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CURVED LIGHT DUCT EXTRACTION

Related Cases
This application is related to the following U.S. Patent Application filed on an even herewith,
entitled RECTANGULAR LIGHT DUCT EXTRACTION, and which is incorporated herein by
reférence.

Background
The long-distance transport of vigible light through a building can use large mirror-lined ducts, or
smallet solid fibers which exploit total internal reflection. Mirror-lined ducts include advanitages of large
cross-sectional area and large numerical aperture (enabling larger fluxes with less concentraiion), a robust
and clear propagation medium (that is, air) that leads to both lower attenuation and longer lifetimes, and a

potentially lower weight per unit of light flux transported.

Summary

The present disclosure describes light.delivery and distribution components of a ducted lighting
system haviﬂg a cross-section that includes at least one curved portion, and a light source. The delivery
and distribution systemn (that is, light duct and light duct exiractor) can function effectively with-any light
source that is capable of delivering light which is substantially coliimated about the longitudinal axis of
the light duct, and which is also preférably substantially uniform over the inlet of the light duct. In one
dspect, the present disclosure provides a lighting elemient that includes a light duct having a longitidinal
axis, a reflective interior surface defining a cavity, and a curved cross-section; a plurality of voids
disposed in the reflective interior surface and defining a light output surface of the curved cross-section,
wherein the plurality of voids are disposed within a radial output angle measured around the longitudinal
axis, and wherein the plurality of voids are disposed such that an areal density of voids varies across the
radial output angle; and a turning film disposed adjacent the light output surface and exterior to'theé cavity,
the turning film comprising parallel ridged microstructures, each of the parallel ridged microstructures
having a vertex adjacent the exterior surface of the light duct. Light rays propagating through the light
duct that intersect the plurality of voids exit the light. duct radially through the plurality of voids and are
redirected within a plane normal to-the paraliel ridged microstructures by the turning film. In yet another
aspect, the present disclosure provides a lighting system that includes a light distribution duct including at

least one Jighting element; and at least one light source capable of injecting
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light in a propagation direction paralfel fo the Tongitudinal axis, the light having a collimation half-angic
less than about 30 degrees.

In another aspect, the present disclosure provides a lighting element that includes a light duct

‘having a longitudinal axis, a reflective interior surface defining a cavity, and a cross-section having a

curved light output surface; a plurality of voids disposed in the curved light output surface of the
reflective interior surface, wherein the plurality of voids are disposed within a radial output angle
measured around the longitudinal axis, and wherein the plurality of voids are disposed such that an areal
density of voids varies across the radial output angle; and a turning film disposed adjacent the curved
light output surface and exterior to the cavity, the turning film comprising parallel ridged microstructures,
each of the parallel'ridged'microstructures having a vertex adjacent the exterior surface of the light duct.
Light rays propagating through the light duct that interscct the plurality of voids exit the light duct
radially through the plurality of voids and are redirected within a plane normal to the parallet ridged
microstructures by the turning film. In yet another aspect; the present disclosure provides a lighting
system that includes a light distribution duct including at least one lighting element; and at least one light
source capable of injecting light in a propagation direction paratlel to.the longitudinal axis, the light.
having a collimation half-angle less than about 30-degrees.

In yet another aspect, the present disclosure provides a lighting element that includes a cylindrical
light duct having a central longitudinal axis; a reflective interior surface disposed on a circumference
around the longitudinal axis and defining a cavity; a plurality of voids disposed on a light output surface
of the reflective interior surface, wherein the plurality of voids are disposed within a radial output angle
measured around the longitudinal axis; and whereini the plurality of voids are disposed such that an areal
density of voids varies across the radial output angle; and a turhing film disposed adjacent the plurality of
voids and exterior to the cavity, the turning film comprising a plurality of-parallel ridged microstructures
perpendicular to the longitudina!l axis. Light rays propagating through the cylindrical light duct that
intersect the plurality of voids exit the light duct radially through the plurality of voids and are redirected
within a plane normal to the parallel ridéed microstructures by the turning film. In yet another aspect, the
present disclosure provides a lighting system that includes a light distribution duct including at least one
lighting element; and at least one light source capable of injecting light ina propagation direction parallel
1o the longitudinal axis, the light having a callimation half-angle less than about 30 degrees.

The above summary is nof intended to describe each disclosed embodiment or every

implementation of the present disclosure. The figures and the detailed description below. more particularly

exemplify illustrative émbediments.
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light in a propagation direction parallel to the longitudinal axis, the light having a collimation

half-angle less than about 30 degrees.

In another aspect, the present disclosure provides a lighting element that includes a light
dwet having a longitudinal axis, a reflective interior surface defining a cavity, and a cross-section
having a curved light output surface; a plutality of voids disposed in the ¢urved light ontput
surface of the reflective interior surface; and a turning film disposed adjacent the curved light

output surface and exterior to the cavity, the turning film comprising parallel ridged

‘microstructures, each of the parallel ridged microstructures having a vertex adjacent the exterior

sutface of the ligfit duct. Light rays propagating through the light duct that intersect the plurality
of voids exit the light duct radially through the plutality of voids and are redirected within a

plane normal to the paraliel ridged microstructures by the twning film. In yet another aspect, the

present disclosure provides a lighting system that includes a light distribution duct including at
least one lighting cl¢ment; and at least one light source capable of injecting light in a
propagation direction parallel to the longitudinal axis, the light having & collimation half-angle
less than about 30 degrees.

In yet another aspect, the present disclosure provides a lighting element that includes a
cylindrical light duct having a central longitudinal axis; a reflective interior surface disposed on
a circumference around the longitudinal axis and defining a cavity; a plurality of voids disposed
on a light output surface of the reflective interior surface; and a turning film disposed adjacent
the plurality of voids and exterior to the cavity, the turning film comprising a plurality of parallel
ridged microstructures perpendicular-to the longitudinal axis. Light rays propagating through the
cylindrical Light duct that intersect the plurality of voids exit the light duct radially through the
plurality of yoids and are redirected within a plane normal to the pardllel ridged microstructares
by the turning film. In‘yet another aspect, the present disclosure provides.a lighting system that
includes a light distribution duct including at. least one lighting element; and at least one Light
source capable of injecting light in a propagation.direcﬁon parallel to the-longitudinal axis, the
light having a collimation half-angle less than about 30 degrees.

The above summary is not intended to describe cach discloséd embodiment or every
implementation of the present disclosure, The figures and the detailed desctiption below more

particularly exemplify illustrative embodiments.
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Brief Description of the Drawings

Throughout the specification reference is-made to the appended drawings, where like
reference numerals designate like elements, and wherein:

FIG. 1 shows a perspective schematic view of a lighting system;

FIG. 2A shows an cxploded perspective schemaiic view of a lighting clement;

FIG.2B shows a perspective schematic view of a lighting element;

FIG. 2C shows a longitudinal cross-sectional schematic view of a lighting element;

FIG. 2D.shows a cross-seciional schematic view of a lighting element;

FIGS. 3.A-3C shows cross-séctional schernatic embodiments of lighting elements; and

FIGS. 4A-4C shows schematic plan views of lighting elements having different
distributions of a plurality of voids.

The figures arc not necessarily to scale. TLike rumbers used in the figures refer to like
components. However, it will be understood that the use of a number to refer to a component in

a given figure is not intended to limit the component in another figure labeled with the same

number.

Detailed Description

The present disclosure describes light delivery and distribution components of a ducted
lighting system havinga cross-section that-includes at least one curved portion, and & light
soutce. The delivery and distribution system (that is, light duct and light duct cxtractor) can
function effectively with any light source that is capable of delivering light which is substantially
collimated about the longitudinal axis of the light duct, and which is also preferably substantially
uniform over the inlet of the light duct,

In the following description, reference is made to the accompanying drawings that forms
a part hereof and in which are shown by way of illustration. 1tis tobe understood that other
embodiments are contemnplated and may be made without departing from the scope or spirit of
the present disclosure. The following detailed description, therefore, is not to be fakenina
limiting sense.

Unless otherwise indicated, all numbers expressing feature sizes, amounts, and physical

properties used in the specification and claims are to be understood as being modified in all

instances by the term “about.” Accordingly, unless indicated to the contrary, the numerical

parameters set forth in the foregoing specification and attached. claims are approximations that
-3-
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can vary depending upon the desired properties sought to be obtained by those skilled in the art
utilizing the teachings disclosed herein.

As used in this specification and the appended claims, the singular forms *a,” *an,” and
“the” enconipass embodiments having plural referents, unless the content cleaily dictates
otherwisc. As used in this specification and the appended claims, the term “or” is generally
employed in its sense including “and/or” unless the content clearly dictates otherwise.

Spatially related terms, including but not limited to, “lower,” “upper,” “beneath,”
“below,” “above,” and “on top,” if used herein, are utilized for ease of description to. describe
spatial relationships of an element(s) to another. Such spatially related terms encompass
different orientations of the device in use or operation in addition to the particular orientations
depicted in the figures and described herein. ‘For example, if an object depicted in the figures is
turned over or flipped over, portions previously described as below or beneath other elements
would then be above those other elements.

As used herein, when an element, component or layer for example is described as
forming a “coincident intexface” with, or being “on” “connected to,” “coupled with” or “in
contact with* another element, component or layer, it can be directly on, directly connected to,
directly coupled ‘with, in direct contact with, or intervening elements, components or layers may
be on, connected, coupled or in contact with the particular element, component or layer, for
example. 'When an element, component or layer for example is referred to as being “directly
on,” “directly connected to,” “directly coupled with,” or “directly in contact with” another
element, there are no intervening elements, components or layers for example.

The elements of and construction of light sources that can provide suitable solar light
input are described elsewhiere, for example, in U.S. Patent Application Serial No. 61/589,544
entitled OFF AXIS CASSEGRAIN SOLAR COLLECTOR {Attorney Docket No, 6815005002,
filed January 23, 2012), and PCT Patent Publication No. W02012021471 entitled
CONCENTRATING DAYLIGHT COLLECTOR (Attorney Docket No, 66518178002, filed
August 13, 2010), which generally describe solar collectors which can provide sunlight with the

required characteristics. The addition of an artificial light source, alone or in combination with a

solar collector, can be useful to broadening the utility of the light delivery and distribution
system described herein. For the purposes of the present disclosure, the description of the

‘lighting system’ references bothi solar and artificial sources.
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Architectural daylighting wsing mirror-lined light ducts can deliver sunlight deep into the
core of multi-floor buildings. Such mirror-lined light: ducts can be uniquely enabled by the use
of 3M optical films, including mirror films such as Vikuiti™ ESR film, that have greater than
98% specular reflectivity across the visible spectrum of light. Architectural daylighting is 2
multi-compenent system that includes a device for collecting sunlight, and light ducts and
extractots for transporting and distributing the sunlight within the building. The typical benefits
of using sunlight for interior lighting. can include a reduction of energy for office lighting by an
average of 25%, improved light quality due to the full spectrum light delivered, and is ofien
more pleasing to office occupants.

The ducted illumination systems useful for architectural daylighting can also be useful
for distribution of auxiliary or artificially generated light efficiently throughout a building. For
example, it is widely aceepted that LED lighting may eventually replace a substantial portion of
the world’s installed base of incandescent, fluorescent, metal halide, and sodium-vapor fixtures.
One of the primary driving forces is the projected luminous efficacy of LEDs versus those of
these other sources. Some of the challenges to utilization of LED lighting include (1) reduce the
maximum luminance emitted by the luiminaire far below-the lumihance emitted by the LEDs (for
example, to eliminate glare); (2) promote uniform contributions to the luminance emitted by the
luminaire from every LED in the fixture (that is, promote color mixing and reduce device-
binning requirements); (3) preserve the small etendue of LED sources to control the angular
distribution of luminance emitted by the luminaire (that is, preserve the potential for directional
control); (4) avoid rapid obsolescence of the luminaire in the face of rapid evolution of LED
performance (that is, facilitate updates of LEDs without replacement of the luminaire); (5)
facilitate access to customization of luminaires by users not expert in optical design (that is,
provide a modular architecture); and (6) manage the thermal flux generated by the LEDs-s0 as fo
consistently realize their entitlement performance without excessive weight, cost, or complexity
(that s, provide effective, light-weight, and low- cost thermal management).

When coupled to a collimated LED light source, the ducted light-distribution system
described herein can address challenges (1) — {5)in the following manners (challenge 6 concerns
specific design of the LED lighting element):

(1) The light flux emitted by the LEDs is emitted from the luminaire with an angular

distribution of luminance which is substantially uniform over the emitting area. The emitting
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area of the luminaire is typically many orders of magnitude larger than the emitting arca of the
devices, so that the maximum luminance is many orders of‘'magnitude smaller.

(2) The LED devices in any collimated source can be tightly clustered within an artay
occupying a small area, and all paths from these to an, observer involve substantial distance and
multiple bounces. For any observer in any position rclative to the luminaire and looking
anywhere on the emitting surface of a luminaire, the rays incident upon your eye can be-traged
within its angular resolution backwards through. the system to the LED devices. These traces will
tand nearly uniformly distributed over the array due to the multiple bounces within the light duct,
the distance travelled, and the small size of the array. In this manner, an obeserver’s ¢ye cannot
discern the emission from individual devices, but only the mean of the devices.

(3) The typical orders of magnitude increase in. the emitting area of the luminaire relative
to that of the LEDs implies & concomitant ability to tailor the angular distribution of luminance
emitted by the luminaire, regardless of the angular distribution emitted by the LEDs. The
emission from the LEDs is collimated by the source and conducted to the emitting areas through
a mirror-lined duct which preserves this collimation, The cmitted angular distribution of
luminance is then tailored within the emitting surface by the inclusion of appropriate
microstructured surfaces. Alternately, the angular distribution in the far field of the luminaire 18
tailored by adjusting the flux ¢mitied through a series of perimeter scgments which face different
directions. Both of these means of angular control are possible only because of the creation and
maintenance of collimation within the light duct.

(4) By virtue of their close physical proximity, the LED sources can be removed and
replaced without disturbing or replacing the bulk of the lighting system.

(5) Bach performance attribute.of the system is influenced primarily by one component.
For example, the local percent open area of the perforated ESR. determines the spatial
distribution of emission, and the shape of optional decollimation-film structures (also referred to
herein as “steering film” structures) Jargely determines the cross-duct angular distribution. It is

therefore feasible to manufacture and sell a limited series of discrete components (for example,

perforated ESR with a series of percent open areas, and a series.of decollimation films for

standard half angles of uniform illumination) that enable users to assenible an enormous variety
of lighting systems.
One component of the light ducting portion ol an illumination system is the ability {o
extract li ght from desired portions of the light duct efficiently, and without adversely degrading
G-
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the light flux passing through the light duct to the rest of the ducted lighting system. Without the
ability fo extract the light efficiently; any architectural lighting system would be limited to short-
run lightt ducts only, which could significantly reduce the attractiveness of distributing high
intensity light such as concentratéd sunlight or LED- generated illumination for interior lighting.

For those devices designed to transmit Hight from one location to another, such as-a light
duct, it is desirable that the optical surfaces absorb and transmit a minimal amount of light
incident upon them while reflecting substantially all of the light. In portions of the.device, it
may bedesirable 4o deliver light to a selected area using generally reflective optical surfaces and
to then allow for transmission of light out of the device in a known, predetermined manner. In
such devices, it may be desirable to-provide a portion of the optical surface as partially reflective
to allow light to exit the device in a predetermined manner, as described hercin.

Where multilayer optical film is used in any aptical device, it will be understood that it
can be laminated to a support (which itself may be transparent, opaque reflective or any
combination thereof) or it can be otherwise supported using any suitable frame or other support
structute because in some instances the multilayer optical film itself may not be rigid enough to
be self-supporting in an optical device.

Conirol of the emigsion in the cross-duct direction is available for curved light ducts
whose cross section contains a continuurm or discrete plurality of outward surface normals from
the centerline.of the light duct to points on the target illuminated surface(s). This isillustrated in
FIG. 1 for a circular light duct and a horizontal target surface; and no-decollimation plate is
necessary in this circumstance. Instead, the turning fitm is-rolled to form a cylinder and inserted
into a smooth-walled transparent tube, with the apices of the prisms facing inward and their axes
circumfcrential. Then the perforated ESR can be rolled to form a cylinder and inserted inside the
turning film. The emission through this light extraction duct s centered about normal to the

surface, when the included angle of the parallel prism microstructures is about 69 degrees.

“Different circumferential locations on the surface of the light duct can illuminate differcnt

localized areas on the target surface. Tailoring the percent open area of the perforated ESR 4t
different locations to alter the local intensity of the erniited luminapce provides the means to
create desired patiems of illnminance on the target surface.

TIG. 1 shows a perspective schematic view of a lighting system 100, according to one
aspect of the disclosure. Liphting system 100 includes a light duct 110 having a longitudinal
axis 115 and a reflective inner surface 112 surrounding a cavity 116. A partially collimated light

<7~
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beam 120 having & central light ray 122 and boundary light rays 124 disposed within a
collimation half-angle 8; of the Iongitudinal axis 115 can be efficiently transported along the
light duct 110. -A portion of the partially collimated light beam 120 can leave the light-duct 110
through a light output suiface. 130 where light is extracted, as described elsewhere, In general,
any desired number of light output surfaces can be disposed at different locations on any the
light ducts described herein. Light rays leaving the light output surface 130 are directed onfo an
illumination region. 191 of ari intercepting surface 190. The illumination region 191 can be
positioned as desired on the intercepting surface. 190, along a first dircction 193 perpendicular to
the longitudinal axis 115-and also along a second direction 195 parallel to the longitudinal axis
115. The size and shape of the illumination region 191 can also be varied, resulting in differing
values of the radial output angle f and the longitudinal output angle ¢ from the light duct 110, as
described elsewhere.

In one particular embodiment, partially collimated Light bear 120 includes a cone of
light having a propagation direction within an input light divergence angle 8y (thatis, a
collimation half-angle Op) from centrai light ray 122. The divergence angle 0y of partiaily
collimated light beam 120 ¢an be symmetrically distributed in a cone arpund the central light ray
122, or it can be noh-symmetrically distributed. In some cases, the divergence angle 8y of
partially collimated light beam 120 can range from about 0 degrees to about 30 degrees, or from

ahout 0 degrees to about 25 degrees, or from. about 0 degtees fo about 20 degrecs, or even from

about O degrees to about 15 degrees. In one particular embodiment, the divergence angle 6y of

partially collimated light beam 120 can be about 23 degrees.

Partially collimated light rays are injected info the interior of the light duct along the
direction of the axis of the light duct. A perforated reflective lining ofthe light duct (for
example, perforated 3M Enhanced Specular Reflector (ESR) film) lines the light duct. Alight

ray which strikes the ESR between perforations is specularly reflected and returned to the light

duct within the same cone of directions as the incident light. Generally, the reflective lining of
ESR is at least 98 percent reflective at most visible wavelengths, with no more than 2 percent of
the reflected light directed more than 0.5 degrees from the specular direction. A light ray which
strikes within a perforation passes through the ESR with no change in direction. (Note that the
dimensions of the perforations within the plane of the ESR are assumed large relative to its
thickness, so that very few rays strike the interior edge of a perforation.) The probability that a
ray strikes a perforation and therefore exits the light duct is.proportional to the local percent

_B-
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open area of the perforated ESR. Thus, the rate at which light is extracted from the light duct can
be controlled by adjusting this percent open drea.

“The half angle in the circumferential direction is comparable to the half angle of
collimation within the light duct, The half angle in the longitudinal ditcction is approximately
one-half the half angle within the light duct; that is, only half of the directions hﬁmcdiatcly
interior to the ESR have the opportunity io escape through a perforation. Thus, the precision of
directing the light in-a desired direction increases as the half angle within the'light duct
decreases.

Light rays that pass through a perforation next encounter a prismatic tumning film, The
light rays strike the prisms of the turning film in a direction substantially parallel to the plane of

the turning film-and perpendicular to the axes of the prisms - the divergence of their incidence

from this norm is dictated by the collimation within the light duct. A majority of these rays enter

the film by refracting through the first prism face encountered, then undergoing total internal
reflection (TIR) from the opposing face, and finally refract through the bottom of the film. There
is no nef change 'in the direction of propagation perpendicular to the axis of the light duct. The
net change in direction along the axis of the light duct can be readily calculated by using the
index of réfraction of the turning film prism material and the included angle of the prisms. In
gencral these are selected to yield an angular distribution of transmission centered about the
downward normal to the film, Since most rays are transmitted, very little light is returned to the
light duct, facilitating the maintenance of collimation within the light duct.

If desired, light rays that pass through the turning film can next encounter an optional
decollimation film or plate (also referred to as a steering film), as described in co-pending U.S.
Provisional Patent Application entitled RECTANGULAR DUCT LIGHT EXTRACTION
having an Atiorney Docket No. 70058US002, and filed on an even date herewith. The rays

encountering fhe sieering film strike the structured surface of this film substantially normal to the
plane of the film. The majority of these pass through the structured surface, are refracted into

directions determined by the local slope of the structure, and pass through the bottom surface.
For these light rays, there is no net change in the.direction of propagation along the axis of the
light duct. The net change in- direction perpendicular to the axis is determined by the index of
refraction and the distribution of surface slopes.of the structure. The steering film structure can
be a smooth curved surface such as a-eylindrical or aspheric ridge-like lens, or can be piecewise
planar, such as to approximate a smooth curved lens structure. Tn general the steering film
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structures are selected to yield a specified distribution of illuminance upon target surfaces
occutring at distances from the light duct large compared to the cross-duct dimension ofthe
emissive surface. Again, since most rays are transmitted, very little light is-returncd to the light
duct, preserving the collimation within the light duct.

T many cases the turning film and stecring film, if present, may usc a transparent support

plate or-tube surrounding the light duct (depending on the light duct configuration). In one

particular embodiment, the transparent support can be laminated to the outermost film:

component, and can nclude an anti-reflective coating on the outermost surface. Both lamination
and AR coats increase transmission through and decrease reflection from the outermost
component, increasing the overall efficiency of the lighting system, and better preserving the
collimation within the light duct.

FIG. 2A shows an exploded perspective schematic view of a lighting element 200 that
includes a lghting element, according to one aspect of the disclosure. Each of the elements 210-
230 shown in FIG. 2A correspond to like-numbered elements 110-130 shown in FIG. 1, which
have been described previously. For example, light duct 210 shown in FIG. 2A corresponds to
light duct 110 shown in FIG. 1, and-so on. Lighting element 200 includes a light duct 210
having a longitudinal axis 215 and a reflective surface 212 surrounding a cavity 216. A partially
collimated light beam 220 having a central light ray 222 and boundary light rays 224 disposed
within an input collimation half-angle 8 of the longitudinal axis 215 can be efficiently
transported along the light duct 210. A portion of the partially collimated light beam 220 can
leave the light duct 210 through a plurality.of voids 240 disposed in the reflective surface 212 in
a light output surface 230 where light is extracted. A turning film 250 having e plurality of
parallcl ridged microsiructures 252 is positioned adjacent the light output surface 230 such that a
vertex 254 correspouding fo each of the perallel ridged microstructures 252 is positioned
proximate an exterior surface 214 of light duct 210. The tuining film 250 can intercept light rays
exiting/the cavity 216 through one of the plurality of voids 240.

Tn one particular embodiment, cach of the plurality of voids 240 can be physical
apertures, such as holes that pass either conipletely through, or through only a portion of the
thickness of the reflective sutface 212. In one particular embodiment, each of the plurality of”
voidg 240 can instead be solid clear or transparent regions such as windows, formed in the
reflective surface 212 that do not substantiaily reflect light. In either case, the plurality of voids
240 designates a region of the reflective surface 212 where light can pass through, rather than

-10-
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reflect from the surface. The voids can have any suitable shape, either regular or-irregular, and
can include curved shapes such as arcs, circles, ellipses, ovals, and the like; polygonal shapes
such as friangles, rectangles, pentagons, and the like; irregular shapes including X-shapes, zig-
zags, stripes, slashes, stars, and the like; and combinations thereof.

The plurality of voids 240 can be made to have any desired percent open (that is, non-
reflective) area from about 5% to about 95%. Inone particular embodiment, the percent open
area Tanges from about 5% to about 60%, or from about 10% to about 50%. The size range of
the individual voids can also vary, in one particular embodiment, the voids can range in major
dimension fom about 0.5 mm to about 5 mm, or from about 0.5 mm to about 3 mm, or from
about 1 mm to about 2 mm.

Tnsome cages, the voids cen be uniformly distributed across the light output surface 230
and can have a uniform sizé. However, in some cases, the voids can have different sizes and
distributions across the light.output surface 230, and can result in a variable areal distribution of
void (that is, open) across the output region, as described elsewherc. The plurality of voids 240
can optionally include switchable elements (not shown) that can be used to regulate the output of
light from the lght duct by changing the void open area gradually from fully closed to fully
open, such as those described in, for example, co-pending U.S. Patent Publication No. US2012-
0057350 entitled, SWITCHABLE LIGHT-DUCT EXTRACTION.

The voids can be physical apertures that may be formed by any suitable technigue
including, for example, die cut, laser cut, mo 1ded, formed, and the like. The voids can instead be
transparent windows that can be provided of many different materials or constructions. The
areas can be made of multilayer optical film or any other transmissive or partially transmissive
raterials. One Wway to allow for light transmission through: the arcas is to provide arcasin
aplical surface which are partially reflective and partially transmissive. Partial reflectivity can
be imparted to multilayer optical films in areas by & variety of fechniques.

In one aspeck, areas may comprise multi-layered optical film which is uniaxially
stretched 10 altow transmission of light having one plane of polatization while reflecting light
having a plane of polatization orthogonal to the transmitted light, such as described, for example,
in U.S. Patent No. 7,147,903 (Ouderkirk et al.), entitled “High Efficiency Optical Devices”. In
another aspect, areas may comprise multi-layered optical film which has been distorted in
selected regions, to convert a reflective film into a light trensmissive film. Such distortions can
be cffected, for example, by heating portions of the film to reduce the layered structure of the
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film, as described, for example, in PCT Publication No. W02010075357 (Merrill et al.), entitled
“internally Patterned Multilayer Optical Films using Spatially Selective Birefringence
Reduction™.

The selective birefringence reduction can be performed by the judicious delivery of an
appropriate amount of energy to the second zone so as to selectively heat at least some of the
interior layers therein to a temperature high enough to produce a relaxation in the material that
reduces or eliminates a preexisting optical birefringence, but low enough to maintain the
physical integrity of the layer structure within-the film. The reduction in birefringence may be
partial or it may be complete, in which case interior layers that are birefringent in the first zone
arerendered optically isotropic in the second zone. Tn exemplary embodiments, the selective
heating is achicved at least in part by selective delivery of light or-other radiant energy to the-
second zone of the film.

In one particular emboediment, the turning film 250 can be a microstructured film such
as, for cxample, Vikuiti™ Image Directing Fitms, available from 3M Company. The turning
film 250 can include one plurality of parallel ridged microstructure shapes, or more than one
different parallel ridged microstructure shapes, such as having a variety of included angles used
to direct light in different directions, as described elsewhere.

FIG. 2B shows a perspective schematic view of the lighting element 200 of FIG. 24,
according to one aspect of the disclosure. The perspective schematic view shown in FIG. 2B cin
be used to further describe aspects-of the lighting clement 200: Bach of the elements 210-250
shown in FIG. 2B correspond to like-nurnbered elements 210-250 shown in FIG. 2A, which have
been described previously. For example, light duct 210 shown in FIG. 2B corresponds to light
duct 210 shown in FIG. 2A, and so on. In FIG. 2B, a cross-section 218 of light duct 210
including the exterior 214 is perpendicular to the longitudinal axis 215, and a first plane 260
passing through the longitudinal axis 215 and the turning film 2505 petpendicular to the cross-
section 218. In 2 similar manner, a sccondplane 265 is parallel to the cross-seetion 218 and
perpendicular to both the first plane 260 and the turning film 250. As described herein, cross-
section 218 generally includes a light oufput surface 230 that is curved; in.some cases, the light
output surface 230 includes a portion of a circular cross-section, an oval cross-section, ox an.
arced region of a plansr-surface light duct, as described elsewhere. Bxamples of some typical
cross-section figures include circles, ellipses, polygons, closed irregular curves, triangles,
squares, rectangles or othet polygonal shapes.
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Tn some embodiments, the lighting clement 200 ¢an further include a plurality of sicering
elements (not shown) disposed adjacent the turning film 250, such that the turning film 250 is
positicned between the steering elements and the exterior 214 of the light duct 210. The steering
elements are disposed to intercept light exiting from the turning film 250 and provide further
angular spread of the light in a radial direction {that is, in directions within second plane 265),
such as described in co-pending U.S. Provisional Patent Application entitled RECTANGULAR
DUCT LIGHT EXTRACTION having an Attorney Docket No. 70058US002, and filed on an
even date herewith.

FIG, 2C shows a longitudinal cross-sectional schematic view of a lighting element 201,
according to one agpect of the disclosure. Lighting element 201 can be a cross-section of the
lighting element 200 of FIG. 2B, along the first plane 260. Each of the elements 210-250 shown
in FIG. 2C correspond to like-numbered elements 210-250 shown in FIG. 2B, which have been.
described previously. For exemple, light duct 210 shown in F1G..2C corresponds to light duct
210 shown in FIG. 2B, and so0 on,

Lighting element 201 includes a light duct 210 having 4 longitudinal axis 215 and a
reflective surface 212 surrounding 8 cavity 216, A partially collimated light beam 220 having a
central light ray 222 and boundary light rays 224 disposed within an input collimation half-angle

8o of the longitudinal axis 215 can be efficiently transported along the light duct 210. A portion

of the partially collimated light beam 220 can leave the light duct 210 through a plurality of
voids 240 disposed in.the teflective surface 212 in a light output surface 230 where light is
extracted.. A turning film 250 having & plurality of parallel ridged microstructures 25218
positioned adjacent the light output surface 230 such that a vertex 254 cotresponding to each of
the parallel ridged microstructures 252 is positioned proximate an exterior surface 214 of light.
duct 210. In one particular embodiment; each vertex 254 can be ireroediately adjacent the
exterior surface 214; however, in some cases, cach vertex 254 can. instead be separated from the
exlerior surface 214 by a separation distance 255, The turning film 250 is positioned to intercept
and redirect light Tays exiting the cavity 216 through one of the phurality of voids 240.

The vertex 254 corresponding to each of the parallel ridged microstructures 252 has an
inchuded angle between planar facés of the parallel ridged microstructures 252 that can vary from

about. 30 degrees to about 120 degrees, or from about 45 degrees to.about 90 degrees, or from

about 55 degrees to.ahout 75 degrees, to redirect light incident on the microstrugtures. Tn one

particutar cmbodiment, the included angle ranges from about 55 degrees to about 75 degrees and
-13-
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the pattially collimated light beamn 220 that exits through the plurality of voids 240 is redirected
by the turning film 250 away from the longitudinal axis 215. The redirected portion of the
partially collimated light beam 220 exits as a partially coltimated output light beam 270 having:a
central light ray 272 and boundary light rays 274 disposed within an output collimation half-
angle.0; and directed ata longitudinal angle @ from the longitudinal axis 215. Tn some cases, the
input collimation half-angle 8 and the output collimation half angle 8, can be the same, and the
collimation of light is retained. The longitudinal angle @ from the longitudinal axis can vary
from about 45 degrees 1o about 135 degrees, or from about 60 degrees to shout 120 degrees, or
from about 75 degrees to about 105 degrees, or can be approximately 90 degrees, depending on
the included angle of the microstructutes.

'FIG. 2D shows a cross-sectional schematic view of a lighting element 202 that includes a

lightirig element, according to one aspect of the disclosure. Lighting element 202 can be a cross-

section of the Lighting element 200 of F1G. 2B, along the &econd plane 265. Each of the

clements 210-250 shown i FIG. 2D correspond to like-nurabered elements 210-250 shiown in
FIGS, 2B, which have been described previousty. For example, tight duct 210 shown in FIG. 2D
corresponds to light duct 210 shown in FIC. 2B, and so on.

Lighting element 202 includes a light duct 2 10 having a longitudinal axis 215 and a
reflective surface 212 surrounding a cavity 216. A partially collimated light beam 220 having &
central light ray 222 and boundaty light rays 224 disposed within an input collimation half-angle
By of the longitudinal axis 215 can be efficiently transporicd along the light duct 210 shown
directed into the paper as shown in FIG. 2D. ‘A portion of the partially collimated light bearn
220 can leave-the light duct 210 through a plurality of voids 240 disposed in the reflective
surface 212 where lightis cxfracted. A turning film 250 is positioned adjacent the plurality of
voids 240 as described with reference to FIG. 2C. The tuming film 250 is pogitioned to intercept
and redirect light rays exiting the cavity 216 through ‘one of the plurality of voids 240, such that
the redirection of light rays ocours in first plane 260 that passcs through longitudinal axis 260.
Tn one particular embodiment, the turning film 250 does not influence the path of light rays
within the second plane 265 perpendicular to the longitudinal axis.

Tn one particular embodiment, the partially collimated light beam 220 is distributed
radially as it exits the plurality of voids 240 within a radial output angle B as a partially
coliimated output light beam 270 having a central light ray 272 and boundary light rays 274
disposed within an output collimation half-angle 8, and directed at a radial angle B around the
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longitudihal axis 215. In some cases, the input collimation half-angle 8; and the output
collimation half angle 8 can be the same, and the collimation of light is retained. The radial
angle B around the longitudinal axis can vary from about 0 degrees to about 360 degrees, and can
include any-destred portion of the light duct 210,

FIGS. 3A-3C shows cross-sectional schematic embodiments of lighting elements having
curved light output surfaces, according to one aspect of the disclosure. Each of the elements
310a-35¢ shown in FIGS. 3A-3C correspond to like-numbered elements 210-250 shown in FIG.
2B, which have bieen described previously. For example, longitudinal axis 315a shown in FIG.
3A corresponds to longitudinal axis 215 shown in FIG. 2B, and so or.

In FIG. 3A, lighting element 302a includes a rectangular light duct 310a having &
longitudinal axis 315a, a reflective interior surface 312a surrounding a cavity 316a, and a curved
portion 380, The curved portion includes aplurality of voids 340. disposed in an output.region
330a. A turning film 350 is disposed adjacent the plurality of voids 340. The rectangular light
duct 310a is representative of a variety of cross-sectional shapes including planar portions, and is
intended to also represent other envisioned light duct cross-sections having planar portions
including triangular, rectangular, square, pentagonal, and the like cross-sections.

In FIG. 3B, lighting element 302b inctudes an aval light duct 310b having a longitudinal
axis 315b, and & reflective interior surface 312b surrounding a cavity 316b. The oval light duct
3100 includes a plurality of voids 340 disposed in an output region 330b. A turning film 350 is
disposed adjacent the plurality of voids 340,

InFIG. 3C, lighting €lement 302¢ includes a circular light duct 310c having a
longitudinal axis 315¢, and a reflective inlerior surface 312c surrounding a cavity 316¢. The
circular light duct 310¢ includes a plurality of voids 340 disposed in two different output-
regions; a first output region 330c] and a second output region 330e2. A turning film 350 is
disposed adiacent the plurality of voids 340.

FIGS. 4A-4C shows schematic plan views of light duct extractors having different
distributions of a plurality of voids, according to one aspect of the disclosure. It is to be
understood that any desired distribution of sizes of voids, shapes of voids, and relative positions
of voids are encompassed by the disclosure, and the plan views provided in FIGS. 4A-4C are
provided for illustrative purposes only. Tn FIG. 4A, lighting element 403a incindes light duct
410a having an output region 430a and a plurality of uniform. sized voids 440a disposed within
the output region 430a. An areal density of voids can be defined as the total area of voids (that
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is, regions where light can leavé the light duct 410a) within a predetermined arca of the output
region. In one particular embodiment, the plurality of uniform sized voids 440a can be
uniformty distributed throughout the output region 430a such that a first areal density of voids
480a.is equal to a second arcal density of voids 485a displaced from the first areal density of
voids 480a.

In FIG. 4B, lighting element 403b includes light duct 410b having an output region 430b
and a phurality of non-uniform sized voids 440b disposed within the output region 430b. In one

particular embodiment, the plurality of non-imiform sized voids 440b can be distributed

throughout the cutput region 430b such that a first areal density of voids 480b is smalier than a

second areal density of voids 485b displaced from the first areal density of voids 480b..

In FIG. 4C, lighting element 403c¢ inctudes Hght duct 410c having an output region 430c
and a plurality of yniform sized voids-440c disposed within the output region 430c. Inone
particular-embodiment, the plurality of uniform sized voids 440c can be distributed throughout
the output region 430c such that a first afcal density of viids 480c is greater than a second areal
density of voids 485¢ displaced from the first areal density of voids 480¢.

Formulas.can be readily derived that form the basis for an approximate analytic model of
the angular distribution of luminance transmitted by the curved light extractor, and its.
dependence upon the half angle of collimation within the light duct, the index and included angle
of the tuming film, and the index and slope distribution of the optional decollimation film. The
impacts of ray paths other than, the principal path, subtle differences in index between the resins,
substrales, and support plates within the curved light extractar, the potential for absorption
within these components, and the presence of additional features such asthe AR coat on the
support plafe can all be asscssed by photometric ray-trace. simulation, Predictions of well-
exccuted simulations can be essentially exact insofar as the input descriptions of components and
their assembly are accurate.

Generally, the half angle in the along-duct direction of the emission through any lighting
element of the form depicted in FIGS, 1-3 is approximately one-haif the half angle of the
collimation within the light duct, since typically only one-half of the rays within the cone of rays

striking the void will exit the light duct. In some cases, it can be desirable o increase the hatf

-angle in the along-duct direction without altering the angular distribution emitted in the cross-

duet direction. Fncreasing the half angle in the along-duct direction will elongate the segment of

the emissive surface which makes a substantive contribution to the illuminance at any point o 2

-16-



10

15

20

25

30

WO 2014/070495 PCT/US2013/0065840

target surface, This can in turn diminish the oceurrence of shadows cast by objects near the
surface, and may reduce the maximum hnminance incident upon the surface, reducing the
potential for glare. It generally is not acceptable fo increase the half angle along the light duct by
simply increasing the half angle within the light duct, as this would alter the cross-duct
distribution and ultimately degrade the precision of cross-duct contral.

For example, the along-duct distribution is centered approximatély about normal for
index-1.6, 69-degree turning prisms. It is centered about a ditection with a small backward
component (relative to the sense of propagation within the light duct) forineluded angles less
than 69 degrees, and about a direction with a forward component for included angles greater than
69 degrees. Thus, a turning film composed of prisms with & plurality of included angles,
including-some less than 69 degrees and some greater than 69 degrees, can produce an along-
duct distribution approximately centeted about normal, but possessing a larger along-duct half
angle than a film composed entirely of 69-degree prisms.

Following are 4 list of embodiments of the present disclosure.

Ttem [ is @ lighting element, comprising: a light duct having a longitudinal axis, a
reflective interior surface defining a cavity, and a curved cross-section; a plurality of voids
disposed in the reflective interior surface and defining a light output surface of the curved cross-
section; a turning film disposed adjacent the light output surface and exterior to the cavity, the
turning film comprising paraliel ridged microstructures, each of the parallel ridged
microstructures having a veriex adjacent an exterior surface of the light duct, wherein light rays
propagating through the Tight duct that intersect the plurality of voids exit the light duct radially
through the plurality of voids and ate redirected within a plane normal to the parallel ridged
mictostructures by the turning film.

Ttern 2 is thie lighting element of item 1, wherein each of the parallel ridged
microstructures are orientated perpendicular to the longitudinal axis.

Ttem 3 is the lighting element of item 1 or item 2, wherein cach of the parallel ridged
miicrosituciures are immediately adj‘_acent the light output surface.

Ttem 4 is the lighting element of item 1 to item 3, wherein light rays propagate in a light
duct propagation direction within a collimation half-angle of the longitadinal axis, and exit in an
exit propagation direction that is different than the light duct propagation direction.

Ttem 5 is the lighting element of item 1 to itern 4, wherein the curved cross-section
comprises a cirele, an aval, an cllipse, an arc, or a combination thereof.
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Ttem 6 is the lighting element of item 1 to item 5, wherein the plurality of voids are
disposed in the reflective interior surface radially, longitudinally, or in & combination thereof.

Ttem 7 is the lighting element of item 1 to item 6, wherein the plurality of voids are
disposed within a radial output angle measured around the longitudinal axis.

Ttem 8 is the lighting clement of item 1'to item 7, wherein at least two of the plurality of

voids have a different cross-sectional area.

Hem 9 is the lighting element of item 1 to item &, wherein the plurality of voids are

(disposed such that an arcal density of voids varies across the radial output angle, varies parallel

to the longitudiinal axis, or varies across a combination thereof.

Ttem 10 is the lighting element of item 1 to item 9, wherein each of the plurality of voids
has a uniform cross-sectional area.

Ttem 11 is the lighting clement of item. 1 to item 10, wherein the vertex of each of the
parallel ridged microstructures have an equivalent vertex angle.

Ttem 12 is the lighting element of item 1 to itern 11, wherein thé vertex of at least two of
the parallel ridged microstructures have different vertex angles.

Ttem 13 is the lighting element of item 1 to item 12, wherein the plurality of voids

comprise perforations through the reflective interior surface or visible light transparent regions

of the reflective interior surface.

Item 14 is a lighting element, comprising: a light duct having a longitudinal axis, a

reflective interior surface defining a cavity, and.a cross-section having a curved light output

surface; a plutality of voids disposed in the curved light output surface of the reflective interior

surface; a-turning film disposed adjacent the cuzved light output surface and exterior to the
cavity, the furning film comprising parallel ridged microstructures, cach of the paraliel ridged
microstructures havinga vertex adjacent an exterior surface of the light duct, wherein light rays

propagating through the light duct that intersect the plurality of voids exit the light duct radially

through the plurality of voids and are redirected within a plane normal to the parallel ridged

microsfructures by the turning film.

Ttem 15 is the lighting element of item 14, wherein the cross-scction comprises planar

portions adjacenit the curved light output surface.
Item 16 ig the lighting element of item 14 or-ifem 15, wherein each of the parallel ridged

microstructures are orientated perpendicular to the longitudinal axis.
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Item 17 is the lighting element of item 14 fo-item. 16, wherein each of the parallel ridged
microstructures are immediately adjacent the curved light output surface.

Ttemn 18 is the lighting element of item 14 to item 17, wherein the light ray propagates in
a light duct propagation direction within & collimation half-angle of the longitudinal axis, and
exit in an exit propagation direction that is different than the light duct propagation direction.

Item 19 is the lighting element of item 14 to item 18, wherein the curved light output
surface comprises a portion of a circle, an oval, an ellipse, an arc, or a combination thereof,

Ttem 20 is the lighting element of itern 14 1o item 19, wherein the plurality of voids are
disposed in the reflective interior surface radially, longitudinally, or in a combination thereof,

Item 2] is the lighting element of item 14 to item 20, wherein the plurality of voids are
disposed within a'radial output angle measured around the longitudinal axis.

Item 22 is'the lighting element of item 14 to item 21, wherein at least two of the plurality
of voids have a different cross-sectional area,

Item 23 is the lighting elemenit of itern. 14 10 item 22, wherein the plurality of voids are.
disposed such that an arcal density of voids varies across the radial output angle, varies parallel
to the longitudinzl axis, or varies across a combination thereof.

Item 24 is the lighting element of item 14 to item 23, wherein cach of the plurality of
voids has a uniform cross-sectional area.

Item 25 ig the lighting element of item 14 to item 24, wherein the vertex of each of the
parallel ridged microstructures have an equivalent vertex angle.

Item 26 is the tighting element of'item 14 to item 25, wherein the vertex of at least two of
the parallel ridged microstructures have different vertex angles.

Item 27 is the lighting clement of item 14 to item 26, wherein the plurality of voids
comprise perforations through the reflective interior surface or visible light fransparent regions
of the reflective intcrior surface.

Ttem 28 is a lighting clement, comprising: a cylindrical light duct having a longitudinal
axis; a reflective interior surface disposed on a circumference around the longitudinal axis and
defining a cavity; a plurality-of voids disposed on a light output surface of the reflective interior
surface; and a turning film disposed adjacent the plurality of voids and exterior 1o the cavity, the
turning film comyprising a plurality of paralle] ridged microstructures perpendicular-to the

longitudinal axis, wherein light rays propagating through the eylindrical light duct that intersect
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‘the plurality of voids exit the light duct radially through the plurality of voids and are redirected

within a plane normal to the parallel ridged microstructures by the turning film.

Ttern 29.1s the lighting element of item 28, wherein each of the parallel ridged
microstructures are orientated perpendicular to the longitudinal axis,

Ttemn 30 is the lighting element of item 28 or item 29, wherein each of the parallel ridged
microstrictures are immediately adjaceiit the light output surface.

Item 31 is the lighting element of item 28 to item 30, wherein light rays propagate in a
light duct propagation direction within a collimation half-angle of the longitudinal axis, and exit
in an exit propagation direction that is different than the light duct propagation direction,

Ttem-32 is the lighting element of item 28 to item 31, whercin the plurality of voids are
disposed in the reflective interior surface radially, longitudinally, or in a combination thereof,

Item 33 is the lighting element of item 28 to item 32, wherein the plurality of voids are

disposed within a radial output angle measured around the longitudinal axis.

Item 34 is the lighting clement of item 28 to item 33, whercin at least two of the plurality
of voids have a different cross-sectional area.

Itern 35 is the lighting element of item 28 to item 34, wherein the plurality of voids are
disposed such that an areal density of voids varies across the radial output angle, varies parallel
to the longitudinal axis, or varies across a combinafion thereof.

Ttem 36 is the lighting element of item 28 to item 35, wherein each of the plutality of
voids has a uniform cross-sectional area.

Ttern 37 is the lighting element of item 28 to-item 36, wherein the vertex of each of the
parallel tidged microstructures have an equivalent vertex angle.

Ttem 38 is the lighting clement of item 28 fo item 37, wherein the vertex of at least two of
the parallel ridged microstructures have different vertex angles,

Item 39 is the lighting element of item 28 to item 38, wherein the plurality of voids
comprise perforations through the reflective interior surface or visible light transparent regions
of the reflective inferior surface.

Ttem 40 1is the lighting element of ilem 1 to item 39, wherein the plurality of voids
comprise shapes selected from arcs, circles, ellipses, ovals, triangles, rectangles, pentagons, X«
shapes, zig-zags, stripes, slashes, stars, and combinations thereof,

Item 41 is a lighting system, comprising: a light distiibution duct including at lcast one
lighting elemerit of item 1 o item 40; and at lcast one light source capable of injecting liglt in &
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propagation direction parallel to the longitudinal axis, the light having a collimation half-angle
less than about 30 degrees.

Item 42 is the lighting system of item 41, further comprising a.second Tight source:
configured to inject a second lght info the light distribution duct within a collimation half-angle.
less than 30 degrees of the longitudinal axis.

Itetn 43 is the lighting system of item 42, wherein at least one of the light source or the
second light source comprises a solar light source:

Ttem 44 is the lighting system of item 43, wherein the solar light source comprises a solar
concentrafor,

Unless otherwise indicated, &1l numbers expressing feature sizes, amounts, and physical
properties used in the specification and claims are to be-understood as being modified by the
term “about”. Accordingly, unless indicated to the contrary, the numerical parameters set forth
in the foregoing specification and attached claims are approximations that can vary depending
upon the desired properties sought to be.obtained by those skilled.in the art utilizing the
teachings disclosed herein,

All references and publications cited hetein are expressly incorporated herein by
reference in their entirety into this disclosure, except to the extent they may directly contradict
this disclosure. Althouglh specific embodiments have been illustrated and described herein, it
will be apprecidted by those of ordinary gkill in the art that a variety of alternate and/or
equivalent implementations can be substituted for the specific cmbodiments shown and
described without departing from the scope of the present disclosure, This application is
intenided to cover any adaptations or variations of the-specific embodiments discussed herein.
Therefore, it is intended that this.disclosure be limited only by the claims and the equivalents
thereof.
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What is.claimed is:

1. A lighting element, comprising:

a light duct having a longitudinal axis, a reflective interior surface defining a cavity, and a

curved cross-section;

a plurality of voids disposed in the reflective interior surface and defining a light output
surface of the curved cross-section, wherein the plurality of voids are disposed
within a radial output angle measured around the longitudinatl axis, and wherein
the plurality of voids are disposed such that an areal density of voids varies

across the radial output angle; and

a turning film disposed adjacent the light output surface and exterior to the cavity, the
turning film comprising parallel ridged microstructures, each of the parallel
ridged microstructures having a vertex adjacent an exterior surface of the light

duct,

wherein light rays propagating through the fight duct that intersect the plurality of voids exit the
light duct radially through the plurality of voids and are redirected within a plane normal to the

paraliel ridged microstructures by the turning film.

2. The lighting element of claim 1, wherein each of the parailel ridged microstructures are

orientated perpendicular to the longitudinal axis.

3. The lighting element of claim 1, wherein each of the parallel ridged microstructures are

immediately adjacent the light output surface.

4, The lighting element of claim 1, wherein light rays propagate in a light duct propagation
direction within a collimation half-angle of the longitudinal axis, and exit in an exit propagation direction

that is different than the light duct propagation direction.

5. The lighting element of claim 1, wherein the curved cross-section comprises a circle, an oval, an

ellipse, an arc, or a combination thereof.

6. The lighting element of claim 1, wherein the plurality of voids are disposed in the reflective

interior surface radially, longitudinally, or in a combination thereof,
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7. The lighting element of claim 1, wherein at least two of the plurality of voids have a different

cross-sectional area.

8. The fighting element of claim 1, wherein the areal density of voids varies parallel to the

longitudinal axis.

9. The lighting element of claim 1, wherein each of the plurality of voids has a uniform cross-

sectional area.

10. The lighting element of claim 1, wherein the vertex of each of the parallel ridged

microstructures have an equivalent vertex angle.

11. The lighting element of claim 1, wherein the vertex of at least two of the paraflel ridged

microstructures have different vertex angles.

12, The lighting element of claim 1, wherein the plurality of voids comprise perforations through the

reflective interior surface or visible light transparent regions of the reflective interior surface.
13. A lighting element, comprising;

a light duct having a lengitudinal-axis, a reflective interior surface defining a cavity, and a cross-

section having a curved light output surface;

a plurality of voids disposed in the curved light output surface of the reflective interior surface,
wherein the plurality of voids are disposed within a radial output angle measured around the
longitudinal axis, and wherein the plurality of voids are disposed such that an areal density of voids

varies across the radial output angle; and

a turning film disposed adjacent the curved light cutput surface and exterior to the cavity, the
turning film comprising parallel ridged microstructures, each of the paralle! ridged microstructures

having a vertex adjacent an exterior surface of the light duct,
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wherein light rays propagating through the light duct that intersect the plurality of voids exit the light
duct radially through the plurality of voids.and are redirected within a plane normal to the parallel

ridged microstructures by the turning film.

14 The lighting element of claim 13, wherein the cross-section comprises planar portions adjacent

the curved light output surface.

15, The lighting element of elaim 13, wherein each of the parallel ridged microstructures are

orientated perpendicular to the longitudinal axis.

16.  The lighting element of claim 13, wherein each of the parailel ridgad microstructures are

immediately adjacent the curved light output surface.

17. The lighting element of claim 13, wherein thelight ray propagates in a light duct propagation
direction within a collimation half-angle of the longitudinal axis, and exit in an exit propagation direction

that is different than the light duct propagation direction.

18. The lighting element of claim 13, wherein the curved light output surface comprises a portion of

a circle, an oval, an ellipse, an arc, or a combination thereof.

19, The lighting element of claim 13, wherein the plurality of voids are disposed in the reflective

interior surface radially, longitudinally, or in a combination thereof.

20. The lighting element of claim 13, wherein at least two of the plurality of voids have a different

cross-sectional area.

21. The lighting element of claim 13, wherein the plurality of voids are disposed such that an areal

density of voids varies parallel to the longitudinal axis.
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22, The lighting element of claim 13, wherein each of the plurality of voids has a uniform cross-

sectional area.

23. The lighting element of claim 13, wherein the vertex of each of the parallef ridged

microstructures have an equivalent vertex angle,

24, The lighting element of claim 13, whereinthe vertex of at least two of the parallel ridged

microstructures have different vertex angles.

25. The lighting element of claim 13, wherein the plurality of voids comprise perforations through

the reflective interior surface or visible light transparent regions of the reflective interior surface.
26. A lighting element, comprising:
a cylindrical light duct having a iongitudinal axis and a circular cross-section;

a reflective interior surface disposed on a circumference around the longitudinal axis

and defining a cavity;

a plurality of voids disposed on a light output surface of the reflective interior surface,
wherein the plurality of voids are disposed within a radial cutput angle
measured around the longitudinal axis, and wherein the plurality of voids are
disposed such that an areal density of voids varies across the radial output

angle; and

a turning film disposed adjacent the plurality of voids and exterior to the cavity, the
turning film comprising a plurality of parallel ridged microstructures

perpendicular to the longitudinal axis,

wherein light rays propagating through the cylindrical light duct that intersect the plurality of
voids exit the light duct radially through the plurality of voids and are redirected within a plane

normal to the parallel ridged microstructures by the turning film.

27. The lighting element of claim 26, wherein each of the parallel ridged microstructures are

orientated perpendicular to the longitudinal axis.
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28, The lighting element of claim 26, wherein each of the parallel ridged microstructures are

immediately adjacent the light output surface.

29, The lighting element of claim 26, wherein light rays propagate in a light duct propagation
direction within a collimation half-angle of the longitudinal axis; and exit in an exit propagation direction

that is different than the light duct propagation direction.

30. The lighting element of claim 26, wherein the pturality of voids are disposed in the reflective

interior surface radially, longitudinally, of in a combination thereof.

31.  The lighting element of claim 26, wherein at least two of the plurality of voids have a different

cross-sectional area.

32, The lighting element of claim 26, wherein the plurality of voids are disposed such that an areal

density of voids varies paralle! to the longitudinal axis,

33, The lighting element of claim 26, wherein each of the plurality of voids has a uniform cross-

sectional area.

34. The lighting element of claim 26, wherein the vertex of each of the parallel ridged

microstructures have an equivalent vertex angle.

35. The lighting element of claim 26, wherein the vertex of at least two of the parallel ridged

microstructures have different vertex angles.

36, The lighting element of claim 26, wherein the plurality of voids comprise perforations through

the reflective interior surface or visible light ransparent regions of the reflective interior surface.
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37. The lighting element of claim 1, claim.13, or claim 26, wherein the plurality of voids comprise
shapes selected from arcs, circlas, ellipses, ovals, triangles, rectangles, pentagons, X-shapes, zig-zags,

stripes, slashes, stars, and combinations thereof,
38, A lighting system, comprising:

a light distribution duct including at least ene lighting element of claim 1, claim 13, or

claim 26; and

at least one light source capable of injecting light in a propagation direction parallel to
the'longitudinal axis, the light having a collimation half-angle less than about 30

degrees.

39, The lighting system of claim 38, further comprising a second light source configured to inject a

second light into the light distribution duct within a collimation half-angle less than 30 degrees of the

tongitudinal axis.

40. The lighting system of claim 39, wherein at least.one of the light source or the second light

source comprises a solar light sourca.

41. The lighting system of claim 40, wherein the solar light source comprises a solar concentrator.
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