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LIGHT DIRECTING FILM AND METHOD FOR MAKING THE SAME

TECHNICAL FIELD
[0001] The present disclosure is directed generally to a light directing film, and
particularly to a film that reduces and/or hides defects and optical coupling in a display
while improving the brightness of the display.
BACKGROUND

[0002] In backlit displays, brightness enhancement films use structures to direct light
along the viewing axis, thus enhancing the brightness of the light perceived by the viewer.
A representative example of a light directing film is illustrated in FIG. 1. This film 10 may
be manufactured from a suitable polymeric material such as acrylic, polycarbonate, UV-
cured acrylate, or like material and has a smooth surface 14 and a structured surface 12
opposite the smooth surface. The structured surface 12 includes an array of linear prism
elements 16 arranged side by side to form a plurality of peaks 17 and grooves 18 running
the length of the film. In use, light incident upon the smooth surface 14 of this film at
relatively high incidence angles is refracted at the smooth surface 14 and the structured
surface 12 of the film and is redirected toward an axis which is perpendicular to the
smooth surface 14. Additionally, light which strikes the structured surface 12 at greater
than the critical angle undergoes total internal reflection from both side surfaces, or facets,
20 of a prism element 16 and is directed back, where it may be recycled by reflective
clements. By a combination of reflection, refraction and total internal reflection, the film
10 increases the amount of light directed on axis and decreases the amount of light
directed at high angles.

[0003] A second sheet of light directing film may be placed closely adjacent the first sheet
with the prism elements crossed at approximately 90 degrees to further increase the
amount of light directed along the viewing axis. FIG. 2 illustrates, in an exploded view,
the orientation of crossed sheets of light directing film. In use, the lower, smooth surface
14" of the upper sheet 10' can contact, or very nearly contact, the structured surface 12 of
the lower sheet 10.

[0004] However, if the displays are viewed closely for long periods of time, even very
small defects may be detected by the naked eye, and cause distraction for the viewer. For

example, "wet-out” occurs when two surfaces optically contact each other, which causes a
1
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variation in light intensity across the display surface arca. Brighter areas correspond to
arcas where there is optical coupling and the less bright areas correspond to less optical

coupling, and this variation causes a display to have a non-uniform appearance.

SUMMARY

[0005] Advances in technology, particularly for the small displays utilized in hand-held
devices, require further development of optical films to more effectively hide display
defects while substantially maintaining display brightness. For example, increased LCD
panel transmission, reduced diffusion in the LCD panel and backlight, as well as small
spacing tolerances and extremely thin backlight structures in hand held devices, can cause
smaller scale display defects that conventional patterned films cannot effectively prevent
and/or mask.

[0006] The light directing films described in the present disclosure include a
microstructured surface with an arrangement of microstructures therecon. Each
microstructure on the surface includes a first region with a substantially constant height
and a second region with a non-constant height. The maximum height of the second
region is greater than the constant height of the first region, and the first regions and the
second regions have the same cross-sectional shape.

[0007] The height of the second regions is selected to reduce optical coupling between the
microstructured surface and another display component, which prevents large areas of wet
out and reduces the occurrence of visible lines in a display incorporating the optical film.
The period between the second regions on each microstructure and/or the density of the
second regions on the microstructured surface are selected to provide this reduction in
optical coupling while substantially preserving the optical gain of the film. Since the first
regions and the second regions have the same cross-sectional shape, the microstructured
surface is readily reproducible, which makes the films less expensive to manufacture than
films with more complex randomized patterns.

[0008] In one aspect, the present disclosure is directed to a light directing film including a
structured major surface. The structured major surface includes a plurality of
microstructures extending along a first direction. A microstructure includes a first region

with a constant height, and a second region adjacent to the first region, wherein the second
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region has a non-constant height and a maximum height greater than the constant height of
the first region. The first region and the second region have the same lateral cross
sectional shape.

[0009] In another aspect, the present disclosure is directed to a light directing article
including a first sheet of light directing film. The first sheet of light directing film
includes a structured major surface, wherein the structured major surface includes a
plurality of microstructures extending along a first direction. A microstructure includes a
first region and a second region, wherein the second region is different from and adjacent
to the first region. A microstructure has a substantially constant height in the first region
and a maximum, non-constant height in the second region about 0.5 to about 3 microns
greater than the constant height in the first region. The first region and the second region
have the same lateral cross sectional shape.

[0010] The light directing article further includes a second sheet of light directing film
having a substantially planar surface and a structured surface opposite the substantially
planar surface. The substantially planar surface is adjacent the structured surface of the
first sheet of light directing film. The structured surface of the second sheet of light
directing film includes a plurality of microstructures extending along a second major axis
approximately perpendicular to the first major axis. Any optical coupling between the
first and second sheets occurs predominately in the second regions.

[0011] In yet another aspect, the present disclosure is directed to an optical display
including a light source; a viewing screen; and a light directing film that directs light from
the light source to the viewing screen. The light directing film has a first major surface;
and a structured second major surface including a plurality of microstructures. A
microstructure has a repeating pattern that includes a first region and an adjacent second
region. The first region has a constant height; and the second region has a non-constant,
maximum height greater than the substantially constant height of the first regions. The
maximum height of the second regions is about 0.5 um to about 3 pwm greater than the
constant height of the first regions. The repeating pattern has a feature density of at least
200 second regions per cm?; and the first region and the second region have a same lateral
cross sectional shape.

[0012] In yet another aspect, the present disclosure is directed to a method of making a

light directing film, including cutting a tool with a structured major surface, wherein the
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structured major surface includes a plurality of grooves extending along a first direction.
A groove includes a first region and a second region, wherein the second region is
different from and adjacent to the first region. The first regions have a substantially
constant height, and the second regions have a maximum height greater than the
substantially constant height in the first region. The first region and the second region
have the same lateral cross sectional shape. The method further includes applying a
polymeric material to the tool to form a film, wherein the film including an arrangement of
microstructures corresponding to the grooves in the tool.

[0013] The details of one or more embodiments of the invention are set forth in the
accompanying drawings and the description below. Other features, objects, and
advantages of the invention will be apparent from the description and drawings, and from

the claims.

BRIEF DESCRIPTION OF DRAWINGS

[0014] FIG. 1 is a schematic diagram in perspective of a brightness enhancing film
suitable for use in an optical display;

[0015] FIG. 2 is an exploded perspective view of a light directing article constructed from
two sheets of the light directing film of FIG. 1 placed adjacent to one another;

[0016] FIG. 3A is a schematic perspective view of a portion of a light directing film
including a substantially continuous pattern of microstructures, each microstructure
including first and second regions;

[0017] FIG. 3B is a schematic perspective view of a portion of a light directing film
including a discontinuous pattern of microstructures, each microstructure having first and
second regions;

[0018] FIG. 3C is a schematic perspective view of a portion of a light directing film
including prismatic microstructures with a triangular cross section and tilted axes, each
microstructure having first and second regions;

[0019] FIG. 3D is a cross-sectional view of a portion of a microstructure on the light
directing film of FIG. 3A;

[0020] FIG. 3E is a cross-sectional view of an area of the light directing film of FIG. 3A,

showing adjacent microstructures;
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[0021] FIG. 3F is an overhead view of the light directing film of FIG. 3A;

[0022] FIG. 3G is a schematic perspective view of a portion of a light directing film
including microstructures with a regular distribution of second regions;

[0023] FIG. 4A is a schematic cross-sectional view of a portion of a microstructure on a
light directing film and showing substantially continuous second regions;

[0024] FIG. 4B is a schematic cross-sectional view of a portion of a microstructure on a
light directing film and showing a discontinuous second region;

[0025] FIG. 5A is a schematic perspective view of a portion of a light directing film
including microstructures with lenticular second regions;

[0026] FIG. 5B is a schematic overhead view of a portion of the film of FIG. 5A;

[0027] FIG. 6 is a schematic perspective view of a portion of a light directing film
including microstructures with first, second a third regions;

[0028] FIGs. 7-9 are photomicrographs at increasing magnification showing perspective
views of a light directing film including microstructures with a random arrangement of
second regions;

[0029] FIGs. 10-11 are photomicrographs at increasing magnification showing overhead
views of the light directing film of FIGs. 7-9;

[0030] FIG. 12 is a are photomicrograph showing a perspective view of a light directing
film including microstructures with a regular arrangement of second regions;

[0031] FIG. 13A is a cross-sectional view of an optical display including a light directing
optical film;

[0032] FIG. 13B is a cross-sectional view of a light guide assembly including a light
directing optical film;

[0033] FIG. 14 is a diagram of a cutting tool system for making microstructures in a work
piece;

[0034] FIG. 15 is a diagram illustrating a coordinate system for a cutting tool;

[0035] FIG. 16A is a perspective view of a tool tip;

[0036] FIG. 16B is a front view of a tool tip;

[0037] FIG. 16C is a bottom view of a tool tip;

[0038] FIG. 16D is a side view of a tool tip;

[0039] FIG. 17 is a plot summarizing the anti-wet out performance of the films in Table

1; and
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[0040] FIG. 18 is a plot summarizing the anti-wet out performance of the films in Table 1.

DETAILED DESCRIPTION

[0041] FIG. 3A illustrates a portion of one embodiment of a light directing optical film
300 including an arrangement of microstructures designed to reduce or substantially
eliminate wet out, while substantially preserving the optical gain of the film when the film
is used in a display device. The film 300 includes a first major surface 302 and an
opposed structured major surface 304. In the embodiment shown in FIG. 3A the first
major surface 302 is substantially smooth, which in this application means substantially
optically flat. However, even a substantially optically optically flat surface 302 can
optionally include a pattern of small structures to produce haze. The surface 302 can
optionally include patterns of microstructures to achieve a desired optical effect (not
shown in FIG. 3A).

[0042] The structured surface 304 includes a substantially continuous pattern of
microstructures 306 that extend along a first axial direction designated x in FIG. 3A and
having a substantially constant height h;. In the embodiment shown in FIG. 3A, the
microstructures 306 are linear prism elements, each with a first side surface 308 and a
second side surface 308.” However, as shown in FIG. 3B, the microstructures 306 need
not be continuous, and the surface 304 may include areas 325 without microstructures.
[0043] Referring again to the embodiment shown in FIG. 3A, the edges of the side
surfaces 308, 308’ intersect to define a peak, or apex 342. In the embodiment illustrated in
FIG. 3A the side surfaces 308, 308 of adjacent prism elements intersect to form a linearly
extending groove 344 between prism elements. However, it is not required that the side
surfaces 308, 308’ of the prism elements 306 intersect, so the grooves 344 may be made
wider as necessary for a particular application. The average pitch P; of the
microstructures 306 can vary widely from about 5 um to about 300 um, although average
pitches of about 15 pum to about 100 um have been found to be particularly useful.
Although the pitch P; is preferably substantially the same between all the prism elements
306, such an arrangement is not required, and the pitch P; may not be constant over the

entire surface 304.
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[0044] Each of the plurality of microstructures 306 in the pattern includes at least one first
region 305 and at least one second region 307, and may optionally include other regions as
necessary for a particular application (other regions are not shown in FIG. 3A, but see, for
example FIG. 6 and the discussion below). The second regions 307 in each microstructure
306 are adjacent the first regions 305 along the length of each microstructure. In some
embodiments, the first regions 305 are disposed between two second regions 307.

[0045] The cross-sectional shape of the microstructures in the first region 305 can vary
widely depending on the intended application of the film 300, and is not limited to
prismatic shapes. The cross-sectional shape of the first regions 305 can include, but are
not limited to, triangles, circles, lenticular shapes, ellipses, cones, or asymmetric shapes
having a curved portion. However, to maximize optical gain of the film 300 a generally
triangular cross-sectional shape is preferred, and a right isosceles triangular cross sectional
shape is particularly preferred. The apexes of the triangles in the cross sections in the first
regions 305 or the intersecting regions between the microstructures 306 may be smoothed
or curved to alter the shapes of the microstructures or the adjacent grooves and provide
desired optical effects, although such shapes generally reduce the gain provided by the
microstructures. As shown in FIG. 3C, the principal axes of the microstructures 306A
may also be tilted to achieve a desired optical effect.

[0046] In the embodiment illustrated in FIG. 3A, the dihedral angle o, of each triangular
cross section in the first region 305 is approximately 90°, although dihedral angles o, of
70-110° have been found to be useful for most applications.

[0047] The first regions 305 have a substantially constant height h;. The height h; can
vary from of about 1 pm to about 175 um as measured from a plane between the
structured surface 304 and the opposed major surface 302 and closest to the structured
surface 304 (for example, reference plane 320 in FIG. 3A). While it is generally preferred
that the height h; of the first regions is substantially the same, some variation in height can
be tolerated while maintaining good optical performance. For example, in some
embodiments, the average height h; can vary by = 0.20 um, while in other embodiments
the average height h; can vary by + 0.10 um, and in yet other embodiments the average
height h; can vary by + 0.05 pm, while maintaining acceptable optical performance.
[0048] A second region 307 of each microstructure 306 is adjacent to the first region 305.

In some embodiments, the second regions are dis-contiguous with respect to the first
7
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regions 305, which in this application means that the second regions 307 do not contact or
overlap with one another on a microstructure 306. The second regions 307 may be
arranged on the surface 304 in a wide variety of patterns, depending on the intended
application. For example, the second regions 307 may be randomly distributed on the
surface 304, or the distribution may be semi-random (some arcas of random distribution,
and some areas of regular distribution with some limitations such as a minimum period
between microstructures). The second regions 307 may also be regularly distributed on
the surface 304, and the regular distributions may be periodic (repeat at a constant
interval) or aperiodic (follows a pattern that is not random). An exemplary regular
distribution is shown in the film 400 of FIG. 3G, which includes a regular distribution of
first regions 405 and second regions 407 across the surface 404 of the film (see also FIG.
12 for another depiction of a regular distribution of second regions).

[0049] The second regions 307 have an average density of about 200 per cm” up to about
6000 per cm? of the structured surface 304. In some embodiments, the second regions
have an average density of about 200 per cm? to about 3500 per cm” of the structured
surface 304. In other embodiments, the second regions 307 have an average density of
about 200 per cm” to about 2500 per cm? of the structured surface 304.

[0050] The second regions 307 have an average period P, (see, for example, FIG. 4A)
along a microstructure 306 of about 1000 um to about 20,000 pm. In some embodiments,
the second regions 307 have an average period of about 3500 pum to about 15,000 um.
Although the average period P, of the second regions 307 is preferably substantially the
same, such an arrangement is not required.

[0051] Referring to the cross-sectional view of a single microstructure 306 in FIG. 3D, the
second regions 307 have substantially the same cross-sectional shape as the first regions
305, but are simply taller (extend further along the z direction in FIG. 3A by a distance hy).
For example, in the embodiment shown in FIG. 3D, the first regions include side surfaces
308, 308, which meet at an apex 342 and form a dihedral angle o;. The second regions
307 include side surfaces 311, 311, which meet to form an apex 312 and form a dihedral
angle o,. The dihedral angle o, and a cross-sectional shape of the second regions 307 are
substantially the same as the dihedral angle o, and the cross sectional shape of the first
region 305, i.e. o, = oy. FIG. 3E, which shows a cross section of three adjacent

microstructures 306 in an area of the microstructured surface including a second region
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307, also illustrates that the second regions 307 have substantially the same cross-sectional
shape as the first regions 305, but are taller by a distance hs.

[0052] This similarity in cross-sectional shape, along with the difference in apex height,
causes the side surfaces 311, 312 on the second regions 307 to appear on overhead views
to extend or bulge outward in the y direction along the microstructures 306 (FIG. 3F). In
FIG. 3F, the apexes 342 of the first regions appear as substantially straight lines, while the
grooves 344 between the microstructures 306 appear to deviate from linearity at the
locations of the second regions 307.

[0053] Referring again to FIG. 3D, the second regions have a maximum height h,,
measured from the apex 342 of a first region 305 to an apex 312 of a second region 307, of
about 0.5 um to about 3 um. In some embodiments, the maximum height of the second
regions h; is about 1 um to about 2.5 um, while in other embodiments the maximum
height h; is about 1.5 pm to about 2 um. While the maximum height h, of all the
triangular elements in the second region 307 may be substantially the same, the height h,
of the prism elements 307 can vary in a regular or a random manner to provide a desired
optical effect.

[0054] FIGs. 4A-4B illustrate a second region 307 on a microstructure 306. Even if the
height h, of a second region 307 remains relatively constant, the distance d over which the
second region rises to its apex 311 may also vary widely. For example, in FIG. 4A, the
slope of the line A forming the second region changes smoothly and gradually from a
neighboring region, which forms a substantially continuous bump-like region on the
microstructure 306. In FIG. 4B, the slope of the line B forming the second region changes
more abruptly than the line A in FIG. 4A, and forms a substantially discontinuous bump
on the microstructure 306.

[0055] In use, when a second surface, such as a sheet of light directing film, is placed
adjacent the structured surface 304, its physical proximity to sheet 300 is limited by the
second regions 307 of the microstructures 306. The second regions 307 prevent the
second surface from contacting the first regions 305 of the microstructures 306, which can
reduce optical coupling. For example, one or all of properties such as the average density,
average period, and the maximum height of the second regions 307 on the surface 304, as
well as the material making up the film carrying the structured surface 304, can be

selected such that the second sheet of film is not allowed to sag and contact the first
9
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regions 305. Thus, utilizing randomly occurring second regions on each microstructure to
physically control the proximity of an adjacent surface dramatically reduces the surface
area of the structured surface 304 that is susceptible to undesired optical coupling.
Instead, optical coupling occurs primarily within the second regions 307.

[0056] FIGs. 5-6 are directed to examples of other useful light directing films. Referring
to FIGs. 5A-5B, a light directing film 500 includes a structured surface 504 including
microstructures 506. The microstructures 506 each include at least one first region 505
and at least one second region 507. Each first region 505 has a substantially constant
height with respect to a reference plane 520, and each second region 507 has a maximum
height greater than the substantially constant height of the first regions 505. In the
embodiments shown in FIGs. 5A-5B, the second regions 507 include first and second side
surfaces 511, 511° that form a generally lenticular shape.

[0057] In another embodiment shown in FIG. 6, a light directing film 600 includes a
structured surface 604 with microstructures 606. The microstructures 606 each include at
least one first region 605, at least one second region 607, and at least one third region 609.
Each first region 605 has a substantially constant height with respect to a reference plane
620, and each second region 607 has a maximum height greater than the substantially
constant height of the first regions 605. Each third region 609 has a maximum height
greater than the substantially constant height of the first regions 605 but less than the
maximum height of the second regions 607. Such an arrangement may be useful, for
example, to reduce optical coupling caused when an adjacent film sags in the areas
between the second regions 607. In the embodiment shown in FIG. 6, the second and third
regions are substantially discontinuous (see schematic diagram in FIG. 4B). Compared to
the relatively smooth curves at the interfaces between the first regions 305 and the second
regions 307 in the microstructures of FIG. 3A, which are referred to herein as continuous
(see also schematic diagram in FIG. 4A), the interfaces between side surfaces 611, 611°
and 613, 613’ and the side surfaces 608, 608’ in FIG. 6 is very abrupt, which is referred to
herein as a discontinuous structure.

[0058] FIGs. 7-9 are photomicrographs that illustrate additional exemplary embodiments
of the light directing films as described herein. FIGs. 7-9 show three views at increasing
magnification of a portion of a light directing film 700 with a structured surface 704

including continuous prismatic microstructures 706 extending along the x direction. The
10



WO 2009/124107 PCT/US2009/039077

microstructures 706 include first regions 705, which appear as dark bands or darker areas,
as well as a random distribution of second regions 707, which appear as lighter colored
bands. The second regions 707 have a maximum height along the z direction that is
greater than the substantially constant height of the first regions 705. The second regions
707 also extend outwardly along the y direction so that their triangular cross sectional
profile remains the same as the cross sectional profile of the first regions 705. FIGs. 10-11
are additional overhead views at increasing magnification of the embodiments of the light
directing films 700 shown in FIGs. 7-9. As in FIG. 3F, the apexes 742 of the first regions
appear as substantially straight lines, while the grooves 744 between the microstructures
706 appear to deviate from linearity at the locations of the second regions 707.

[0059] FIG. 12 shows a portion of a light directing film 800 with a structured surface 804
including continuous prismatic microstructures 806 extending along the x direction. The
microstructures include first regions 805, as well as a substantially regular distribution of
second regions 807, which appear as raised areas on every other microstructure 806. The
second regions 807 have a maximum height along the z direction that is greater than the
substantially constant height of the first regions 805. The second regions 807 also extend
outwardly along the y direction so that their cross sectional profile remains the same as the
cross sectional profile of the first regions 805.

[0060] FIG. 13A illustrates, in cross-section, a representative embodiment of a display
900 incorporating a light directing film as described herein. The display 900 includes a
case 912, a light source 916, a first sheet of light directing film 918, a second sheet of light
directing film 918', a light gating device 926, and a substantially transparent cover sheet
928. In the embodiment disclosed in FIG. 13A the light source 916 can be, for example, a
LED, an OLED, an electroluminescent panel, or a fluorescent light source. Additionally,
while the light gating device 926 disclosed in FIG. 13A is preferably a liquid crystal
device, other light gating devices may be used.

[0061] The first sheet of light directing film 918 is exemplary of the embodiment
illustrated in FIG. 3A, and includes microstructures 906 with a first region 905 and a
second region 907. The microstructure 906 has the same cross-sectional shape in each of
the first and second regions 905, 907. The first regions 905 have a substantially constant
height, and the second regions 907 have a maximum height greater than the substantially

constant height of the first regions 905. It will be appreciated that FIG. 13A is not drawn
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to scale and that, in particular, the size of the structured surface of light directing film 918
is greatly exaggerated for illustrative purposes. As shown in FIG. 13A, the peaks in the
second regions 907 control the physical proximity of the second sheet of light directing
film 918" to the first sheet 918. In accordance with the previous discussion, optical
coupling is concentrated in the zones which have relatively higher peaks, which are
preferably between about 1 um and about 2.5 um in height. While FIG. 13A shows the
light directing film oriented in a direction such that the peaks 907 of the microstructures
are directed away from the light source 916, in another embodiment the peaks 507 may be
directed toward the light source 916.

[0062] FIG. 13B illustrates another useful application of a sheet of light directing film as
described herein. FIG. 13B is a schematic illustration of a commonly used light guide
assembly 950 for use in an optical display. The light guide assembly 950 includes a light
source 952, a wedge-shaped light guide 954, a diffusive reflector 956, and a sheet of light
directing film 958. In use, light from the light source 952 is directed into light guide 954.
Light rays which strike the surface of light guide 954 at greater than the critical angle
undergo total internal reflection and are propagated along light guide 954. By contrast,
light rays which strike the surface of light guide 954 at less than the critical angle are
transmitted and refracted. Light rays that exit the bottom surface of light guide 954 are
reflected by diffusive reflector 956 and are "recycled” for use. Light rays that exit the top
surface of light guide 954 are passed through a light gating means such as a liquid crystal
device to produce an image on a display.

[0063] Conventional light directing films, as depicted in FIG. 1, may allow optical
coupling to occur between the structured surface 955 of the light directing film and the
upper surface 953 of the light guide 954. The microstructures 957 on the structured
surface 955 of the light directing film 958 include second regions 960 that inhibit the
occurrence of visible optical coupling by controlling the proximity of the structured
surface 955 of light directing film 958 to light guide 954.

[0064] Although the particular material used for the light directing film may vary widely
depending on the intended application, the material should be substantially transparent to
ensure high optical transmission. Useful polymeric materials for this purpose are
commercially available, and include, for example, acrylics and polycarbonates having

nominal indices of refraction of about 1.493 and 1.586, respectively. Other useful
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polymers include polypropylene, polyurethane, polystyrene, polyvinyl chloride, and the
like. Materials having higher indices of refraction will generally be preferred.

[0065] A smooth polyester film that may be used as a substrate for the light directing film
is commercially available from ICI Americas Inc. Hopewell, Va. under the trade
designation Melinex 617. A matte finish coating that may be applied on a film to be used
as a substrate is commercially available from Tekra Corporation of New Berlin, WI, under
the trade designation Marnot 75 GU. Other films could be used as well. These films
could be chosen for their optical, mechanical, or other properties. For example, a substrate
could be a multi-layer optical film as described in published PCT patent application WO-
97/01774. Examples of other films that could be used are wavelength selective multi-
layer optical films and reflective polarizers. Reflective polarizers could be multi-layer
films, cholesteric materials, or materials of the type disclosed in published PCT patent
application WO-97/32227.

[0066] Masters for the tools used for manufacturing the light directing films described
herein, whether by extrusion or by a cast and cure process, may be made by known
diamond turning techniques. Suitable diamond turning apparatus are shown and described
in U.S. Patent Nos. 6,322,236, 6,354,709, 7,328,638, and WO/00/48037.

[0067] The apparatus used in methods and for making the light directing films typically
includes a fast servo tool. The fast tool servo (FTS) is a solid state piezoelectric (PZT)
device, referred to as a PZT stack, which rapidly adjusts the position of a cutting tool
attached to the PZT stack. The FTS allows for highly precise and high speed movement of
the cutting tool in directions within a coordinate system as further described below.

[0068] FIG. 14 is a diagram of a cutting tool system 1000 for making microstructures in a
work piece. Microstructures can include any type, shape, and dimension of structures on,
indenting into, or protruding from the surface of an article. System 1000 is controlled by a
computer 1012. Computer 1012 has, for example, the following components: a memory
1014 storing one or more applications 1016; a secondary storage 1018 providing for non-
volatile storage of information; an input device 1020 for receiving information or
commands; a processor 1022 for executing applications stored in memory 1016 or
secondary storage 1018, or received from another source; a display device 1024 for

outputting a visual display of information; and an output device 1026 for outputting

13



WO 2009/124107 PCT/US2009/039077

information in other forms such as speakers for audio information or a printer for a
hardcopy of information.

[0069] The cutting of a work piece 1054 is performed by a tool tip 1044. An actuator
1038 controls movement of tool tip 1044 as work piece 1054 is rotated by a drive unit and
encoder 1056, such as an electric motor controlled by computer 1012. In this example,
work piece 1054 is shown in roll form; however, it can be implemented in planar form.
Any machineable materials could be used; for example, the work piece can be
implemented with aluminum, nickel, copper, brass, steel, or plastics (e.g., acrylics). The
particular material to be used may depend, for example, upon a particular desired
application such as various films made using the machined work piece. Actuator 1038 can
be implemented with stainless steel, for example, or other materials, and suitable actuators
are shown and described, for example, in U.S. Patent No. 7,328,638.

[0070] Actuator 1038 is removably connected to a tool post 1036, which is in turn located
on a track 1032. The tool post 1036 and actuator 1038 are configured on track 1032 to
move in both an x-direction and a z-direction as shown by arrows 1040 and 1042.
Computer 1012 is in electrical connection with tool post 1036 and actuator 1038 via one or
more amplifiers 1030. .

[0071] When functioning as a controller, computer 1012 controls movement of tool post
1036 along track 1032 and movement of tool tip 1044 via actuator 1038 for machining
work piece 1054. If an actuator has multiple PZT stacks, it can use separate amplifiers to
independently control each PZT stack for use in independently controlling movement of a
tool tip attached to the stacks. Computer 1012 can make use of a function generator 1028
to provide waveforms to actuator 1038 in order to machine various microstructures in
work piece 1054, as further explained below.

[0072] The machining of work piece 1054 is accomplished by coordinated movements of
various components. In particular, the system, under control of computer 1012, can
coordinate and control movement of actuator 1038, via movement of tool post 1036, along
with movement of the work piece in the c-direction (rotational movement as represented
by the line 1053 in FIG. 14) and movement of tool tip 1044 in one or more of the x-
direction, y-direction, and z-direction, those coordinates being explained below. The
system typically moves tool post 1036 at a constant speed in the z-direction, although a

varying speed may be used. The movements of tool post 1036 and tool tip 1044 are
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typically synchronized with the movement of work piece 1054 in the c-direction. All of
these movements can be controlled using, for example, numerical control techniques or a
numerical controller (NC) implemented in software, firmware, or a combination in
computer 1012.

[0073] The cutting of the work piece can include continuous and discontinuous cutting
motion. For a work piece in roll form, the cutting can include a helix-type cutting
(sometimes referred to as thread cutting) or individual circles around or about the roll. For
a work piece in planar form, the cutting can include a spiral-type cutting or individual
circles on or about the work piece. An X-cut can also be used, which involves a nearly
straight cutting format where the diamond tool tip can traverse in and out of the work
piece but the overall motion of the tool post is rectilinear. The cutting can also include a
combination of these types of motions.

[0074] Work piece 1054, after having been machined, can be used to make films having
the corresponding microstructures for use in a variety of applications. The films are
typically made using a coating process in which a polymeric material in a viscous state is
applied to the work piece, allowed to at least partially cure, and then removed. The film
composed of the cured polymer material will have substantially the opposite structures
than those in the work piece. For example, an indentation in the work piece results in a
protrusion in the resulting film. Work piece 1054, after having been machined, can also
be used to make other articles having discrete elements or microstructures corresponding
with those in the tool.

[0075] Cooling fluid 1046 is used to control the temperature of tool post 1036 and
actuator 1038 via lines 1048 and 1050. A temperature control unit 1052 can maintain a
substantially constant temperature of the cooling fluid as it is circulated through tool post
1036 and actuator 1038. Temperature control unit 1052 can be implemented with any
device for providing temperature control of a fluid. The cooling fluid can be implemented
with an oil product, for example a low viscosity oil. The temperature control unit 1052
and reservoir for cooling fluid 1046 can include pumps to circulate the fluid through tool
post 1036 and actuator 1038, and they also typically include a refrigeration system to
remove heat from the fluid in order to maintain it at a substantially constant temperature.

In certain embodiments, the cooling fluid can also be applied to work piece 54 to maintain
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a substantially constant surface temperature of the material to be machined in the work
piece.

[0076] FIG. 15 is a diagram illustrating a coordinate system for a cutting tool such as
system 10. The coordinate system is shown as movement of a tool tip 1062 with respect
to a work piece 1064. Tool tip 1062 may correspond with tool tip 1044 and is typically
attached to a carrier 1060, which is attached to an actuator. The coordinate system, in this
exemplary embodiment, includes an x-direction 1066, a y-direction 1068, and a z-
direction 1070. The x-direction 1066 refers to movement in a direction substantially
perpendicular to work piece 1064. The y-direction 1068 refers to movement in a direction
transversely across work piece 1064 such as in a direction substantially parallel to a plane
of rotation of work piece 1064. The z-direction 1070 refers to movement in a direction
laterally along work piece 1064 such as in a direction substantially parallel to the axis of
rotation of work piece 1064. The rotation of the work piece is referred to as the c-
direction, as also shown in FIG. 14. If the work piece is implemented in planar form, as
opposed to roll form, then the y-direction and z-direction refer to movement in mutually
orthogonal directions across the work piece in directions substantially perpendicular to the
x-direction. A planar form work piece can include, for example, a rotating disk or any
other configuration of a planar material.

[0077] FIG. 16A is a perspective view of a typical tool tip 1062 that may be used in
making the light directing films described in this disclosure, and FIG. 16B is a front view
thereof, FIG. 16C is a bottom view thereof, and FIG. 16D is a side view thereof. As
shown in FIGS. 16A-16D, tool tip 1062 includes sides 1104, tapered and angled front
surfaces 1106, and a bottom surface 1102 for securing the tip 1062 to a suitable tool tip
carrier (not shown in FIGs. 16A-D). The front portion 1105 of tool tip 1062 is used for
machining of a work piece under control of an actuator. Tool tip 1062 can be
implemented with, for example, a diamond slab.

[0078] In one embodiment, to produce the first and the second regions on the
microtructures in a single pass on the diamond turning machine, a fast tool servo actuator
is added to the diamond turning apparatus. In another embodiment, the first regions of the
microstructures on the light directing film may be produced in a first pass on the diamond

turning machine in which the tool is set to make a cut of substantially constant depth in the
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roll. Then, in a second pass on the diamond turning machine, the same tool is used to cut
the second regions of the microstructures in a regular, random or pseudo-random pattern.
[0079] Selection of a single pass or a multi-pass cutting process can have an impact on the
shape of the second regions on the microstructures. For example, a single pass cutting
process produces a microstructure having substantially continuous second regions with a
smooth, more slowly varying slope (FIG. 4A). Typically, a multi-pass cutting process
produces a second region with a sharp, discontinuous shape have a rapidly varying slope
(FIG. 4B).

[0080] The invention will now be further explained with reference to the following non-

limiting examples.

EXAMPLES

[0081] Light directing films having microstructures with first and second regions were
made from rolls whose surfaces were prepared using a diamond turning process. The rolls
included patterned grooves produced in a single pass using a fast tool servo actuator as
described in, for example, U.S. Patent Nos. 6,322,709 and 7,328,638. A polymeric
material was then cast onto the rolls to form films with microstructured surfaces
replicating the diamond cut patterns in the grooves. The characteristics of the patterns in
the films are shown in Table 1 below.

[0082] In Table 1 the maximum period and the average period are evaluated along a
microstructure. The period along a microstructure is measured from the start of one
second region to the start of an adjacent second region on that microstructure.

[0083] To determine wetout ratings in Table 1, the microstructured side of each sample
was placed next to the smooth side of another microstructured film such as that shown in
FIG. 1. The samples were oriented as shown in FIG. 2. When viewed on a light table, the
amount of optical coupling between the films was subjectively evaluated and rated using
the following rating system:

[0084] 0 - No Wetout Visible

[0085] 1- Wetout very light, somewhat difficult to see

[0086] 2 - Wetout is dim, but still visible

[0087] 3 - Wetout easily visible

[0088] 4 - Wetout bright, but lacking pattern of lines
17
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[0089] 5 -Bright wetout with pattern of lines

[0090] To determine the cosmetic ratings in Table 1, a single film sample was placed on
the light table and its appearance was subjectively assessed relative to the appearance of
conventional light directing films available from 3M, St. Paul, MN, under the trade
designations BEF 2 and BEF 3. A value of 1 was assigned to BEF 2 and a value of 5 was
assigned to BEF 3.

[0091] To determine gain change in Table 1, the samples were compared to a light
directing film including linear prismatic structures with a substantially constant height,

and without any second regions (see, for example, the light directing film of FIG. 1).
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[0092]
TABLE 1
Pattern | Microstructure | Min Max Average | Density | Height | Wetout | Cosmetic | Gain

(Prism) Period Period Period of of Rating Rating Change

Pitch of of of Second | Second

Second | Second | Second | Regions | Regions
Regions | Regions | Regions | (#/cm2) | (um)

| 24 851 1560 1206 3455 0.6 5 2 1.19%
2 24 2624 4043 3334 1249 0.6 5 2 0.43%
3 24 7235 14328 10781 386 0.6 5 | -0.99%
4 24 851 1560 1206 3455 1.2 3 2 -0.29%
5 24 2483 4823 3653 1140 1.2 3 2 0.17%
6 24 7235 14328 10781 386 1.2 2 | -0.65%
7 19 1560 2979 2270 2318 1.5 2 3 -1.3%
8 19 3121 6100 4610 1141 1.5 2 2 -1.1%
9 19 9150 18158 13654 385 1.5 | | -0.6%
10 24 851 1560 1206 3455 2.0 2 3 0.05%
I 24 1323 2505 1914 2177 2.0 2 3 -0.7%
12 24 2483 4824 3654 1140 2.0 | 2 -0.74%
13 24 7235 14328 10781 386 20 I 2 -0.79%
14 24 35607 71072 53339 78 2.0 4 5 -1.4%

[0093] In addition to the results shown in Table 1, the performance of the films is
summarized in FIGS. 17-18.
19




WO 2009/124107 PCT/US2009/039077

[0094] FIG. 17 summarizes the anti-wet out performance of the films in Table 1 by
plotting the height of the second regions against the density of the second regions on the
film. In general, the results plotted in FIG. 17 show that second regions with a height of
about 1 to about 2 microns and an average feature density of about 200 to about 3500
second regions per cm? provide the best anti-wetout performance.

[0095] FIG. 18 summarizes the anti-wet out performance of the films in Table 1 by
plotting the height of the second regions against the average period of the second regions.
In general, the results plotted in FIG. 18 show that second regions with a height of about 1
to about 2 microns and an average feature period of about 1000 um to about 12000 um
provide the best anti-wetout performance.

[0096] As noted above, the present invention is applicable to display systems and is
believed to be particularly useful in reducing cosmetic defects in displays and screens
having multiple light management films, such as backlit displays and rear projection
screens. Accordingly, the present invention should not be considered limited to the
particular examples described above, but rather should be understood to cover all aspects
of the invention as fairly set out in the attached claims. Various modifications, equivalent
processes, as well as numerous structures to which the present invention may be
applicable will be readily apparent to those of skill in the art to which the present
invention is directed upon review of the present specification. The claims are intended to

cover such modifications and devices.
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CLAIMS:

1. A light directing film comprising a structured major surface, wherein the structured
major surface comprises a plurality of microstructures extending along a first direction,
and wherein a microstructure comprises:

a first region with a constant height, and

a second region adjacent to the first region, wherein the second region has a non-
constant height and a maximum height greater than the constant height of the first region,
and wherein the first region and the second region have the same lateral cross sectional

shape.

2. The light directing film of claim 1, wherein each microstructure comprises a

plurality of first and second regions, and wherein the second regions are discontiguous.

3. The light directing film of claim 2, wherein the second regions are distributed

randomly on the microstructures on the major surface of the film.

4. The light directing film of claim 2, wherein the second regions are distributed

regularly on the microstructures on the major surface of the film.

5. The light directing film of claim 4, wherein the regular pattern is periodic.
6. The light directing film of claim 4, wherein the regular pattern is aperiodic.
7. The light directing film of claim 2, wherein the second regions are distributed

semi-randomly on the microstructures on the major surface of the film.
8. The light directing film of claim 3, wherein the microstructures comprise a cross

sectional shape selected from at least one of triangular, circular, lenticular, elliptical,

conical, or having a curved portion.
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9. The light directing film of claim 8, wherein at least a portion of the microstructures

are linear and extend along the first direction.

10. The light directing film of claim 8, wherein the microstructures are linear and

extend continuously along the first direction.

I1. The light directing film of claim 10, wherein the microstructures are adjacent one
another.
12. The light directing film of claim 10, wherein the microstructures have a triangular

cross sectional shape.

13. The light directing film of claim 11, wherein the microstructures have a triangular

cross sectional shape.

14.  The light directing film of claim 10, wherein the maximum height in the second

regions is about 0.5 pm to about 3 um greater than the constant height

15.  The light directing film of claim 10, wherein the density of the second regions is

from about 200 to about 6000 per cm” of the structured surface.

16.  The light directing film of claim 10, wherein the period of the second regions is

about 1000 to about 20,000.

17.  The light directing film of claim 10, wherein the second regions have an average
height of about 1 um to about 2.5 pm and a density of about 200 to about 3500 per cm” of

the structured surface.

18.  The light directing film of claim 10, wherein the second regions have an average
height of about 1.5 pum to about 2.0 pm and a density of about 200 to about 2500 per cm’

of the structured surface.
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19.  The light directing film of claim 8§, wherein the prisms have a triangular cross

sectional shape and a dihedral angle of about 70° to about 110°.
20.  The light directing film of claim 8, wherein the prisms have a triangular cross
sectional shape and the substantially constant height of the first regions is about 1 um to

about 200 um.

21.  The light directing film of claim 8§, wherein the cross-sectional shape of the prisms

1S asymmetric.

22.  The light directing film of claim 8, wherein at least two second regions have the

same maximum height.

23.  The light directing film of claim 8, wherein at least two second regions have

different maximum heights.

24.  The light directing film of claim 23, wherein the maximum height of the second

regions varies regularly.

25.  The light directing film of claim 23, wherein the maximum height of the second

regions varies randomly.
26.  The light directing film of claim 1, wherein the film comprises a second major
surface opposite the structured surface, and wherein the second major surface is

substantially smooth.

27.  The light directing film of claim 26, wherein the second major surface comprises

structures.

28.  Alight directing article comprising

23



WO 2009/124107 PCT/US2009/039077

a first sheet of light directing film comprising a structured major surface, wherein

the structured major surface comprises a plurality of microstructures extending along a

first direction, and wherein a microstructure comprises:

a first region and a second region, wherein the second region is different from and
adjacent to the first region, and wherein a microstructure has a substantially
constant height in the first region and a maximum, non-constant height in the
second region about 0.5 to about 3 microns greater than the constant height in the
first region, and wherein the first region and the second region have the same
lateral cross sectional shape; and

a second sheet of light directing film having a substantially planar surface and a

structured surface opposite the substantially planar surface, wherein the substantially

planar surface is adjacent the structured surface of the first sheet of light directing film,

and wherein the structured surface of the second sheet of light directing film comprises a

plurality of microstructures extending along a second major axis approximately

perpendicular to the first major axis; and wherein any optical coupling between the first

and second sheets occurs predominately in the second regions.

29.

An optical display, comprising
a light source;
a viewing screen; and
a light directing film that directs light from the light source to the viewing screen,
wherein the light directing film has
a first major surface; and
a structured second major surface comprising a plurality of microstructures,
wherein a microstructure has a repeating pattern that comprises a first region and
an adjacent second region, wherein:
the first region has a constant height; and
the second region has a non-constant, maximum height greater than
the constant height of the first region, wherein the maximum height of the second
regions is about 0.5 pm to about 3 um greater than the constant height of the first

regions, and wherein the repeating pattern has a density of at least 200 second
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regions per cm?; and wherein the first region and the second region have a same

lateral cross sectional shape.

30. The optical display of claim 29, wherein the peaks of the microstructures face

toward the viewing screen.

31.  The optical display of claim 29, wherein the peaks of the microstructures face

away from the viewing screen.

32. A method of making a light directing film, comprising:
cutting a tool with a structured major surface, wherein the structured major surface
comprises a plurality of grooves extending along a first direction , wherein a groove
comprises:
a first region and a second region, wherein the second region is different
from and adjacent to the first region, and
a constant height in the first region and a maximum height in the second
region greater than the substantially constant height in the first region,
wherein the first region and the second region have the same lateral cross
sectional shape; and
applying a polymeric material to the tool to form a film, wherein the film

comprises an arrangement of microstructures corresponding to the grooves in the tool.

33. A method of reducing wet out in a display device, comprising incorporating into
the device a light directing film, wherein the light directing film comprises a structured
major surface, wherein the structured major surface comprises a plurality of
microstructures extending along a first direction, and wherein a microstructure comprises:

a first region and a second region, wherein the second region is different from and
adjacent to the first region, and

a substantially constant height in the first region and a maximum height in the
second region greater than the substantially constant height in the first region, wherein the

first region and the second region have the same lateral cross sectional shape.
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