing the lenses on both sides of the 
transparent sheet, more efficient light diffusion is observed 
compared to the lenses of the invention on one side. Further, 
the placement of the lenses on both sides of the transparent 
sheet increases the focal length of the lenses furthest from 
the brightness enhancement ?lm in a LC display device. 
Further, the diffusion ef?ciency and diffusion variation can 
vary from one side of the diffusion ?lm to the other side. 
This enables the one diffusion sheet to have tWo different 
macro diffusion variations or gradients (one on each side) 
achieving a more customiZed ?lm. For example, the side of 
the diffusion ?lm closer to the light source can have a 
diffusion gradient for more course diffusion and the opposite 
side (aWay from the light source) can have more ?ne 
diffusion structures With more complex patterns and gradi 
ents to achieve the overall variable diffuser desired. 

[0073] Preferably, the concave or convex lenses have an 
average frequency in any direction of from 5 to 250 complex 
lenses/mm. When a ?lm has an average of 285 complex 
lenses/mm, creates the Width of the lenses approach the 
Wavelength of light. The lenses Will impart a color to the 
light passing through the lenses and change the color tem 
perature of the display. Less than 4 lenses/mm Creates lenses 
that are too large and therefore diffuse the light less ef? 
ciently. Concave or convex lenses With an average frequency 
in any direction of betWeen 22 and 66 complex lenses/mm 
are more preferred. It has been shoWn that an average 
frequency of betWeen 22 and 66 complex lenses provide 
ef?cient light diffusion and can be efficiently manufactured 
utiliZing cast coated polymer against a randomly patterned 
roll. 

[0074] The light diffuser has concave or convex lenses at 
an average Width betWeen 3 and 60 microns in the x and y 
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direction. When lenses have sizes below 1 micron the lenses 
impart a color shift in the light passing through because the 
lenses dimensions are on the order of the Wavelength of 
light. When the lenses have an average Width in the X or y 
direction of more than 68 microns, the lenses is too large to 
diffuse the light ef?ciently. More preferred, the concave or 
convex lenses at an average Width betWeen 15 and 40 
microns in the X and y direction. This siZe lenses has been 
shoWn to create the most ef?cient diffusion. 

[0075] The concave or conveX complex lenses comprising 
minor lenses Wherein the Width in the X and y direction of 
the smaller lenses is preferably betWeen 2 and 20 microns. 
When minor lenses have siZes beloW 1 micron the lenses 
impart a color shift in the light passing through because the 
lenses dimensions are on the order of the Wavelength of 
light. When the minor lenses have siZes above 25 microns, 
the diffusion ef?ciency is decreased because the compleXity 
of the lenses is reduced. More preferred are the minor lenses 
having a Width in the X and y direction betWeen 3 and 8 
microns. This range has been shoWn to create the most 
ef?cient diffusion. 

[0076] The conveX or concave lenses preferably have a 
height/diameter ratio of from 0.03 to 1.0. Aheight/diameter 
ratio of less than 0.01 (very Wide and shalloW lenses) limits 
diffusion because the lenses do not have enough curvature to 
ef?ciently spread the light. Aheight/diameter ratio of greater 
than 2.5 creates lenses Where the angle betWeen the side of 
the lenses and the substrate is large. This causes internal 
re?ection limiting the diffusion capability of the lenses. 
Most preferred is a height/diameter of the conveX or concave 
lenses of from 0.25 to 0.48. It has been found that the most 
ef?cient diffusion occurs in this range. 

[0077] The number of minor lenses per major lens is 
preferably from 2 to 60. When a major lens has one or no 
minor lenses, its compleXity is reduced and therefore it does 
not diffuse as ef?ciently. When a major lens has more than 
70 minor lens contained on it, the Width of some of the minor 
lens approaches the Wavelength of light and imparts a color 
to the light transmitted. Most preferred are from 5 to 18 
minor lenses per major lens. This range has been shoWn to 
produce the most ef?cient diffusion. 

[0078] The preferred diffuse light transmission of the light 
is greater than 50%. Diffuser light transmissions less than 
45% do not let a suf?cient quantity of light pass through the 
diffuser, thus making the diffuser inef?cient. A more pre 
ferred diffuse light transmission of the lenslet ?lm is at least 
80 typically from 80 to 95%. An 80% diffuse transmission 
alloWs an LC device to have improved battery life and 
increased screen brightness. The most preferred diffuse 
transmission of the base is at least 92%. A diffuse transmis 
sion of 92% alloWs diffusion of the back light-source and 
maXimiZes the brightness of the LC device signi?cant 
improving the image quality of an LC device for outdoor use 
Where the LC screen must compete With natural sunlight. 

[0079] Preferably, the concave or conveX lenses are semi 
spherical meaning that the surface of each lenslet is a sector 
of a sphere, but not necessarily a hemisphere. This provides 
eXcellent even diffusion over the X-y plane. The semi 
spherical shaped lenses scatter the incident light uniformly, 
ideal for a backlit display application Where the display area 
needs to be lit uniformly. In another embodiment of the 
invention, the concave or conveX lenses are aspherical 

May 19, 2005 

meaning that Width of the lenses differ in the X and y 
direction. This scatters light selectively over the X-y plane. 
For eXample, a particular X-y aspect ratio might produce an 
elliptical scattering pattern. This Would be useful in the front 
of a LC display, spreading the light more in the horiZontal 
direction than the vertical direction for increased vieWing 
angle. 

[0080] Preferably, the concave or conveX compleX lenses 
comprise an ole?n repeating unit. Polyole?ns are loW in cost 
and high in light transmission. Further, polyole?n polymers 
are ef?ciently melt eXtrudable and therefore can be used to 
create light diffusers in roll form. 

[0081] In another embodiment of the invention, the con 
cave or conveX compleX lenses comprise a carbonate repeat 
ing unit. Polycarbonates have high optical transmission 
values that alloWs for high light transmission and diffusion. 
High light transmission provides for a brighter LC device 
than diffusion materials that have loW light transmission 
values. 

[0082] In another embodiment of the invention, the con 
cave or conveX compleX lenses comprise an ester repeating 
unit. Polyesters are loW in cost and have good strength and 
surface properties. Further, polyester polymer is dimension 
ally stable at temperatures betWeen 80 and 200 degrees C. 
and therefore can Withstand the heat generated by display 
light sources. 

[0083] Preferably, the polymeric support comprises an 
ester repeating unit. Polyesters are loW in cost and have good 
strength and surface properties. Further, polyester polymer 
?lm is dimensionally stable over the current range of tem 
peratures encountered in enclosed display devices. Polyester 
polymer easily fractures alloWing for die cutting of diffuser 
sheets for insertion into display devices. 

[0084] In another embodiment of the invention, the poly 
meric support comprises a carbonate repeating unit. Poly 
carbonates have high optical transmission values compared 
to polyole?n polymers and therefore can improve the bright 
ness of display devices. 

[0085] In another embodiment of the invention, the poly 
meric support comprises an ole?n repeating unit. Polyole?ns 
are loW in cost and have good strength and surface proper 
ties. 

[0086] In another embodiment of the invention the poly 
meric support comprises a cellulose acetate. Tri acetyl 
cellulose has both high optical transmission and loW optical 
birefringence alloWing the diffuser of the invention to both 
diffuse light and reduce unWanted optical patterns. 

[0087] The thickness of the light diffuser preferably is not 
more than 250 micrometers or more preferably from 12.5 to 
100 micrometers. Current design trends for LC devices are 
toWard lighter and thinner devices. By reducing the thick 
ness of the light diffuser to not more than 250 micrometers, 
the LC devices can be made lighter and thinner. Further, by 
reducing the thickness of the light diffuser, brightness of the 
LC device can be improved by reducing light transmission. 
The more preferred thickness of the light diffuser is from 
12.5 to 100 micrometers Which further alloWs the light 
diffuser to be conveniently combined With a other optical 
materials in an LC device such as brightness enhancement 
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?lms. Further, by reducing the thickness of the light diffuser, 
the materials content of the diffuser is reduced. 

[0088] Since the thermoplastic light diffuser of the inven 
tion typically is used in combination With other optical Web 
materials, a light diffuser With an elastic modulus greater 
than 500 MPa is preferred. An elastic modulus greater than 
500 MPa alloWs for the light diffuser to be laminated With 
a pressure sensitive adhesive for combination With other 
optical Webs materials. Further, because the light diffuser is 
mechanically tough, the light diffuser is better able to With 
stand the rigors of the assembly process compared to prior 
art cast diffusion ?lms Which are delicate and dif?cult to 
assemble. A light diffuser With an impact resistance greater 
than 0.6 GPa is preferred. An impact resistance greater than 
0.6 GPa alloWs the light diffuser to resist scratching and 
mechanical deformation that can cause unWanted uneven 

diffusion of the light causing “hot” spots in an LC device. 

[0089] The light diffuser of the present invention can be 
produced by using a conventional ?lm-manufacturing facil 
ity in high productivity. The invention utiliZes a voided 
thermal plastic layer containing microvoids. Microvoids of 
air in a polymer matrix are preferred and have been shoWn 
to be a very ef?cient diffuser of light compared to prior art 
diffuser materials Which rely on surface roughness on a 
polymer sheet to create light diffusion for LCD devices. The 
microvoided layers containing air have a large index of 
refraction difference betWeen the air contained in the voids 
(n=1) and the polymer matrix (n=1.2 to 1.8). This large 
index of refraction difference provides excellent diffusion 
and high light transmission Which alloWs the LCD image to 
be brighter and/or the poWer requirements for the light to be 
reduced thus extending the life of a battery. Further, the 
microvoided diffuser ?lm can be altered pre or post manu 
facturing to achieve the macro diffusion ef?ciency variation. 

[0090] Since the microvoids of the invention are substan 
tially air, the index of refraction of the air containing voids 
is 1. An index of refraction difference betWeen the air void 
and the thermoplastic matrix is preferably greater than 0.2. 
An index of refraction difference greater than 0.2 has been 
shoWn to provide excellent diffusion of LCD back light 
sources and a index of refraction difference of greater than 
0.2 alloWs for bulk diffusion in a thin ?lm Which alloWs LCD 
manufacturers to reduce the thickness of the LC screen. The 
thermoplastic diffusion layer preferably contains at least 4 
index of refraction changes greater than 0.2 in the vertical 
direction. Greater than 4 index of refraction changes have 
been shoWn to provide enough diffusion for most LC 
devices. 30 or more index of refraction differences in the 
vertical direction, While providing excellent diffusion, sig 
ni?cantly reduces the amount of transmitted light, signi? 
cantly reducing the brightness of the LC device. 

[0091] The light diffuser is preferably a surface diffuser. A 
surface diffuser is easily altered in pre and post-manufacture 
processes to achieve a macro diffusion ef?ciency variation. 
Further, a surface diffuser utiliZes With its rough surface 
exposed to air, affording the largest possible difference in 
index of refraction betWeen the material of the diffuser and 
the surrounding medium and, consequently, the largest 
angular spread for incident light and very ef?cient diffusion. 

[0092] In another embodiment of the invention, a bulk 
diffuser is preferred. A bulk diffuser can be manufactured 
With a macro diffusion ef?ciency variation, or can be sub 
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jected to a post-manufacturing process to produce the varia 
tion. Further, the bulk diffuser relies on index of refraction 
changes through the ?lm, not needing an air interface to 
Work ef?ciently. 

[0093] The light diffuser comprising a surface microstruc 
ture is preferred. Asurface microstructure is easily altered in 
design of the surface structures and altered in a post 
manufacture process to achieve a macro diffusion ef?ciency 
variation. Microstructures can be tuned for different diffu 
sion ef?ciencies and hoW much they spread light. Examples 
of microstructures are a simple or complex lenses, prisms, 
pyramids, and cubes. The shape, geometry, and siZe of the 
microstructures can be changed to accomplish the desired 
diffusion change. A surface diffuser utiliZes With its rough 
surface exposed to air, affording the largest possible differ 
ence in index of refraction betWeen the material of the 
diffuser and the surrounding medium and, consequently, the 
largest angular spread for incident light and very ef?cient 
diffusion. 

[0094] There are tWo main Ways to produce a variable 
diffusion ?lm, either a pre-manufacturing or a post-manu 
facturing process step. 

[0095] Post-manufacturing, the lenses on the complex lens 
diffuser, voids in the bulk voided diffuser, or surface texture 
on a surface diffuser can be altered using heat and/or 
pressure. The process Where a heat and/or pressure gradient 
or pattern is preferred to produce a variable diffusion ?lm. 
When heat is applied to a polymeric ?lm, the polymer 
diffusion element partially or fully melts and cools to form 
a neW structure. In the case of the complex lens surface 
diffuser, heat Will melt the lenses (Which are made by a 
thermoplastic) and Will reform to create neW shaped lenses 
or a smooth polymer surface. This smooth polymer ?lm 
alloWs light to pass through specularly. Heat is a Way to 
selectively turn parts of the diffuser sheet into a partially 
diffuse or specular sheet and can be applied in a very precise 
Way to create specular dots, lines, patterns, and text. Heat 
applied to a voided polymer diffuser Will melt the polymer 
and close the voids to the extent at Which the heat is applied. 
The voids can be partially melted and less diffuse, or melted 
completely creating a specular region in the bulk voided 
diffuser. 

[0096] Pressure can also be used to modify the diffusion 
properties on selective areas of the diffusion ?lm. Post 
manufacturing, the lenses on the complex lens diffuser, 
voids in the bulk voided diffuser, or surface texture on a 
surface diffuser can be altered using pressure. The process 
pressure gradient or pattern is preferred to produce a vari 
able diffusion ?lm. When pressure is applied to a polymeric 
?lm, the polymer diffusion element partially or fully com 
presses to form a neW structure. In the case of the complex 
lens surface diffuser, the pressure Will compress the lenses 
(Which are made by a thermoplastic) and Will reform them 
to create neW ?atter lenses (partially diffuse) or a smooth 
polymer surface (specular). This smooth polymer ?lm is 
almost all specular. The amount of pressure needed to alter 
the diffusion elements depends on the materials (polymer) 
used and the thickness of the diffuser. Pressure is a Way to 
selectively turn parts of the diffuser sheet into a specular 
sheet and can be applied in a very precise Way to create 
specular dots, lines, patterns, and text. Pressure applied to a 
voided polymer diffuser Will compress the polymer and 
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close the voids depending on hoW much pressure is applied. 
The voids can be partially closed and less diffuse, or closed 
completely creating a specular region in the bulk voided 
diffuser. Post-manufacture, heat and pressure together or 
separately can selectively alter the diffusion characteristics 
of the diffusion ?lms varying from diffuse to specular. 

[0097] An example of a post-manufacturing process is 
using a thermal print head (heat and pressure) to melt the 
loW Tg complex lenses on a complex lens diffuser. As the 
printer prints, With just a carrier sheet With no coloration 
dyes or pigments, the printer head heats the polymer sheet 
and supplies pressure to deform or completely melt the 
complex lens. The resolution of the areas of diffuse, semi 
diffuse and specular depends on the resolution of the print 
head. 

[0098] Pre-manufacturing processes that can alter the dif 
fusion characteristics of diffusion ?lms selectively With 
respect to location by changing the diffusion elements, such 
as, lenses on the complex lens diffuser, voids in the bulk 
voided diffuser, or surface texture on a surface diffuser are 
preferred. Pre-manufacturing processes to alter diffusion 
ef?ciencies of complex lenses are changes in the siZe, aspect 
ratio, frequency and complexity of the complex lenses. This 
is achieved by changing the complex lens pattern on the 
master chill roll. The chill roll is produced from bead or 
particle blasting and then chroming. Varying the bead or 
particle blasting (siZe, number of particles, velocity of 
particles, etc) or by varying the chroming process selectively 
on the chill roll surface produces a master chill roll With 
macro diffusion ef?ciency variation. This variation can be 
from the most diffusion all the Way to no diffusion Where a 
specular region of the ?lm Would be produced. (To produce 
a specular region in the ?lm the chill roll Would be ?at or 
have no surface structure to it.) This pre-manufacturing 
process can create diffusion gradients, patterns, or even text. 

[0099] Pre-manufacturing processes can alter the diffusion 
characteristics of voided diffusion ?lms selectively With 
respect to location by changing the diffusion elements voids 
in the bulk voided diffuser. Thickness of the voided layer and 
void attributes are tWo parameters to change the diffusion 
ef?ciency in the voided diffuser versus distance. The voided 
layer thickness can be extruded in varying thickness across 
the diffuser sheet or can be stretched more in selective areas 
than others. These thickness differences cause macro diffu 
sion ef?ciency variation. Void characteristics can also be 
altered pre-manufacturing to develop diffusion ef?ciency 
changes. For example, the siZe of the void initiating bead can 
vary from location to location causing different siZed voids. 
The concentration of void initiating beads can also be 
tailored around the diffuser sheet to create more voids in 
certain areas than other areas. 

[0100] In other surface diffusers, the pattern on the master 
roll can be tailored in selective areas to create more diffuse 
and more specular areas. In the case of beads coated in a 
matrix, the beads that are coated could vary in siZe or 
concentration. For example, While coating, larger beads 
could be pumped into the coating station, or a gradient of 
siZes or concentrations of beads could be coated across the 
Web creating a diffusion ef?ciency gradient. 

[0101] The method of applying color to a macro ef?ciency 
variation ?lm comprising color transfer is preferred. The 
methods of applying color comprising ink jet printing and 
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?exo, gravure, and screen printing are preferred. Flexo, 
gravure, and screen printing and inkjet printing have a large 
color gamut and are quickly and easily applied to the 
variable diffuser ?lm. Printing and inkjet do not apply heat 
or pressure so that applying the colorant does not change the 
diffusion characteristics of the ?lm. This is advantaged 
because the diffusion element can be altered either pre or 
post-manufacture and then colored selectivity With varying 
colors and densities. Preferably, electrophotography applies 
color to the variable diffusion ef?ciency ?lm. In another 
embodiment, thermal dye sublimation to apply color to the 
variable diffusion efficiency ?lm is preferred. Electropho 
tography and thermal dye sublimation are preferred because 
the act of adding color to the ?lm can alter the diffusion 
elements and the diffusion characteristics, by adding heat 
and pressure While printing. Adding color and changing the 
diffusion characteristics of the diffusion ?lm can be accom 
plished in one step thereby eliminating the need for a 
separate diffusivity alteration step thereby saving manufac 
turing time and money. Furthermore, electrophotography 
and thermal printing have a large color gamut and are 
quickly and easily applied to a variable diffuser ?lm. 

[0102] An example of creating a colored diffusion element 
is using a thermal print head With a carrier sheet containing 
coloration dyes or pigments. The printer head heats the 
polymer sheet and supplies pressure to transfer the colored 
element. 

[0103] A media comprising a colored macro diffusion 
ef?ciency variation that forms graphics, text, or images is 
preferred. This media could be, for example: a commercial 
backlit display application, signage, or a greeting card. 
Combining variable diffusion With variable selective colora 
tion creates a unique display media. For example, a greeting 
card could have green specular lettering on a neutral diffuser 
With red and green shapes surrounding the text. Currently in 
the art, printing colors on a diffusion ?lm could not change 
the variable diffuser, Whereas in the invention, one can 
create areas of specular coloration in the diffuser. 

[0104] FIG. 1 illustrates a cross section of a variable light 
diffusion ?lm suitable for use in a liquid crystal display 
device. Colored variable light diffusion ?lm 12 comprises 
transparent polymer base 20, onto Which major lenses 22 are 
applied to the surface of transparent polymer base 26. Minor 
lenses 24 are on the surface of the major lens 22. The 
complex lens 30 remains intact after diffusivity alteration 
and coloration. Flattened complex lens 32 has been ?atted 
due to heat and pressure in the process of applying yelloW 
coloration 34. YelloW coloration 34 is on the surface of 
?attened complex lens 32. These variations in the geometry 
and number of minor lenses per major lens, along With 
frequency of complex lenses, produce the macro diffusion 
ef?ciency variation. The invention comprises a plurality of 
minor lenses 24 on the surface of the major lens 22. The light 
diffuser of the invention contains many diffusion surfaces 
from the major lens 22 and the minor lenses 24. 

[0105] FIG. 2 illustrates a liquid crystal display device 
With a colored variable light diffusion ?lm 12. Visible light 
source 18 is illuminated and light is guided into light guide 
2. Lamp re?ector 4 is used to direct light energy into the 
light guide 2, represented by an acrylic box. Re?ection tape 
6, re?ection tape 10 and re?ection ?lm 8 are utiliZed to keep 
light energy from exiting the light guide 2 in an unWanted 
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direction. The colored variable light diffusion ?lm 12 is 
utilized to diffuse light energy exiting the light guide in a 
direction perpendicular to the light diffuser. Brightness 
enhancement ?lm 14 is utiliZed to focus the light energy into 
polarization ?lm 16. The colored variable light diffusion ?lm 
12 is in contact With brightness enhancement ?lm 14. 

[0106] FIG. 3 shoWs a schematic of a printed projection 
media comprising text, graphics, and images. The unprinted 
areas 53 of the printed projection media 51 contain light 
diffusing elements. The text 55, graphic 57, and image 59 are 
areas of specular transmission. These areas of specular 
transmission may be colored. 

[0107] FIG. 4 shoWs a schematic of a ?lm With diffusion 
ef?ciency variation With iso-ef?ciency areas that exhibit an 
elliptical pattern 61. 63, 65, and 67 shoW areas of iso 
diffusion ef?ciency that are elliptical in nature. In this ?gure, 
the outer area of the ?lm are the most diffuse and become 
less diffuse toWards the center of the ?lm. 

[0108] FIG. 5 shoWs a schematic of a ?lm With diffusion 
ef?ciency variation comprising a repeating pattern. The ?lm 
With diffusion ef?ciency variation comprising a repeating 
pattern 71, comprises a pattern of diffusion ef?ciency varia 
tion 73. 

[0109] FIG. 6 shoWs a schematic of a cross-section of the 
?lm With complex lenses With a diffusion ef?ciency varia 
tion and a microvoided polymer sheet. Complex lenses With 
macro diffusion ef?ciency variation 81 is on a microvoided 
polymer sheet 83. The microvoided polymer sheet 83 con 
tains voids 85. 

[0110] FIG. 7 shoWs a schematic of a top vieW of a 
bisection of the microvoided polymer sheet 91. The micro 
voided sheet contains circular voids 93. 

[0111] For the light diffuser of the invention, micro-voided 
composite biaxially oriented polyole?n sheets are preferred 
and are manufactured by co-extrusion of the core and 
surface layer(s), folloWed by biaxial orientation, Whereby 
voids are formed around void-initiating material contained 
in the core layer. For the biaxially oriented layer, suitable 
classes of thermoplastic polymers for the biaxially oriented 
sheet and the core matrix-polymer of the preferred compos 
ite sheet comprise polyole?ns. Suitable polyole?ns include 
polypropylene, polyethylene, polymethylpentene, polysty 
rene, polybutylene and mixtures thereof. Polyole?n copoly 
mers, including copolymers of propylene and ethylene such 
as hexene, butene, and octene are also useful. Polyethylene 
is preferred, as it is loW in cost and has desirable strength 
properties. Such composite sheets are disclosed in, for 
example, US. Pat. Nos. 4,377,616; 4,758,462 and 4,632, 
869, the disclosure of Which is incorporated for reference. 
The light diffuser ?lm comprises a polymer sheet With at 
least one voided polymer layer and could contain nonvoided 
polyester polymer layer(s). It should comprise a void space 
betWeen about 2 and 60% by volume of said voided layer of 
said polymer sheet. Such a void concentration is desirable to 
optimiZe the transmission and re?ective properties While 
providing adequate diffusing poWer to hide back lights and 
?laments. The thickness of the micro void-containing ori 
ented ?lm of the present invention is preferably about 1 
micrometer to 400 micrometer, more preferably 5 microme 
ter to 200 micrometer. A polymer sheet having a percent 
transmission greater than 65%. 

May 19, 2005 

[0112] The light diffuser of the invention is preferably 
provided With a one or more nonvoided skin layers adjacent 
to the microvoided layer. The nonvoided skin layers of the 
composite sheet can be made of the same polymeric mate 
rials as listed above for the core matrix. The composite sheet 
can be made With skin(s) of the same polymeric material as 
the core matrix, or it can be made With skin(s) of different 
polymeric composition than the core matrix. For compat 
ibility, an auxiliary layer can be used to promote adhesion of 
the skin layer to the core. Any suitable polyester sheet may 
be utiliZed for the member provided that it is oriented. The 
orientation provides added strength to the multi-layer struc 
ture that provides enhanced handling properties When dis 
plays are assembled. Microvoided oriented sheets are pre 
ferred because the voids provide opacity Without the use of 
TiO2. Microvoided layers are conveniently manufactured by 
co-extrusion of the core and thin layers, folloWed by biaxial 
orientation, Whereby voids are formed around void-initiating 
material contained in the thin layers. 

[0113] Polyester microvoided light diffusers are also pre 
ferred as oriented polyester has excellent strength, impact 
resistance and chemical resistance. The polyester utiliZed in 
the invention should have a glass transition temperature 
betWeen about 50.degree. C. and about 150.degree. C., 
preferably about 60-100.degree. C., should be orientable, 
and have an intrinsic viscosity of at least 0.50, preferably 0.6 
to 0.9. Suitable polyesters include those produced from 
aromatic, aliphatic, or cyclo-aliphatic dicarboxylic acids of 
4-20 carbon atoms and aliphatic or alicyclic glycols having 
from 2-24 carbon atoms. Examples of suitable dicarboxylic 
acids include terephthalic, isophthalic, phthalic, naphthalene 
dicarboxylic acid, succinic, glutaric, adipic, aZelaic, sebacic, 
fumaric, maleic, itaconic, 1,4-cyclohexanedicarboxylic, 
sodiosulfoiso-phthalic, and mixtures thereof. Examples of 
suitable glycols include ethylene glycol, propylene glycol, 
butanediol, pentanediol, hexanediol, 1,4-cyclohexane 
dimethanol, diethylene glycol, other polyethylene glycols 
and mixtures thereof. Such polyesters are Well knoWn in the 
art and may be produced by Well-knoWn techniques, e.g., 
those described in US. Pat. Nos. 2,465,319 and 2,901,466. 
Preferred continuous matrix polymers are those having 
repeat units from terephthalic acid or naphthalene dicar 
boxylic acid and at least one glycol selected from ethylene 
glycol, 1,4-butanediol, and 1,4-cyclohexanedimethanol. 
Poly(ethylene terephthalate), Which may be modi?ed by 
small amounts of other monomers, is especially preferred. 
Polypropylene is also useful. Other suitable polyesters 
include liquid crystal copolyesters formed by the inclusion 
of a suitable amount of a co-acid component such as stilbene 
dicarboxylic acid. Examples of such liquid crystal copoly 
esters are those disclosed in US. Pat. Nos. 4,420,607; 
4,459,402; and 4,468,510. 
[0114] The co-extrusion, quenching, orienting, and heat 
setting of polyester diffuser sheets may be effected by any 
process Which is knoWn in the art for producing oriented 
sheet, such as by a ?at sheet process or a bubble or tubular 
process. The ?at sheet process involves extruding the blend 
through a slit die and rapidly quenching the extruded Web 
upon a chilled casting drum so that the core matrix polymer 
component of the sheet and the skin components(s) are 
quenched beloW their glass solidi?cation temperature. The 
quenched sheet is then biaxially oriented by stretching in 
mutually perpendicular directions at a temperature above the 
glass transition temperature, beloW the melting temperature 
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of the matrix polymers. The sheet may be stretched in one 
direction and then in a second direction or may be simul 
taneously stretched in both directions. After the sheet has 
been stretched, it is heat set by heating to a temperature 
sufficient to crystallize or anneal the polymers While 
restraining to some degree the sheet against retraction in 
both directions of stretching. 

[0115] Additional layers preferably are added to the 
micro-voided polyester diffusion sheet that may achieve a 
different effect. Such layers might contain tints, antistatic 
materials, or different void-making materials to produce 
sheets of unique properties. Biaxially oriented sheets could 
be formed With surface layers that Would provide an 
improved adhesion. The biaxially oriented extrusion could 
be carried out With as many as 10 layers if desired to achieve 
some particular desired property. 

[0116] Addenda are preferably added to a polyester skin 
layer to change the color of the imaging element. Colored 
pigments that can resist extrusion temperatures greater than 
320 degrees Celsius are preferred, as temperatures greater 
than 320 degrees Celsius are necessary for co-extrusion of 
the skin layer. 

[0117] The polyester light diffuser may be coated or 
treated after the co-extrusion and orienting process or 
betWeen casting and full orientation With any number of 
coatings Which may be used to improve the properties of the 
sheets including printability, to provide a vapor barrier, to 
make them heat sealable, or to improve adhesion. Examples 
of this Would be acrylic coatings for printability, coating 
polyvinylidene chloride for heat seal properties. Further 
examples include ?ame, plasma or corona discharge treat 
ment to improve printability or adhesion. By having at least 
one nonvoided skin on the micro-voided core, the tensile 
strength of the sheet is increased and makes it more manu 
facturable. It alloWs the sheets to be made at Wider Widths 
and higher draW ratios than When sheets are made With all 
layers voided. The non-voided layer(s) can be peeled off 
after manufacture of the ?lm. Co-extruding the layers further 
simpli?es the manufacturing process. 

[0118] The light diffuser of the present invention may be 
used in combination With one or more layers selected from 
an optical compensation ?lm, a polariZing ?lm and a sub 
strate constitution a liquid crystal layer. The oriented ?lm of 
the present invention is preferably used by a combination of 
oriented ?lm/polariZing ?lm/optical compensation ?lm in 
the order. In the case of using the above ?lms in combination 
in a liquid crystal display device, the ?lms are preferably 
bonded With each other eg through a tacky adhesive for 
minimiZing the re?ection loss, etc. The tacky adhesive is 
preferably those having a refractive index close to that of the 
oriented ?lm to suppress the interfacial re?ection loss of 
light. 

[0119] The light diffusion of the present invention may be 
used in combination With a ?lm or sheet made of a trans 
parent polymer. Examples of such polymer are polyesters 
such as polycarbonate, polyethylene terephthalate, polybu 
tylene terephthalate and polyethylene naphthalate, acrylic 
polymers such as polymethyl methacrylate, and polyethyl 
ene, polypropylene, polystyrene, polyvinyl chloride, poly 
ether sulfone, polysulfone, polyarylate and triacetyl cellu 
lose. The light diffuser may be mounted to a glass sheet for 
support. 
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[0120] The light diffuser of the present invention may be 
incorporated with eg an additive or a lubricant such as 
silica for improving the draWability and the surface-slipperi 
ness of the ?lm Within a range not to deteriorate the optical 
characteristics to vary the light-scattering property With an 
incident angle. Examples of such additive are organic sol 
vents such as xylene, alcohols or ketones, ?ne particles of an 
acrylic resin, silicone resin or A metal oxide or a ?ller. 

[0121] The light diffuser of the present invention usually 
have optical anisotropy. A biaxially draWn ?lm of a ther 
moplastic polymer is generally an optically anisotropic 
material exhibiting optical anisotropy having an optic axis in 
the draWing direction. The optical anisotropy is expressed by 
the product of the ?lm thickness d and the birefringence An 
Which is a difference betWeen the refractive index in the 
sloW optic axis direction and the refractive index in the fast 
optic axis direction in the plane of the ?lm, i.e. An*d 
(retardation). The orientation direction coincides With the 
draWing axis in the ?lm of the present invention. The 
draWing axis is the direction of the sloW optic axis in the case 
of a thermoplastic polymer having a positive intrinsic bire 
fringence and is the direction of the fast optic axis for a 
thermoplastic polymer having a negative intrinsic birefrin 
gence. There is no de?nite requirement for the necessary 
level of the value of An.*d since the level depends upon the 
application of the ?lm, hoWever, it is preferably 50 nm or 
more. 

[0122] The microvoid-containing oriented ?lm of the 
present invention has a function to diffuse the light. A 
periodically varying refractive index distribution formed by 
these numerous microvoids and micro-lens formed by the 
micro voided forms a structure like a diffraction grating to 
contribute to the optical property to scatter the light. The 
voided thermoplastic diffuser sheet provides excellent scat 
tering of light While having a high % light transmission. 
“Void” is used herein to mean devoid of added solid and 
liquid matter, although it is likely the “voids” contain gas. 
The void-initiating particles Which remain in the ?nished 
packaging sheet core should be from 0.1 to 10 micrometers 
in diameter, preferably round in shape, to produce voids of 
the desired shape and siZe. Voids resulting from the use of 
initiating particles of this siZe are termed “microvoids” 
herein. The voids exhibit a dimension of 10 micrometers or 
less in the unoriented thickness or Z direction of the layer. 
The siZe of the void is also dependent on the degree of 
orientation in the machine and transverse directions. Ideally, 
the void Would assume a shape Which is de?ned by tWo 
opposed and edge contacting concave disks. In other Words, 
the voids tend to have a substantially circular cross section 
in the plane perpendicular to the direction of the light energy 
(also termed the vertical direction herein). The voids are 
oriented so that the tWo major dimensions (major axis and 
minor axis) are aligned With the machine and transverse 
directions of the sheet. The Z-direction axis is a minor 
dimension and is roughly the siZe of the cross diameter of 
the voiding particle. The voids generally tend to be closed 
cells, and thus there is virtually no path open from one side 
of the voided-core to the other side through Which gas or 
liquid can traverse. 

[0123] Microvoids formed from organic spheres are pre 
ferred because they are loW in light scattering, have been 
shoWn to form substantially circular voids and are easily 
dispersed in polyester. Further, the siZe and the shape of the 


















