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ENERGY FIELD THREE-DIMENSIONAL
PRINTING SYSTEM

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This Application claims the benefit of priority to
U.S. Provisional Patent U.S. Provisional Patent Application
No. 62/617,293, entitled “Novel Application of Holographic
and Light Field Technology,” filed Jan. 14, 2018, which are
both herein incorporated by reference in their entirety.

TECHNICAL FIELD

[0002] This disclosure generally relates to light field
energy systems, and more specifically, to devices and sys-
tems incorporating novel syntheses and applications of
holographic and light field technology for printing three-
dimensional objects.

BACKGROUND

[0003] The dream of an interactive virtual world within a
“holodeck” chamber as popularized by Gene Roddenberry’s
Star Trek and originally envisioned by author Alexander
Moszkowski in the early 1900s has been the inspiration for
science fiction and technological innovation for nearly a
century. However, no compelling implementation of this
experience exists outside of literature, media, and the col-
lective imagination of children and adults alike.

SUMMARY

[0004] Disclosed are devices and systems for utilizing
holographic 4D display technologies to generate an energy
function for print three-dimensional objects.

[0005] In one embodiment, a three-dimensional printing
system includes a print-medium receptacle able to hold a
quantity of print medium, an energy-source system able to
provide energy to a plurality of energy locations and having
aplurality of energy sources. In one embodiment, the system
includes at least one energy-directing system where each
energy-directing system includes an array of waveguides
able to direct energy from the plurality of energy locations
along a plurality of propagation paths where each propaga-
tion paths extends through one of a plurality of energy
locations, and where each waveguide is able to direct energy
from the plurality of energy locations through the waveguide
along the plurality of propagation paths where each propa-
gation path extends from the waveguide in a unique direc-
tion at least determined by one of the plurality of energy
locations.

[0006] In one embodiment, the system includes a control
system in communication with the energy-source system
and able to cause the array of waveguides of the at least one
energy-directing system to deliver energy at a threshold
intensity level to a plurality of selected intersections of a
plurality of intersections of the plurality of propagation
paths by operating the plurality of energy sources to provide
energy along the plurality of propagation paths, where the
print medium is able to react when exposed to energy at the
threshold intensity level, and where the plurality of selected
intersections define a plurality of interior and exterior sur-
faces of a three-dimensional (“3D”) object inside the recep-
tacle.

[0007] In one embodiment, the print-medium receptacle
rests on a base of a positioning device in communication
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with the control system, where the control system is able to
operate the positioning device to change the location of the
print-medium receptacle with respect to the at least one
energy-directing system. In another embodiment, the opera-
tion of the positioning device moves the plurality of selected
intersections relative to the print-medium receptacle to fur-
ther define the plurality of interior and exterior surfaces of
the three-dimensional object. In one embodiment, the plu-
rality of selected intersections exposes the print medium to
the threshold energy level as the positioning device moves
the plurality of selected intersections relative to the print-
medium receptacle.

[0008] In some embodiments, the positioning device
includes a motorized translation stage, a linear translation
stage, a rotational stage, or a goniometric stage, among
others. In s embodiments, the plurality of selected intersec-
tions is disposed on a volume substantially smaller than the
volume of the print receptacle.

[0009] In one embodiment, the control system is able to
move the at least one energy-directing system thereby mov-
ing the plurality of selected intersections to further define the
plurality of interior and exterior surfaces of the three-
dimensional object. In another embodiment, the plurality of
selected intersections exposes the print medium to the
threshold energy as the plurality of selected intersections is
moving. In some embodiments, the plurality of selected
intersections is disposed on a volume substantially smaller
than the volume of the print receptacle. In one embodiment,
the control system is able to operate the plurality of energy
sources to reduce the energy delivered to at least one
selected intersection of the plurality of selected intersections
to below the threshold intensity level. In yet another embodi-
ment, the control system is able to add at least one selected
intersection to the plurality of selected intersections by
operating the plurality of energy sources to increase the
energy delivered to at the least one added selected intersec-
tion to the threshold intensity level.

[0010] In one embodiment, the location of each wave-
guide defines a two-dimensional (2D) spatial coordinate,
and where the unique direction of each propagation path at
least determined by one of the plurality of energy locations
includes a 2D angular coordinate, whereby the 2D spatial
coordinate of the location of the waveguide from where each
propagation path extends and the 2D angular coordinate of
each propagation path form a four-dimensional (4D) coor-
dinate set for each propagation path.

[0011] In another embodiment, the control system is able
to operate the plurality of energy sources to deliver energy
at a threshold intensity level to at least one second plurality
of selected intersections of the plurality of intersections of
the plurality of propagation paths where the at least one
second plurality of selected intersections further defines the
plurality of interior and exterior surfaces of the 3D object
inside the receptacle.

[0012] Inone embodiment, each waveguide of the array of
waveguides includes a first aperture, and energy directed
along each propagation path through the waveguide sub-
stantially fills the first aperture of the waveguide. In another
embodiment, the at least one energy-directing system further
includes at least one energy-inhibiting element positioned to
limit propagation of energy that does not extend through the
first aperture of any of the waveguides. In one embodiment,
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the at least one energy-inhibiting element includes a baflle
structure for attenuating or modifying energy on the plural-
ity of propagation paths.

[0013] In one embodiment, the print medium includes a
liquid photopolymer able to solidify when exposed to the
threshold intensity level. In some embodiments, the print-
medium receptacle further includes a drain configured to
permit unexposed liquid photopolymer to drain out of the
print-medium receptacle thereby forming a three-dimen-
sional object out of hardened liquid photopolymer exposed
to the threshold intensity level. In some embodiments, the
plurality of selected intersections is determined by a four
dimensional light field function.

[0014] In one embodiment, the energy-source system fur-
ther includes at least one relay system, where the at least one
relay system includes one or more relay elements, where the
one or more relay elements includes a first surface and a
second surface, each relay of the or more relay elements able
to direct energy emitted by one or more energy sources from
the first surface through the relay to a subset of energy
locations of the plurality of energy locations disposed on the
second surface.

[0015] In some embodiments, the second surfaces of the
one or more relay elements are arranged to form a singular
seamless energy surface. In some embodiments, the wave-
guide array is assembled from a plurality of modular 4D
energy-field packages where each modular 4D energy-field
package includes at least one waveguide of the waveguide
array, and a subset of energy locations of the plurality of
energy locations. In yet another embodiment, the at least one
energy-directing system includes two energy-directing sys-
tems.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] FIG. 1 is a schematic diagram illustrating design
parameters for an energy directing system;

[0017] FIG.2 is a schematic diagram illustrating an energy
system having an active device area with a mechanical
envelope;

[0018] FIG. 3 is a schematic diagram illustrating an energy
relay system;

[0019] FIG. 4 is a schematic diagram illustrating an
embodiment of energy relay elements adhered together and
fastened to a base structure;

[0020] FIG. 5A is a schematic diagram illustrating an
example of a relayed image through multi-core optical
fibers;

[0021] FIG. 5B is a schematic diagram illustrating an
example of a relayed image through an optical relay that
exhibits the properties of the Transverse Anderson Local-
ization principle;

[0022] FIG. 6 is a schematic diagram showing rays propa-
gated from an energy surface to a viewer;

[0023] FIG. 7A illustrates a cutaway view of a flexible
energy relay which achieves Transverse Anderson Localiza-
tion by intermixing two component materials within an oil
or liquid, in accordance with one embodiment of the present
disclosure;

[0024] FIG. 7B illustrates a cutaway view of a rigid energy
relay which achieves Transverse Anderson Localization by
intermixing two component materials within a bonding
agent, and in doing so, achieves a path of minimum variation
in one direction for one critical material property, in accor-
dance with one embodiment of the present disclosure;
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[0025] FIG. 8 illustrates a cutaway view in the transverse
plane the inclusion of a DEMA (dimensional extra mural
absorption) material in the longitudinal direction designed to
absorb energy, in accordance with one embodiment of the
present disclosure;

[0026] FIG. 9 illustrates a side view of three display
devices which each comprise an active display area dimen-
sion and a mechanical envelope;

[0027] FIG. 10 features five display devices which each
comprise active display areas and mechanical envelopes,
used with a beam splitter;

[0028] FIG. 11 is a side view illustration of a methodology
where 3 beam splitters are leveraged to accommodate a
mechanical envelope;

[0029] FIG. 12 highlights this relationship between the
mechanical envelope ratio, the minimum focus distance and
the maximum image offset as well as the percent of overlap
between individual tiled images;

[0030] FIG. 13 is a top view illustration of an embodiment
with three projection devices arranged in an arc;

[0031] FIG. 14 illustrates a tapered energy relay mosaic
arrangement;
[0032] FIG. 15 illustrates a side view of an energy relay

element stack comprising of two compound optical relay
tapers in series;

[0033] FIG. 16 illustrates a perspective view of an
embodiment of an energy directing device where energy
relay element stacks are arranged in an 8x4 array to form a
singular seamless energy directing surface;

[0034] FIG. 17 contains several views of an energy direct-
ing device.
[0035] FIG. 18 contains a close-up view of the side view

from FIG. 17 of the energy directing device;

[0036] FIG. 19 illustrates a top view of an embodiment
where energy relay element stacks are angled inward to a
known point in space;

[0037] FIG. 20 is a top view illustration of an embodiment
where the seamless energy surface is a display formed by
tapered optical relays, while the display devices and the
mechanical envelopes for the display electronics are located
a distance away from the tapered relays;

[0038] FIG. 21 is a side view illustration of an embodi-
ment wherein a seamless display surface is composed of
nine tapered optical relays;

[0039] FIG. 22 illustrates a top-down perspective view of
an embodiment of an energy waveguide system operable to
define a plurality of energy propagation paths;

[0040] FIG. 23 illustrates a front perspective view of the
embodiment shown in FIG. 39;

[0041] FIGS. 24A-H illustrate various embodiments of an
energy inhibiting element;

[0042] FIG. 25 illustrates an additional embodiment of an
energy waveguide system;

[0043] FIG. 26 illustrates an additional embodiment of an
energy waveguide system;

[0044] FIG. 27 highlights the differences between square
packing, hex packing and irregular packing for energy
waveguide design considerations;

[0045] FIG. 28 illustrates an embodiment featuring an
array of energy waveguides arranged in a curved configu-
ration;

[0046] FIG. 29 illustrates an embodiment that highlights
how a waveguide element may affect a spatial distribution of
energy passing therethrough;
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[0047] FIG. 30 illustrates an additional embodiment which
further highlights how a waveguide element may affect a
spatial distribution of energy passing therethrough;

[0048] FIG. 31 illustrates an embodiment wherein the
plurality of energy waveguides comprise diffractive wave-
guide elements;

[0049] FIG. 32 illustrates a lenslet configuration used to
provide full density of ray illumination for the desired angle
of view.

[0050] FIGS. 33A-33D illustrate four perspective views of
tiling multiple energy systems to form a seamless environ-
ment, in accordance with four embodiments of the present
disclosure;

[0051] FIG. 33E illustrates the curved waveguide surface
and energy devices of an energy waveguide system, in
accordance with one embodiment of the present disclosure;
[0052] FIG. 34A illustrates a waveguide element exhibit-
ing a non-regular distribution of energy, in accordance with
one embodiment of the present disclosure;

[0053] FIG. 34B illustrates an orthogonal view of a table-
mounted energy waveguide system, in accordance with one
embodiment of the present disclosure;

[0054] FIG. 34C illustrates an orthogonal view of a table-
mounted waveguide system with an additional reflective
waveguide elements, in accordance with one embodiment of
the present disclosure;

[0055] FIG. 35 illustrates an orthogonal view of a floor-
mounted tiled energy waveguide system, in accordance with
one embodiment of the present disclosure;

[0056] FIG. 36 illustrates an orthogonal view of a spheri-
cal structure where a viewing volume is surrounded by tiled
energy waveguide systems, in accordance with one embodi-
ment of the present disclosure;

[0057] FIG. 37 illustrate an orthogonal view of five viewer
locations within a viewing volume and five energy coordi-
nates under each waveguide to propagate a plurality of rays
to each viewer location that is unique to a single viewer
location, in accordance with one embodiment of the present
disclosure;

[0058] FIG. 38A illustrates an energy relay combining
device, in accordance with one embodiment of the present
disclosure;

[0059] FIG. 38B illustrates a further embodiment of FIG.
55A, in accordance with one embodiment of the present
disclosure;

[0060] FIG. 38C illustrates an orthogonal view of an
implementation of an energy waveguide system, in accor-
dance with one embodiment of the present disclosure;
[0061] FIG. 39 illustrates an orthogonal view of another
implementation of an energy waveguide system, in accor-
dance with one embodiment of the present disclosure;
[0062] FIG. 40 illustrates an orthogonal view of yet
another implementation, in accordance with one embodi-
ment of the present disclosure;

[0063] FIG. 41 illustrates an embodiment of a three-
dimensional printing system;

[0064] FIGS. 42A and 42B illustrates an embodiment of a
three-dimensional printing system with a positional device;
[0065] FIGS. 43A and 43B demonstrate one of the
embodiments of the three-dimensional printing system that
allows additional selected intersections;

[0066] FIG. 44 illustrates an embodiment of a three-
dimensional printing system with a mobile energy-directing
system; and
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[0067] FIG. 45 illustrates an embodiment of a three-
dimensional printing system with two energy-directing sys-
tems.

DETAILED DESCRIPTION

[0068] An embodiment of a Holodeck (collectively called
“Holodeck Design Parameters”) provide sufficient energy
stimulus to fool the human sensory receptors into believing
that received energy impulses within a virtual, social and
interactive environment are real, providing: 1) binocular
disparity without external accessories, head-mounted eye-
wear, or other peripherals; 2) accurate motion parallax,
occlusion and opacity throughout a viewing volume simul-
taneously for any number of viewers; 3) visual focus
through synchronous convergence, accommodation and
miosis of the eye for all perceived rays of light; and 4)
converging energy wave propagation of sufficient density
and resolution to exceed the human sensory “resolution” for
vision, hearing, touch, taste, smell, and/or balance.

[0069] Based upon conventional technology to date, we
are decades, if not centuries away from a technology capable
of providing for all receptive fields in a compelling way as
suggested by the Holodeck Design Parameters including the
visual, auditory, somatosensory, gustatory, olfactory, and
vestibular systems.

[0070] In this disclosure, the terms light field and holo-
graphic may be used interchangeably to define the energy
propagation for stimulation of any sensory receptor
response. While initial disclosures may refer to examples of
electromagnetic and mechanical energy propagation through
energy surfaces for holographic imagery and volumetric
haptics, all forms of sensory receptors are envisioned in this
disclosure. Furthermore, the principles disclosed herein for
energy propagation along propagation paths may be appli-
cable to both energy emission and energy capture.

[0071] Many technologies exist today that are often unfor-
tunately confused with holograms including lenticular print-
ing, Pepper’s Ghost, glasses-free stereoscopic displays, hori-
zontal parallax displays, head-mounted VR and AR displays
(HMD), and other such illusions generalized as “fauxlogra-
phy.” These technologies may exhibit some of the desired
properties of a true holographic display; however, lack the
ability to stimulate the human visual sensory response in any
way sufficient to address at least two of the four identified
Holodeck Design Parameters.

[0072] These challenges have not been successfully
implemented by conventional technology to produce a
seamless energy surface sufficient for holographic energy
propagation. There are various approaches to implementing
volumetric and direction multiplexed light field displays
including parallax barriers, hogels, voxels, diffractive optics,
multi-view projection, holographic diffusers, rotational mir-
rors, multilayered displays, time sequential displays, head
mounted display, etc., however, conventional approaches
may involve a compromise on image quality, resolution,
angular sampling density, size, cost, safety, frame rate, etc.,
ultimately resulting in an unviable technology.

[0073] To achieve the Holodeck Design Parameters for the
visual, auditory, somatosensory systems, the human acuity
of each of the respective systems is studied and understood
to propagate energy waves to sufficiently fool the human
sensory receptors. The visual system is capable of resolving
to approximately 1 arc min, the auditory system may dis-
tinguish the difference in placement as little as three degrees,
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and the somatosensory system at the hands is capable of
discerning points separated by 2-12 mm. While there are
various and conflicting ways to measure these acuities, these
values are sufficient to understand the systems and methods
to stimulate perception of energy propagation.

[0074] Of the noted sensory receptors, the human visual
system is by far the most sensitive given that even a single
photon can induce sensation. For this reason, much of this
introduction will focus on visual energy wave propagation,
and vastly lower resolution energy systems coupled within
a disclosed energy waveguide surface may converge appro-
priate signals to induce holographic sensory perception.
Unless otherwise noted, all disclosures apply to all energy
and sensory domains.

[0075] When calculating for effective design parameters
of the energy propagation for the visual system given a
viewing volume and viewing distance, a desired energy
surface may be designed to include many gigapixels of
effective energy location density. For wide viewing vol-
umes, or near field viewing, the design parameters of a
desired energy surface may include hundreds of gigapixels
or more of effective energy location density. By comparison,
a desired energy source may be designed to have 1 to 250
effective megapixels of energy location density for ultra-
sonic propagation of volumetric haptics or an array of 36 to
3,600 effective energy locations for acoustic propagation of
holographic sound depending on input environmental vari-
ables. What is important to note is that with a disclosed
bi-directional energy surface architecture, all components
may be configured to form the appropriate structures for any
energy domain to enable holographic propagation.

[0076] However, the main challenge to enable the Holo-
deck today involves available visual technologies and elec-
tromagnetic device limitations. Acoustic and ultrasonic
devices are less challenging given the orders of magnitude
difference in desired density based upon sensory acuity in
the respective receptive field, although the complexity
should not be underestimated. While holographic emulsion
exists with resolutions exceeding the desired density to
encode interference patterns in static imagery, state-of-the-
art display devices are limited by resolution, data throughput
and manufacturing feasibility. To date, no singular display
device has been able to meaningfully produce a light field
having near holographic resolution for visual acuity.
[0077] Production of a single silicon-based device capable
of meeting the desired resolution for a compelling light field
display may not practical and may involve extremely com-
plex fabrication processes beyond the current manufacturing
capabilities. The limitation to tiling multiple existing display
devices together involves the seams and gap formed by the
physical size of packaging, electronics, enclosure, optics and
a number of other challenges that inevitably result in an
unviable technology from an imaging, cost and/or a size
standpoint.

[0078] The embodiments disclosed herein may provide a
real-world path to building the Holodeck.

[0079] Example embodiments will now be described here-
inafter with reference to the accompanying drawings, which
form a part hereof, and which illustrate example embodi-
ments which may be practiced. As used in the disclosures
and the appended claims, the terms “embodiment”,
“example embodiment”, and “exemplary embodiment” do
not necessarily refer to a single embodiment, although they
may, and various example embodiments may be readily
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combined and interchanged, without departing from the
scope or spirit of example embodiments. Furthermore, the
terminology as used herein is for the purpose of describing
example embodiments only and is not intended to be limi-
tations. In this respect, as used herein, the term “in” may
include “in” and “on”, and the terms “a,” “an” and “the” may
include singular and plural references. Furthermore, as used
herein, the term “by” may also mean “from”, depending on
the context. Furthermore, as used herein, the term “if” may
also mean “when” or “upon,” depending on the context.
Furthermore, as used herein, the words “and/or” may refer
to and encompass any and all possible combinations of one
or more of the associated listed items.

Holographic System Considerations

Overview of Light Field Energy Propagation
Resolution

[0080] Light field and holographic display is the result of
a plurality of projections where energy surface locations
provide angular, color and intensity information propagated
within a viewing volume. The disclosed energy surface
provides opportunities for additional information to coexist
and propagate through the same surface to induce other
sensory system responses. Unlike a stereoscopic display, the
viewed position of the converged energy propagation paths
in space do not vary as the viewer moves around the viewing
volume and any number of viewers may simultaneously see
propagated objects in real-world space as if it was truly
there. In some embodiments, the propagation of energy may
be located in the same energy propagation path but in
opposite directions. For example, energy emission and
energy capture along an energy propagation path are both
possible in some embodiments of the present disclosed.
[0081] FIG. 1is a schematic diagram illustrating variables
relevant for stimulation of sensory receptor response. These
variables may include surface diagonal 101, surface width
102, surface height 103, a determined target seating distance
118, the target seating field of view field of view from the
center of the display 104, the number of intermediate
samples demonstrated here as samples between the eyes
105, the average adult inter-ocular separation 106, the aver-
age resolution of the human eye in arcmin 107, the hori-
zontal field of view formed between the target viewer
location and the surface width 108, the vertical field of view
formed between the target viewer location and the surface
height 109, the resultant horizontal waveguide element
resolution, or total number of elements, across the surface
110, the resultant vertical waveguide element resolution, or
total number of elements, across the surface 111, the sample
distance based upon the inter-ocular spacing between the
eyes and the number of intermediate samples for angular
projection between the eyes 112, the angular sampling may
be based upon the sample distance and the target seating
distance 113, the total resolution Horizontal per waveguide
element derived from the angular sampling desired 114, the
total resolution Vertical per waveguide element derived from
the angular sampling desired 115, device Horizontal is the
count of the determined number of discreet energy sources
desired 116, and device Vertical is the count of the deter-
mined number of discreet energy sources desired 117.
[0082] A method to understand the desired minimum
resolution may be based upon the following criteria to
ensure sufficient stimulation of visual (or other) sensory
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receptor response: surface size (e.g., 84" diagonal), surface
aspect ratio (e.g., 16:9), seating distance (e.g., 128" from the
display), seating field of view (e.g., 120 degrees or +/—60
degrees about the center of the display), desired intermediate
samples at a distance (e.g., one additional propagation path
between the eyes), the average inter-ocular separation of an
adult (approximately 65 mm), and the average resolution of
the human eye (approximately 1 arcmin). These example
values should be considered placeholders depending on the
specific application design parameters.

[0083] Further, each of the values attributed to the visual
sensory receptors may be replaced with other systems to
determine desired propagation path parameters. For other
energy propagation embodiments, one may consider the
auditory system’s angular sensitivity as low as three degrees
and the somatosensory system’s spatial resolution of the
hands as small as 2-12 mm.

[0084] While there are various and conflicting ways to
measure these sensory acuities, these values are sufficient to
understand the systems and methods to stimulate perception
of virtual energy propagation. There are many ways to
consider the design resolution, and the below proposed
methodology combines pragmatic product considerations
with the biological resolving limits of the sensory systems.
As will be appreciated by one of ordinary skill in the art, the
following overview is a simplification of any such system
design, and should be considered for exemplary purposes
only.

[0085] With the resolution limit of the sensory system
understood, the total energy waveguide element density may
be calculated such that the receiving sensory system cannot
discern a single energy waveguide element from an adjacent
element, given:

Width (W)
Height (H)

Surface Horizontal Size
2 x Seating Distance )

Surface Aspect Ratio =

Surface Horizontal Size = Surface Diagonal x
Surface Vertical Size = Surface Diagonal «

Horizontal Field of View =2 atan[

. . R Surface Verticle Size
Vertical Field of View =2 atan[ )

2 x Seating Distance
60
Eye Resolution
60
Eye Resolution

Horizontal Element Resolution = Horizontal FoV x

Vertical Element Resolution = Vertical FoV

[0086] The above calculations result in approximately a
32x18° field of view resulting in approximately 1920x1080
(rounded to nearest format) energy waveguide elements
being desired. One may also constrain the variables such that
the field of view is consistent for both (u, v) to provide a
more regular spatial sampling of energy locations (e.g. pixel
aspect ratio). The angular sampling of the system assumes a
defined target viewing volume location and additional
propagated energy paths between two points at the opti-
mized distance, given:
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Inter—Ocular Distance

Sample Dist: =
ample Listance (Number of Desired Intermediate Samples + 1)

Aneular Samoli ¢ (Sample Distance]
flgliar samping = atan Seating Distance

[0087] In this case, the inter-ocular distance is leveraged to
calculate the sample distance although any metric may be
leveraged to account for appropriate number of samples as
a given distance. With the above variables considered,
approximately one ray per 0.570 may be desired and the
total system resolution per independent sensory system may
be determined, given:

Seating FoV

Locations Per Element(N) = ————————
Angular Sampling

Total Resolution H = N «Horizontal Element Resolution

Total Resolution ¥ = N x Vertical Element Resolution

[0088] With the above scenario given the size of energy
surface and the angular resolution addressed for the visual
acuity system, the resultant energy surface may desirably
include approximately 400 kx225 k pixels of energy reso-
Iution locations, or 90 gigapixels holographic propagation
density. These variables provided are for exemplary pur-
poses only and many other sensory and energy metrology
considerations should be considered for the optimization of
holographic propagation of energy. In an additional embodi-
ment, 1 gigapixel of energy resolution locations may be
desired based upon the input variables. In an additional
embodiment, 1,000 gigapixels of energy resolution locations
may be desired based upon the input variables.

Current Technology Limitations

Active Area, Device Electronics, Packaging, and
the Mechanical Envelope

[0089] FIG. 2 illustrates a device 200 having an active area
220 with a certain mechanical form factor. The device 200
may include drivers 230 and electronics 240 for powering
and interface to the active area 220, the active area having
adimension as shown by the x and y arrows. This device 200
does not take into account the cabling and mechanical
structures to drive, power and cool components, and the
mechanical footprint may be further minimized by introduc-
ing a flex cable into the device 200. The minimum footprint
for such a device 200 may also be referred to as a mechanical
envelope 210 having a dimension as shown by the M:x and
M:y arrows. This device 200 is for illustration purposes only
and custom electronics designs may further decrease the
mechanical envelope overhead, but in almost all cases may
not be the exact size of the active area of the device. In an
embodiment, this device 200 illustrates the dependency of
electronics as it relates to active image area 220 for a micro
OLED, DLP chip or LCD panel, or any other technology
with the purpose of image illumination.

[0090] In some embodiments, it may also be possible to
consider other projection technologies to aggregate multiple
images onto a larger overall display. However, this may
come at the cost of greater complexity for throw distance,
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minimum focus, optical quality, uniform field resolution,
chromatic aberration, thermal properties, calibration, align-
ment, additional size or form factor. For most practical
applications, hosting tens or hundreds of these projection
sources 200 may result in a design that is much larger with
less reliability.

[0091] For exemplary purposes only, assuming energy
devices with an energy location density of 3840x2160 sites,
one may determine the number of individual energy devices
(e.g., device 100) desired for an energy surface, given:

Total Resolution H

Devices H= —————————
Device Resolution H

Total Resolution ¥

Devices V = ————————
Device Resolution V'

[0092] Given the above resolution considerations,
approximately 105x105 devices similar to those shown in
FIG. 2 may be desired. It should be noted that many devices
consist of various pixel structures that may or may not map
to a regular grid. In the event that there are additional
sub-pixels or locations within each full pixel, these may be
exploited to generate additional resolution or angular den-
sity. Additional signal processing may be used to determine
how to convert the light field into the correct (u,v) coordi-
nates depending on the specified location of the pixel
structure(s) and can be an explicit characteristic of each
device that is known and calibrated. Further, other energy
domains may involve a different handling of these ratios and
device structures, and those skilled in the art will understand
the direct intrinsic relationship between each of the desired
frequency domains. This will be shown and discussed in
more detail in subsequent disclosure.

[0093] The resulting calculation may be used to under-
stand how many of these individual devices may be desired
to produce a full resolution energy surface. In this case,
approximately 105x105 or approximately 11,080 devices
may be desired to achieve the visual acuity threshold. The
challenge and novelty exists within the fabrication of a
seamless energy surface from these available energy loca-
tions for sufficient sensory holographic propagation.

Summary of Seamless Energy Surfaces

Configurations and Designs for Arrays of Energy
Relays

[0094] In some embodiments, approaches are disclosed to
address the challenge of generating high energy location
density from an array of individual devices without seams
due to the limitation of mechanical structure for the devices.
In an embodiment, an energy propagating relay system may
allow for an increase in the effective size of the active device
area to meet or exceed the mechanical dimensions to con-
figure an array of relays and form a singular seamless energy
surface.

[0095] FIG. 3 illustrates an embodiment of such an energy
relay system 300. As shown, the relay system 300 may
include a device 310 mounted to a mechanical envelope 320,
with an energy relay element 330 propagating energy from
the device 310. The relay element 330 may be configured to
provide the ability to mitigate any gaps 340 that may be
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produced when multiple mechanical envelopes 320 of the
device are placed into an array of multiple devices 310.

[0096] For example, if a device’s active area 310 is 20
mmx10 mm and the mechanical envelope 320 is 40 mmx20
mm, an energy relay element 330 may be designed with a
magnification of 2:1 to produce a tapered form that is
approximately 20 mmx10 mm on a minified end (arrow A)
and 40 mmx20 mm on a magnified end (arrow B), providing
the ability to align an array of these elements 330 together
seamlessly without altering or colliding with the mechanical
envelope 320 of each device 310. Mechanically, the relay
elements 330 may be bonded or fused together to align and
polish ensuring minimal seam gap 340 between devices 310.
In one such embodiment, it is possible to achieve a seam gap
340 smaller than the visual acuity limit of the eye.

[0097] FIG. 4 illustrates an example of a base structure
400 having energy relay elements 410 formed together and
securely fastened to an additional mechanical structure 430.
The mechanical structure of the seamless energy surface 420
provides the ability to couple multiple energy relay elements
410, 450 in series to the same base structure through
bonding or other mechanical processes to mount relay
elements 410, 450. In some embodiments, each relay ele-
ment 410 may be fused, bonded, adhered, pressure fit,
aligned or otherwise attached together to form the resultant
seamless energy surface 420. In some embodiments, a
device 480 may be mounted to the rear of the relay element
410 and aligned passively or actively to ensure appropriate
energy location alignment within the determined tolerance is
maintained.

[0098] In an embodiment, the seamless energy surface
comprises one or more energy locations and one or more
energy relay element stacks comprise a first and second side
and each energy relay element stack is arranged to form a
singular seamless display surface directing energy along
propagation paths extending between one or more energy
locations and the seamless display surface, and where the
separation between the edges of any two adjacent second
sides of the terminal energy relay elements is less than the
minimum perceptible contour as defined by the visual acuity
of a human eye having better than 20/40 vision at a distance
greater than the width of the singular seamless display
surface.

[0099] In an embodiment, each of the seamless energy
surfaces comprise one or more energy relay elements each
with one or more structures forming a first and second
surface with a transverse and longitudinal orientation. The
first relay surface has an area different than the second
resulting in positive or negative magnification and config-
ured with explicit surface contours for both the first and
second surfaces passing energy through the second relay
surface to substantially fill a +/-10-degree angle with
respect to the normal of the surface contour across the entire
second relay surface.

[0100] In an embodiment, multiple energy domains may
be configured within a single energy relay, or between
multiple energy relays to direct one or more sensory holo-
graphic energy propagation paths including visual, acoustic,
tactile or other energy domains. In an embodiment, the
seamless energy surface is configured with energy relays
that comprise two or more first sides for each second side to
both receive and emit one or more energy domains simul-
taneously to provide bi-directional energy propagation
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throughout the system. In an embodiment, the energy relays
are provided as loose coherent elements.

Introduction to Component Engineered Structures

Disclosed Advances in Transverse Anderson
Localization Energy Relays

[0101] The properties of energy relays may be signifi-
cantly optimized according to the principles disclosed herein
for energy relay elements that induce Transverse Anderson
Localization. Transverse Anderson Localization is the
propagation of a ray transported through a transversely
disordered but longitudinally consistent material.

[0102] This implies that the effect of the materials that
produce the Anderson Localization phenomena may be less
impacted by total internal reflection than by the randomiza-
tion between multiple-scattering paths where wave interfer-
ence can completely limit the propagation in the transverse
orientation while continuing in the longitudinal orientation.
[0103] Of significant additional benefit is the elimination
of the cladding of traditional multi-core optical fiber mate-
rials. The cladding is to functionally eliminate the scatter of
energy between fibers, but simultaneously act as a barrier to
rays of energy thereby reducing transmission by at least the
core to clad ratio (e.g., a core to clad ratio of 70:30 will
transmit at best 70% of received energy transmission) and
additionally forms a strong pixelated patterning in the propa-
gated energy.

[0104] FIG. 5A illustrates an end view of an example of
one such non-Anderson Localization energy relay 500,
wherein an image is relayed through multi-core optical
fibers where pixilation and fiber noise may be exhibited due
to the intrinsic properties of the optical fibers. With tradi-
tional multi-mode and multi-core optical fibers, relayed
images may be intrinsically pixelated due to the properties
of total internal reflection of the discrete array of cores
where any cross-talk between cores will reduce the modu-
lation transfer function and increase blurring. The resulting
imagery produced with traditional multi-core optical fiber
tends to have a residual fixed noise fiber pattern similar to
those shown in FIG. 5A.

[0105] FIG. 5B, illustrates an example of the same relayed
image 550 through an energy relay comprising materials that
exhibit the properties of Transverse Anderson Localization,
where the relayed pattern has a greater density grain struc-
tures as compared to the fixed fiber pattern from FIG. 5A. In
an embodiment, relays comprising randomized microscopic
component engineered structures induce Transverse Ander-
son Localization and transport light more efficiently with
higher propagation of resolvable resolution than commer-
cially available multi-mode glass optical fibers.

[0106] In an embodiment, a relay element exhibiting
Transverse Anderson Localization may comprise a plurality
of at least two different component engineered structures in
each of three orthogonal planes arranged in a dimensional
lattice and the plurality of structures form randomized
distributions of material wave propagation properties in a
transverse plane within the dimensional lattice and channels
of similar values of material wave propagation properties in
a longitudinal plane within the dimensional lattice, wherein
energy waves propagating through the energy relay have
higher transport efficiency in the longitudinal orientation
versus the transverse orientation and are spatially localized
in the transverse orientation.
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[0107] In an embodiment, a randomized distribution of
material wave propagation properties in a transverse plane
within the dimensional lattice may lead to undesirable
configurations due to the randomized nature of the distri-
bution. A randomized distribution of material wave propa-
gation properties may induce Anderson Localization of
energy on average across the entire transverse plane; how-
ever limited areas of similar material wave propagation
properties may form inadvertently as a result of the uncon-
trolled random distribution. For example, if the size of these
local areas of similar wave propagation properties become
too large relative to their intended energy transport domain,
there may be a potential reduction in the efficiency of energy
transport through the material.

[0108] In an embodiment, a relay may be formed from a
randomized distribution of component engineered structures
to transport visible light of a certain wavelength range by
inducing Transverse Anderson Localization of the light.
However, due to their random distribution, the structures
may inadvertently arrange such that a continuous area of a
single component engineered structure forms across the
transverse plane which is multiple times larger than the
wavelength of visible light. As a result, visible light propa-
gating along the longitudinal axis of the large, continuous,
single-material region may experience a lessened Transverse
Anderson Localization effect and may suffer degradation of
transport efficiency through the relay.

[0109] Inan embodiment, it may be desirable to design an
ordered distribution of material wave propagation properties
in the transverse plane of an energy relay material. Such an
ordered distribution would ideally induce an energy local-
ization effect through methods similar to Transverse Ander-
son Localization, while minimizing potential reductions in
transport efficiency due to abnormally distributed material
properties inherently resulting from a random property dis-
tribution. Using an ordered distribution of material wave
propagation properties to induce a transverse energy local-
ization effect similar to that of Transverse Anderson Local-
ization in an energy relay element will hereafter be referred
to as Ordered Energy Localization.

[0110] In an embodiment, multiple energy domains may
be configured within a single, or between multiple Ordered
Energy Localization energy relays to direct one or more
sensory holographic energy propagation paths including
visual, acoustic, tactile or other energy domains. In an
embodiment, the seamless energy surface is configured with
Ordered Energy Localization energy relays that comprise
two or more first sides for each second side to both receive
and emit one or more energy domains simultaneously to
provide bi-directional energy propagation throughout the
system. In an embodiment, the Ordered Energy Localization
energy relays are configured as loose coherent or flexible
energy relay elements.

Considerations for 4D Plenoptic Functions

Selective Propagation of Energy Through
Holographic Waveguide Arrays

[0111] As discussed above and herein throughout, a light
field display system generally includes an energy source
(e.g., illumination source) and a seamless energy surface
configured with sufficient energy location density as articu-
lated in the above discussion. A plurality of relay elements
may be used to relay energy from the energy devices to the
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seamless energy surface. Once energy has been delivered to
the seamless energy surface with the requisite energy loca-
tion density, the energy can be propagated in accordance
with a 4D plenoptic function through a disclosed energy
waveguide system. As will be appreciated by one of ordinary
skill in the art, a 4D plenoptic function is well known in the
art and will not be elaborated further herein.

[0112] The energy waveguide system selectively propa-
gates energy through a plurality of energy locations along
the seamless energy surface representing the spatial coordi-
nate of the 4D plenoptic function with a structure configured
to alter an angular direction of the energy waves passing
through representing the angular component of the 4D
plenoptic function, wherein the energy waves propagated
may converge in space in accordance with a plurality of
propagation paths directed by the 4D plenoptic function.
[0113] Reference is now made to FIG. 6 illustrating an
example of light field energy surface in 4D image space in
accordance with a 4D plenoptic function. The figure shows
ray traces of an energy surface 600 to a viewer 620 in
describing how the rays of energy converge in space 630
from various positions within the viewing volume. As
shown, each waveguide element 610 defines four dimen-
sions of information describing energy propagation 640
through the energy surface 600. Two spatial dimensions
(herein referred to as x and y) are the physical plurality of
energy locations that can be viewed in image space, and the
angular components theta and phi (herein referred to as u
and v), which is viewed in virtual space when projected
through the energy waveguide array. In general, and in
accordance with a 4D plenoptic function, the plurality of
waveguides (e.g., lenslets) are able to direct an energy
location from the x, y dimension to a unique location in
virtual space, along a direction defined by the u, v angular
component, in forming the holographic or light field system
described herein.

[0114] However, one skilled in the art will understand that
a significant challenge to light field and holographic display
technologies arises from uncontrolled propagation of energy
due designs that have not accurately accounted for any of
diffraction, scatter, diffusion, angular direction, calibration,
focus, collimation, curvature, uniformity, element cross-
talk, as well as a multitude of other parameters that contrib-
ute to decreased effective resolution as well as an inability
to accurately converge energy with sufficient fidelity.
[0115] In an embodiment, an approach to selective energy
propagation for addressing challenges associated with holo-
graphic display may include energy inhibiting elements and
substantially filling waveguide apertures with near-colli-
mated energy into an environment defined by a 4D plenoptic
function.

[0116] In an embodiment, an array of energy waveguides
may define a plurality of energy propagation paths for each
waveguide element configured to extend through and sub-
stantially fill the waveguide element’s effective aperture in
unique directions defined by a prescribed 4D function to a
plurality of energy locations along a seamless energy surface
inhibited by one or more eclements positioned to limit
propagation of each energy location to only pass through a
single waveguide element.

[0117] In an embodiment, multiple energy domains may
be configured within a single, or between multiple energy
waveguides to direct one or more sensory holographic
energy propagations including visual, acoustic, tactile or
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other energy domains. In an embodiment, the energy wave-
guides and seamless energy surface are configured to both
receive and emit one or more energy domains to provide
bi-directional energy propagation throughout the system.
[0118] In an embodiment, the energy waveguides are
configured to propagate non-linear or non-regular distribu-
tions of energy, including non-transmitting void regions,
leveraging digitally encoded, diffractive, refractive, reflec-
tive, grin, holographic, Fresnel, or the like waveguide con-
figurations for any seamless energy surface orientation
including wall, table, floor, ceiling, room, or other geometry
based environments. In an additional embodiment, an
energy waveguide element may be configured to produce
various geometries that provide any surface profile and/or
tabletop viewing allowing users to view holographic imag-
ery from all around the energy surface in a 360-degree
configuration.

[0119] In an embodiment, the energy waveguide array
elements may be reflective surfaces and the arrangement of
the elements may be hexagonal, square, irregular, semi-
regular, curved, non-planar, spherical, cylindrical, tilted
regular, tilted irregular, spatially varying and/or multi-lay-
ered.

[0120] For any component within the seamless energy
surface, waveguide, or relay components may include, but
not limited to, optical fiber, silicon, glass, polymer, optical
relays, diffractive, holographic, refractive, or reflective ele-
ments, optical face plates, energy combiners, beam splitters,
prisms, polarization elements, spatial light modulators,
active pixels, liquid crystal cells, transparent displays, or any
similar materials exhibiting Anderson localization or total
internal reflection.

Realizing the Holodeck

Aggregation of Bi-Directional Seamless Energy
Surface Systems to Stimulate Human Sensory
Receptors within Holographic Environments

[0121] It is possible to construct large-scale environments
of seamless energy surface systems by tiling, fusing, bond-
ing, attaching, and/or stitching multiple seamless energy
surfaces together forming arbitrary sizes, shapes, contours or
form-factors including entire rooms. Each energy surface
system may comprise an assembly having a base structure,
energy surface, relays, waveguide, devices, and electronics,
collectively configured for bi-directional holographic energy
propagation, emission, reflection, or sensing.

[0122] In an embodiment, an environment of tiled seam-
less energy systems are aggregated to form large seamless
planar or curved walls including installations comprising up
to all surfaces in a given environment, and configured as any
combination of seamless, discontinuous planar, faceted,
curved, cylindrical, spherical, geometric, or non-regular
geometries.

[0123] In an embodiment, aggregated tiles of planar sur-
faces form wall-sized systems for theatrical or venue-based
holographic entertainment. In an embodiment, aggregated
tiles of planar surfaces cover a room with four to six walls
including both ceiling and floor for cave-based holographic
installations. In an embodiment, aggregated tiles of curved
surfaces produce a cylindrical seamless environment for
immersive holographic installations. In an embodiment,
aggregated tiles of seamless spherical surfaces form a holo-
graphic dome for immersive Holodeck-based experiences.
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[0124] In an embodiment, aggregate tiles of seamless
curved energy waveguides provide mechanical edges fol-
lowing the precise pattern along the boundary of energy
inhibiting elements within the energy waveguide structure to
bond, align, or fuse the adjacent tiled mechanical edges of
the adjacent waveguide surfaces, resulting in a modular and
seamless energy waveguide system.

[0125] In a further embodiment of an aggregated tiled
environment, energy is propagated bi-directionally for mul-
tiple simultaneous energy domains. In an additional embodi-
ment, the energy surface provides the ability to both display
and capture simultaneously from the same energy surface
with waveguides designed such that light field data may be
projected by an illumination source through the waveguide
and simultaneously received through the same energy sur-
face. In an additional embodiment, additional depth sensing
and active scanning technologies may be leveraged to allow
for the interaction between the energy propagation and the
viewer in correct world coordinates. In an additional
embodiment, the energy surface and waveguide are operable
to emit, reflect, or converge frequencies to induce tactile
sensation or volumetric haptic feedback. In some embodi-
ments, any combination of bi-directional energy propagation
and aggregated surfaces are possible.

[0126] Inan embodiment, the system comprises an energy
waveguide capable of bi-directional emission and sensing of
energy through the energy surface with one or more energy
devices independently paired with two-or-more-path energy
combiners to pair at least two energy devices to the same
portion of the seamless energy surface, or one or more
energy devices are secured behind the energy surface, proxi-
mate to an additional component secured to the base struc-
ture, or to a location in front and outside of the FOV of the
waveguide for off-axis direct or reflective projection or
sensing, and the resulting energy surface provides for bi-
directional transmission of energy allowing the waveguide
to converge energy, a first device to emit energy and a
second device to sense energy, and where the information is
processed to perform computer vision related tasks includ-
ing, but not limited to, 4D plenoptic eye and retinal tracking
or sensing of interference within propagated energy patterns,
depth estimation, proximity, motion tracking, image, color,
or sound formation, or other energy frequency analysis. In
an additional embodiment, the tracked positions actively
calculate and modify positions of energy based upon the
interference between the bi-directional captured data and
projection information.

[0127] In some embodiments, a plurality of combinations
of three energy devices comprising an ultrasonic sensor, a
visible electromagnetic display, and an ultrasonic emitting
device are configured together for each of three first relay
surfaces propagating energy combined into a single second
energy relay surface with each of the three first surfaces
comprising engineered properties specific to each device’s
energy domain, and two engineered waveguide elements
configured for ultrasonic and electromagnetic energy respec-
tively to provide the ability to direct and converge each
device’s energy independently and substantially unaffected
by the other waveguide elements that are configured for a
separate energy domain.

[0128] In some embodiments, disclosed is a calibration
procedure to enable efficient manufacturing to remove sys-
tem artifacts and produce a geometric mapping of the
resultant energy surface for use with encoding/decoding
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technologies as well as dedicated integrated systems for the
conversion of data into calibrated information appropriate
for energy propagation based upon the calibrated configu-
ration files.

[0129] In some embodiments, additional energy wave-
guides in series and one or more energy devices may be
integrated into a system to produce opaque holographic
pixels.

[0130] In some embodiments, additional waveguide ele-
ments may be integrated comprising energy inhibiting ele-
ments, beam-splitters, prisms, active parallax barriers or
polarization technologies in order to provide spatial and/or
angular resolutions greater than the diameter of the wave-
guide or for other super-resolution purposes.

[0131] Insome embodiments, the disclosed energy system
may also be configured as a wearable bi-directional device,
such as virtual reality (VR) or augmented reality (AR). In
other embodiments, the energy system may include adjust-
ment optical element(s) that cause the displayed or received
energy to be focused proximate to a determined plane in
space for a viewer. In some embodiments, the waveguide
array may be incorporated to holographic head-mounted-
display. In other embodiments, the system may include
multiple optical paths to allow for the viewer to see both the
energy system and a real-world environment (e.g., transpar-
ent holographic display). In these instances, the system may
be presented as near field in addition to other methods.
[0132] In some embodiments, the transmission of data
comprises encoding processes with selectable or variable
compression ratios that receive an arbitrary dataset of infor-
mation and metadata; analyze said dataset and receive or
assign material properties, vectors, surface IDs, new pixel
data forming a more sparse dataset, and wherein the received
data may comprise: 2D, stereoscopic, multi-view, metadata,
light field, holographic, geometry, vectors or vectorized
metadata, and an encoder/decoder may provide the ability to
convert the data in real-time or off-line comprising image
processing for: 2D; 2D plus depth, metadata or other vec-
torized information; stereoscopic, stereoscopic plus depth,
metadata or other vectorized information; multi-view; multi-
view plus depth, metadata or other vectorized information;
holographic; or light field content; through depth estimation
algorithms, with or without depth metadata; and an inverse
ray tracing methodology appropriately maps the resulting
converted data produced by inverse ray tracing from the
various 2D, stereoscopic, multi-view, volumetric, light field
or holographic data into real world coordinates through a
characterized 4D plenoptic function. In these embodiments,
the total data transmission desired may be multiple orders of
magnitudes less transmitted information than the raw light
field dataset.

System and Methods for Production of Ordered
Energy Localization Energy Relays

[0133] While the Anderson localization principle was
introduced in the 1950s, it wasn’t until recent technological
breakthroughs in materials and processes that allowed the
principle to be explored practically in optical transport.
Transverse Anderson localization is the propagation of a
wave transported through a transversely disordered but
longitudinally invariant material without diffusion of the
wave in the transverse plane.

[0134] Within the prior art, Transverse Anderson localiza-
tion has been observed through experimentation in which a
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fiber optic face plate is fabricated through drawing millions
of individual strands of fiber with different refractive index
(RI) that were mixed randomly and fused together. When an
input beam is scanned across one of the surfaces of the face
plate, the output beam on the opposite surface follows the
transverse position of the input beam. Since Anderson
localization exhibits in disordered mediums an absence of
diffusion of waves, some of the fundamental physics are
different when compared to optical fiber relays. This implies
that the effect of the optical fibers that produce the Anderson
localization phenomena are less impacted by total internal
reflection than by the randomization of between multiple-
scattering paths where wave interference can completely
limit the propagation in the transverse orientation while
continuing in the longitudinal path. Further to this concept,
it is introduced herein that an ordered distribution of mate-
rial wave propagation properties may be used in place of a
randomized distribution in the transverse plane of an energy
transport device. Such an ordered distribution may induce
Ordered Energy Localization in a transverse plane of the
device while reducing the occurrence of localized grouping
of similar material properties, which can arise due to the
nature of random distributions, and which may degrade the
overall efficacy of energy transport through the device.

[0135] In an embodiment, it may be possible for Ordered
Energy Localization materials to transport light as well as or
better than, the highest quality commercially available mul-
timode glass image fibers with a higher MTF. With multi-
mode and multicore optical fibers, the relayed images are
intrinsically pixelated due to the properties of total internal
reflection of the discrete array of cores where any cross-talk
between cores will reduce MTF and increase blurring. The
resulting imagery produced with multicore optical fiber
tends to have a residual fixed noise fiber pattern, as illus-
trated in FIG. 5A. By contrast, FIG. 5B illustrates the same
relayed image through an example material sample that
exhibits properties similar to that of the Transverse Ander-
son Localization principle, referred to herein as Ordered
Energy Localization, where the noise pattern appears much
more like a grain structure than a fixed fiber pattern.

[0136] Another advantage to optical relays that exhibit the
Ordered Energy localization phenomena is that it they can be
fabricated from a polymer material, resulting in reduced cost
and weight. A similar optical grade material generally made
of glass or other similar materials may cost ten to a hundred
(or more) times more than the cost of the same dimension of
material generated with polymers. Further, the weight of the
polymer relay optics can be 10-100x less given that up to a
majority of the density of the material is air and other light
weight plastics. For the avoidance of doubt, any material
that exhibits the Anderson localization property, or the
Ordered Energy Localization property as described herein,
may be included in this disclosure herein, even if it does not
meet the above cost and weight suggestions. As one skilled
in the art will understand that the above suggestion is a
single embodiment that lends itself to significant commer-
cial viabilities that similar glass products exclude. Of addi-
tional benefit is that for Ordered Energy Localization to
work, optical fiber cladding may not be needed, which for
traditional multicore fiber optics is required to prevent the
scatter of light between fibers, but simultaneously blocks a
portion of the rays of light and thus reduces transmission by
at least the core to clad ratio (e.g. a core to clad ratio of 70:30
will transmit at best 70% of received illumination).
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[0137] Another benefit is the ability to produce many
smaller parts that can be bonded or fused without seams as
the material fundamentally has no edges in the traditional
sense and the merger of any two pieces is nearly the same
as generating the component as a singular piece depending
on the process to merge the two or more pieces together. For
large scale applications, this is a significant benefit for the
ability to manufacturer without massive infrastructure or
tooling costs, and it provides the ability to generate single
pieces of material that would otherwise be impossible with
other methods. Traditional plastic optical fibers have some
of these benefits but due to the cladding, generally still
involve a seam line of some distances.

[0138] The present disclosure includes methods of manu-
facturing materials exhibiting the Ordered Energy Localiza-
tion phenomena. A process is proposed to construct relays of
electromagnetic energy, acoustic energy, or other types of
energy using building blocks that consist of one or more
component engineered structures (CES). The term CES
refers to a building block component with specific engi-
neered properties (EP) that include, but are not limited to,
material type, size, shape, refractive index, center-of-mass,
charge, weight, absorption, magnetic moment, among other
properties. The size scale of the CES may be on the order of
wavelength of the energy wave being relayed, and can vary
across the milli-scale, the micro-scale, or the nano-scale.
The other EP’s are also highly dependent on the wavelength
of the energy wave.

[0139] Within the scope of the present disclosure, a par-
ticular arrangement of multiple CES may form an ordered
pattern, which may be repeated in the transverse direction
across a relay to effectively induce Ordered Energy Local-
ization. A single instance of such an ordered pattern of CES
is referred to herein as a module. A module may comprise
two or more CES. A grouping of two or more modules
within a relay is referred to herein as a cluster.

[0140] Ordered Energy Localization is a general wave
phenomenon that applies to the transport of electromagnetic
waves, acoustic waves, quantum waves, energy waves,
among others. The one or more building block structures
required to form an energy wave relay that exhibits Ordered
Energy Localization each have a size that is on the order of
the corresponding wavelength. Another critical parameter
for the building blocks is the speed of the energy wave in the
materials used for those building blocks, which includes
refractive index for electromagnetic waves, and acoustic
impedance for acoustic waves. For example, the building
block sizes and refractive indices can vary to accommodate
any frequency in the electromagnetic spectrum, from X-rays
to radio waves.

[0141] For this reason, discussions in this disclosure about
optical relays can be generalized to not only the full elec-
tromagnetic spectrum, but to acoustical energy and other
types of energy. For this reason, the use of the terms energy
source, energy surface, and energy relay will be used often,
even if the discussion is focused on one particular form of
energy such as the visible electromagnetic spectrum.
[0142] For the avoidance of doubt, the material quantities,
process, types, refractive index, and the like are merely
exemplary and any optical material that exhibits the Ordered
Energy localization property is included herein. Further, any
use of ordered materials and processes is included herein.
[0143] It should be noted that the principles of optical
design noted in this disclosure apply generally to all forms
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of energy relays, and the design implementations chosen for
specific products, markets, form factors, mounting, etc. may
or may not need to address these geometries but for the
purposes of simplicity, any approach disclosed is inclusive
of all potential energy relay materials.

[0144] In one embodiment, for the relay of visible elec-
tromagnetic energy, the size of the CES should be on the
order of 1 micron. The materials used for the CES can be any
optical material that exhibits the optical qualities desired to
include, but not limited to, glass, plastic, resin and the like.
The index of refraction of the materials are higher than 1,
and if two CES types are chosen, the difference in refractive
index becomes a key design parameter. The aspect ratio of
the material may be chosen to be elongated, in order to assist
wave propagation in a longitudinal direction.

[0145] The formation of a CES may be completed as a
destructive process that takes formed materials and cuts the
pieces into a desired shaped formation or any other method
known in the art, or additive, where the CES may be grown,
printed, formed, melted, or produced in any other method
known in the art. Additive and destructive processes may be
combined for further control over fabrication. These pieces
are now constructed to a specified structure size and shape.
[0146] In one embodiment, for electromagnetic energy
relays, it may be possible to use optical grade bonding
agents, epoxies, or other known optical materials that may
start as a liquid and form an optical grade solid structure
through various means including but not limited to UV, heat,
time, among other processing parameters. In another
embodiment, the bonding agent is not cured or is made of
index matching oils for flexible applications. Bonding agent
may be applied to solid structures and non-curing oils or
optical liquids. These materials may exhibit certain refrac-
tive index (RI) properties. The bonding agent needs to match
the RI of either CES material type 1 or CES material type 2.
In one embodiment, the RI of this optical bonding agent is
1.59, the same as PS. In a second embodiment, the RI of this
optical bonding agent is 1.49, the same as PMMA.

[0147] Inone embodiment, for energy waves, the bonding
agent may be mixed into a blend of CES material type 1 and
CES material type 2 in order to effectively cancel out the RI
of the material that the bonding agent RI matches. The
bonding agent may be thoroughly intermixed such that no
regions are unsaturated which may require a certain amount
of time for saturation and desired viscous properties. Addi-
tional constant agitation may be implemented to ensure the
appropriate mixture of the materials to counteract any sepa-
ration that may occur due to various densities of materials or
other material properties.

[0148] It may be required to perform this process in a
vacuum or in a chamber to evacuate any air bubbles that may
form. An additional methodology may be to introduce
vibration during the curing process. An alternate method
provides for three or more CES with additional form char-
acteristics and EPs. In one embodiment, for electromagnetic
energy relays, an additional method provides for only a
single CES to be used with only the bonding agent, where
the RI of the CES and the bonding agent differ. An additional
method provides for any number of CESs and includes the
intentional introduction of air bubbles.

[0149] In one embodiment, for electromagnetic energy
relays, a method provides for multiple bonding agents with
independent desired Rls, and a process to intermix the zero,
one, or more CES’s as they cure either separately or together

Apr. 11, 2024

to allow for the formation of a completely intermixed
structure. Two or more separate curing methodologies may
be leveraged to allow for the ability to cure and intermix at
different intervals with different tooling and procedural
methodologies. In one embodiment, a UV cure epoxy with
a RI of 1.49 is intermixed with a heat cure second epoxy
with a RI of 1.59 where constant agitation of the materials
is provisioned with alternating heat and UV treatments with
only sufficient duration to begin to see the formation of solid
structures from within the larger mixture, but not long
enough for any large particles to form, until such time that
no agitation can be continued once the curing process has
nearly completed, whereupon the curing processes are
implemented simultaneously to completely bond the mate-
rials together. In a second embodiment, CES with a RI of
1.49 are added. In a third embodiment, CES with both a RI
of 1.49 and 1.59 both added.

[0150] Inanother embodiment, for electromagnetic energy
relays, glass and plastic materials are intermixed based upon
their respective RI properties. In an additional embodiment,
the cured mixture is formed in a mold and after curing is cut
and polished. In another embodiment, the materials lever-
aged will re-liquefy with heat and are cured in a first shape
and then pulled into a second shape to include, but not
limited to, tapers or bends.

[0151] FIG. 7A illustrates a cutaway view of a flexible
implementation 70 of a relay exhibiting the Transverse
Anderson Localization approach using CES material type 1
(72) and CES material type 2 (74) with intermixing oil or
liquid 76 and with the possible use of end cap relays 79 to
relay the energy waves from a first surface 77 to a second
surface 77 on either end of the relay within a flexible tubing
enclosure 78 in accordance with one embodiment of the
present disclosure. The CES material type 1 (72) and CES
material type 2 (74) both have the engineered property of
being elongated—in this embodiment, the shape is elliptical,
but any other elongated or engineered shape such as cylin-
drical or stranded is also possible. The elongated shape
allows for channels of minimum engineered property varia-
tion 75.

[0152] For an embodiment for visible electromagnetic
energy relays, implementation 70 may have the bonding
agent replaced with a refractive index matching oil 76 with
a refractive index that matches CES material type 2 (74) and
placed into the flexible tubing enclosure 78 to maintain
flexibility of the mixture of CES material type 1 and CES
material 2, and the end caps 79 would be solid optical relays
to ensure that an image can be relayed from one surface of
an end cap to the other. The elongated shape of the CES
materials allows channels of minimum refractive index
variation 75. Multiple instances of 70 can be interlaced into
a single surface in order to form a relay combiner in solid or
flexible form.

[0153] In one embodiment, for visible electromagnetic
energy relays, several instances of 70 may each be con-
nected on one end to a display device showing only one of
many specific tiles of an image, with the other end of the
optical relay placed in a regular mosaic, arranged in such a
way to display the full image with no noticeable seams. Due
to the properties of the CES materials, it is additionally
possible to fuse multiple the multiple optical relays within
the mosaic together.

[0154] FIG. 7B illustrates a cutaway view of a rigid
implementation 750 of a CES Transverse Anderson Local-
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ization energy relay. CES material type 1 (72) and CES
material type 2 (74) are intermixed with bonding agent 753
which matches the index of refraction of material 2 (74). It
is possible to use optional relay end caps 79 to relay the
energy wave from the first surface 77 to a second surface 77
within the enclosure 754. The CES material type 1 (72) and
CES material type 2 (74) both have the engineered property
of being elongated—in this embodiment, the shape is ellip-
tical, but any other elongated or engineered shape such as
cylindrical or stranded is also possible. Also shown in FIG.
7B is a path of minimum engineered property variation 75
along the longitudinal direction, which assists the energy
wave propagation in this direction from one end cap surface
77 to the other end cap surface 77.

[0155] The initial configuration and alignment of the
CESs can be done with mechanical placement, or by exploit-
ing the EP of the materials, including but not limited to:
electric charge, which when applied to a colloid of CESs in
a liquid can result in colloidal crystal formation; magnetic
moments which can help order CESs containing trace
amounts of ferromagnetic materials, or relative weight of the
CESs used, which with gravity helps to create layers within
the bonding liquid prior to curing.

[0156] In one embodiment, for electromagnetic energy
relays, the implementation depicted in FIG. 7B would have
the bonding agent 753 matching the index of refraction of
CES material type 2 (74), the optional end caps 79 would be
solid optical relays to ensure that an image can be relayed
from one surface of an end cap to the other, and the critical
EP with minimal longitudinal variation would be refractive
index, creating channels 75 which would assist the propa-
gation of localized electromagnetic waves.

[0157] In an embodiment for visible electromagnetic
energy relays, FIG. 8 illustrates a cutaway view in the
transverse plane the inclusion of a DEMA (dimensional
extra mural absorption) CES, 80, along with CES material
types 72, 74 in the longitudinal direction of one exemplary
material at a given percentage of the overall mixture of the
material, which controls stray light, in accordance with one
embodiment of the present disclosure for visible electro-
magnetic energy relays.

[0158] The additional CES materials that do not transmit
light are added to the mixture(s) to absorb random stray
light, similar to EMA in traditional optical fiber technolo-
gies, only the absorbing materials are included within a
dimensional lattice and not contained within the longitudinal
dimension, herein this material is called DEMA, 80. Lever-
aging this approach in the third dimension provides far more
control than previous methods of implementation where the
stray light control is much more fully randomized than any
other implementation that includes a stranded EMA that
ultimately reduces overall light transmission by the percent
of the area of the surface of all the optical relay components,
whereas the DEMA is intermixed in the dimensional lattice
that effectively controls the light transmission in the longi-
tudinal direction without the same reduction of light in the
transverse. The DEMA can be provided in any ratio of the
overall mixture. In one embodiment, the DEMA is 1% of the
overall mixture of the material. In a second embodiment, the
DEMA is 10% of the overall mixture of the material.
[0159] In an additional embodiment, the two or more
materials are treated with heat and/or pressure to perform the
bonding process and this may or may not be completed with
a mold or other similar forming process known in the art.
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This may or may not be applied within a vacuum or a
vibration stage or the like to eliminate air bubbles during the
melt process. For example, CES with material type PS and
PMMA may be intermixed and then placed into an appro-
priate mold that is placed into a uniform heat distribution
environment capable of reaching the melting point of both
materials and cycled to and from the respective temperature
without causing damage/fractures due to exceeding the
maximum heat elevation or declination per hour as dictated
by the material properties.

[0160] For processes that require intermixing materials
with additional liquid bonding agents, in consideration of
the variable specific densities of each material, a process of
constant rotation at a rate that prevents separation of the
materials may be required.

High Density Energy Directing Device

[0161] In an embodiment, an energy directing device may
comprises one or more energy locations and one or more
energy relay elements, each of the one or more energy relay
elements further comprising a first surface and a second
surface. The second surfaces of each energy relay element
may be arranged to form a singular seamless energy surface.

[0162] In embodiments of the present disclosure, the one
or more energy locations may comprise a display technology
including any of:

[0163] a) LCD, LED, laser, CRT, OLED, AMOLED,
TOLED, pico projector, single chip, 3-chip, LCoS,
DLP, Quantum Dots, monochrome, color, projection,
backlit, directly emissive, reflective, transparent,
opaque, coherent, incoherent, diffuse, direct, or any
other illumination source sufficient to produce the
desired pixel density; and

[0164] b) wherein any reflective display technology
may be directly bonded to the optical relay to provide
an outdoor or ambient illumination display, and further,
combined with other materials allows for the interac-
tion of light with the relayed content for both 2D and
light field applications; and

[0165] c) a series of beamsplitters, prisms, or polarized
elements and arranging each of the above devices
within the optical system to provide a virtual energy
surface that aggregates to include a completely seam-
less integration of all of the active area between the one
or more devices even in consideration of the mechani-
cal envelopes; and

[0166] d) a series of parallel, converged, optically offset
parallel and converged, on-axis, off-axis, radial, aligned
or otherwise reflective or projection systems, each
including a specified resolution and mechanical enve-
lope but projecting onto a surface that is in aggregate
smaller than the side-by-side footprint of all of the one
or more reflective or projection systems combined.

[0167] In an embodiment, a separation between edges of
any two adjacent second surfaces of the singular seamless
energy surface may be less than a minimum perceptible
contour as defined by the visual acuity of a human eye
having better than 20/40 vision at a distance, greater than the
lesser of a height of the singular seamless energy surface or
a width of the singular seamless energy surface, from the
singular seamless energy surface.
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[0168] Creating a seamless energy surface from a plurality
of separate independent energy sources presents a problem
of significant seams between the active areas of the energy
sources.

[0169] For example, for visible electromagnetic energy,
FIG. 9 represents an example of the minimum separation
possible between identical independent displays when
mounted on flex cables. FIG. 9 illustrates a side view of
three display devices 900, which each comprise an active
display area dimension 902 and a mechanical envelope 906.
Minimum gaps 908 highlight the minimum possible space
between any two active imaging surfaces 902 of display
devices 900. In the event that the active image to mechanical
envelope ratio is less than 2:1 (e.g. the active area is 20
mmx10 mm and the mechanical envelope is less than 40
mmx10 mm), it is possible to use beam splitters or other
similar optical and reflective materials to interleave two
image surfaces to form one single contiguous plane.
[0170] FIG. 10 is a side view illustration which describes
one such implementation of this methodology. FIG. 10
features five display devices 100 which each comprise active
display areas 1002 and mechanical envelopes 1004. Beam
splitter 1006 combines image light 1008 produced by dis-
play devices 1000 into a seamless image presentation 1010,
which effectively masks the mechanical envelopes 1004 of
the display devices 1000. It should be noted that a highly
non-reflective dark surface is preferable at or near the
display to mask out the non-image areas in order to avoid
reflection of the electronics and other non-display regions.
[0171] FIG. 11 is a side view illustration of a second
methodology where 3 beam splitters are leveraged to accom-
modate a mechanical envelope that is a 4:1 ratio. FIG. 11
features eight display devices 1100 which each comprise
active display areas 1102 and mechanical envelopes 1104.
Three beam splitters 1106, 1108, and 1110 combine image
light 1112 produced by the eight display devices 1100 into
a seamless image presentation 1114, which effectively
masks the mechanical envelopes 1104 of the display devices
1100.

[0172] It should be noted that while these methods can
work, the mechanical accuracy may preferably be near
perfect to avoid incorrect angular viewing of each overlap-
ping display plane and the overall viewed brightness will
decrease by the amount of light that is absorbed by the beam
splitter in order to redirect the rays of light to each discreet
reflected plane. In FIG. 11, the brightness of image light
1112 will only transmit at best 25% of actual display peak
potential from display devices 1100 due to the loss of light
from the overall system. Additionally, it should be noted that
the size of the physical apparatus with multiple reflections
becomes quite large very quickly depending on the size of
the desired image surface.

[0173] It is also possible to consider projection technolo-
gies to aggregate multiple images into a larger overall
display, however, this comes at the cost of great complexity
for throw distance, minimum focus, optical quality, thermal
consistency considerations over a temperature gradient over
time, as well as image blending, alignment, size and form
factor. For most practical applications, hosting tens or hun-
dreds of these projection sources results in a design that is
much larger and less reliable. With all of the above risks
noted, all of the descriptions contained herein may also
apply to any form of projection technology in addition to the
disclosed panel methodologies.

Apr. 11, 2024

[0174] An alternative methodology involves using many
projectors in a tiled fashion to produce a secamless image
surface in combination with a rear projection surface. This
surface may include screens, diffusers, and optical relays in
planar or non-planar surfaces. The regions between each
individually addressed tile should ideally overlap slightly
and blend the transition between each tile appropriately,
although not explicitly required. The same concept of image
area to mechanical envelope applies with some added com-
plexity. We now introduce the concepts of maximum optical
offset along image surface position which can be controlled
by moving the optics of the projection system independently
from that of the image source resulting in a non-keystoned
shift of the image to the energy surface. High quality optics
are desired for this to be successful and is often limited to
less than the width of the projected image.

[0175] Additionally, when not using orthographic or col-
limated designs, we now have the challenge of minimum
focus of the optics contained within the projection system.
This can be addressed by increasing the overall projected
image size per tile at the consequence of increasing the
viewed distance to provide the desired pixel density as
notated above.

[0176] FIG. 12 highlights this relationship between the
mechanical envelope ratio, the minimum focus distance and
the maximum image offset as well as the percent of overlap
between individual tiled images. FIG. 12 illustrates a top
view of an embodiment with three projection devices: one
centered projection device 1200, and two off-centered pro-
jection devises 1201, 1203. The mechanical envelope of
each projection device 1200, 1201, 1203 creates a display
offset which invites adjustment of the projection angle 1204
of each off-centered projection device 121001, 1203. FIG.
12 highlights the use of off-axis projection optics, where the
display panel 1214 is displaced from the optical axis of the
display lens 1216 by an amount 1202 in proportion to the
display panel distance from the center of the array, allowing
for the overlap of each of these images while maintaining a
parallel array structure, and additionally avoid a keystone
image correction. Image light projected from the projection
devices 1200, 1201, 1203 forms a display image 1206 at
image plane 1208. Image light from off-centered projection
device 1201, 1203 will have an image offset 1210 and a
fractional overlap 1212 at the image plane 1208.

[0177] In an embodiment, the singular seamless energy
surface may be planar, faceted, or curved. It is also possible
to form an arc of projectors at the expense of requiring
keystone correction optically or computationally to form the
singular energy surface. In an embodiment, three projection
devices may be arranged in an arc. The projection devices
may produce image light which propagates through a planar
image plane. The image light may experience keystone
effects.

[0178] Alternatively, non-planar surfaces may be designed
in order to place each projector directly behind the corre-
sponding tile of viewed energy surface. FIG. 13 is a top view
illustration of an embodiment with three projection devices
1300 arranged in an arc. The projection devices 1300
produce image light 1302 which propagates through non-
planar surface 1304. Image light 1302 may experience
keystone effects that the embodiment of FIG. 12 avoids. For
both of these approaches, the projectors do not necessarily
need to be in a physically stacked configuration and may
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leverage reflectors or other optical methodologies in order to
provide application specific mechanical designs.

[0179] Any combination of these approaches may be
employed where both beam splitters and projection tech-
nologies can be leveraged simultaneously. An additional
embodiment of the system makes use of recent break-
throughs in energy relay technologies.

Tapered Energy Relays

[0180] Inorder to further solve the challenge of generating
high resolution from an array of individual energy wave
sources containing extended mechanical envelopes, the use
of tapered energy relays can be employed to increase the
effective size of each energy source. An array of tapered
energy relays can be stitched together to form a singular
contiguous energy surface, circumventing the limitation of
mechanical requirements for those energy sources.

[0181] In an embodiment, the one or more energy relay
elements may be configured to direct energy along propa-
gation paths which extend between the one or more energy
locations and the singular seamless energy surface. For
example, if an energy wave source’s active area is 20
mmx10 mm and the mechanical envelope is 40 mmx20 mm,
a tapered energy relay may be designed with a magnification
of 2:1 to produce a taper that is 20 mmx10 mm (when cut)
on the minified end and 40 mmx20 mm (when cut) on the
magnified end, providing the ability to align an array of
these tapers together seamlessly without altering or violating
the mechanical envelope of each energy wave source.

[0182] FIG. 14 illustrates an orthogonal view of one such
tapered energy relay mosaic arrangement 1410, in accor-
dance with one embodiment of the present disclosure. In
FIG. 14, the relay device 1410 may include two or more
relay elements 1420, each relay element 1420 formed of one
or more structures, each relay element 1420 having a first
surface 1440, a second surface 1460, a transverse orientation
(generally parallel to the surfaces 1440, 1460) and a longi-
tudinal orientation (generally perpendicular to the surfaces
1440, 1410). The surface area of the first surface 1440 may
be different than the surface area of the second surface 1460.
For relay element 1420, the surface area of the first surface
1440 is less than the surface area of the second surface 1460.
In another embodiment, the surface area of the first surface
1440 may be the same or greater than the surface area of the
second surface 1460. Energy waves can pass from the first
surface 1440 to the second surface 1460, or vice versa.

[0183] In FIG. 14, the relay element 1420 of the relay
element device 1410 includes a sloped profile portion 1480
between the first surface 1440 and the second surface 1460.
In operation, energy waves propagating between the first
surface 1440 and the second surface 1460 may have higher
transport efficiency in the longitudinal orientation than in the
transverse orientation, and energy waves passing through
the relay element 1420 may result in spatial magnification or
spatial de-magnification. In other words, energy waves
passing through the relay element 1420 of the relay element
device 1410 may experience increased magnification or
decreased magnification. In an embodiment, energy may be
directed through the one or more energy relay elements with
zero magnification. In some embodiments, the one or more
structures for forming relay element devices may include
glass, carbon, optical fiber, optical film, plastic, polymer, or
mixtures thereof.
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[0184] In one embodiment, the energy waves passing
through the first surface have a first resolution, while the
energy waves passing through the second surface have a
second resolution, and the second resolution is no less than
about 50% of the first resolution. In another embodiment,
the energy waves, while having a uniform profile when
presented to the first surface, may pass through the second
surface radiating in every direction with an energy density in
the forward direction that substantially fills a cone with an
opening angle of +/-10 degrees relative to the normal to the
second surface, irrespective of location on the second relay
surface.

[0185] In some embodiments, the first surface may be
configured to receive energy from an energy wave source,
the energy wave source including a mechanical envelope
having a width different than the width of at least one of the
first surface and the second surface.

[0186] In an embodiment, energy may be transported
between first and second surfaces which defines the longi-
tudinal orientation, the first and second surfaces of each of
the relays extends generally along a transverse orientation
defined by the first and second directions, where the longi-
tudinal orientation is substantially normal to the transverse
orientation. In an embodiment, energy waves propagating
through the plurality of relays have higher transport effi-
ciency in the longitudinal orientation than in the transverse
orientation and are spatially localized in the transverse plane
due to randomized refractive index variability in the trans-
verse orientation coupled with minimal refractive index
variation in the longitudinal orientation via the principle of
Transverse Anderson Localization. In some embodiments
where each relay is constructed of multicore fiber, the energy
waves propagating within each relay element may travel in
the longitudinal orientation determined by the alignment of
fibers in this orientation.

[0187] Mechanically, these tapered energy relays are cut
and polished to a high degree of accuracy before being
bonded or fused together in order to align them and ensure
that the smallest possible seam gap between the relays. The
seamless surface formed by the second surfaces of energy
relays is polished after the relays are bonded. In one such
embodiment, using an epoxy that is thermally matched to the
taper material, it is possible to achieve a maximum seam gap
of 50 um. In another embodiment, a manufacturing process
that places the taper array under compression and/or heat
provides the ability to fuse the elements together. In another
embodiment, the use of plastic tapers can be more easily
chemically fused or heat-treated to create the bond without
additional bonding. For the avoidance of doubt, any meth-
odology may be used to bond the array together, to explicitly
include no bond other than gravity and/or force.

[0188] In an embodiment, a separation between the edges
of any two adjacent second surfaces of the terminal energy
relay elements may be less than a minimum perceptible
contour as defined by the visual acuity of a human eye
having better than 20/40 vision at a distance from the
seamless energy surface that is greater than the lesser of a
height of the singular seamless energy surface or a width of
the singular seamless energy surface.

[0189] A mechanical structure may be preferable in order
to hold the multiple components in a fashion that meets a
certain tolerance specification. In some embodiments, the
first and second surfaces of tapered relay elements can have
any polygonal shapes including without limitation circular,
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elliptical, oval, triangular, square, rectangle, parallelogram,
trapezoidal, diamond, pentagon, hexagon, and so forth. In
some examples, for non-square tapers, such as rectangular
tapers for example, the relay elements may be rotated to
have the minimum taper dimension parallel to the largest
dimensions of the overall energy source. This approach
allows for the optimization of the energy source to exhibit
the lowest rejection of rays of light due to the acceptance
cone of the magnified relay element as when viewed from
center point of the energy source. For example, if the desired
energy source size is 100 mm by 60 mm and each tapered
energy relay is 20 mm by 10 mm, the relay elements may be
aligned and rotated such that an array of 3 by 10 taper energy
relay elements may be combined to produce the desired
energy source size. Nothing here should suggest that an
array with an alternative configuration of an array of 6 by 5
matrix, among other combinations, could not be utilized.
The array comprising of a 3x10 layout generally will per-
form better than the alternative 6x5 layout.

Energy Relay Element Stacks

[0190] While the most simplistic formation of an energy
source system comprises of an energy source bonded to a
single tapered energy relay element, multiple relay elements
may be coupled to form a single energy source module with
increased quality or flexibility. One such embodiment
includes a first tapered energy relay with the minified end
attached to the energy source, and a second tapered energy
relay connected to the first relay element, with the minified
end of the second optical taper in contact with the magnified
end of the first relay element, generating a total magnifica-
tion equal to the product of the two individual taper mag-
nifications. This is an example of an energy relay element
stack comprising of a sequence of two or more energy relay
elements, with each energy relay element comprising a first
side and a second side, the stack relaying energy from the
first surface of the first element to the second surface of the
last element in the sequence, also named the terminal
surface. Each energy relay element may be configured to
direct energy therethrough.

[0191] In an embodiment, an energy directing device
comprises one or more energy locations and one or more
energy relay element stacks. Each energy relay element
stack comprises one or more energy relay elements, with
each energy relay element comprising a first surface and a
second surface. Each energy relay element may be config-
ured to direct energy therethrough. In an embodiment, the
second surfaces of terminal energy relay elements of each
energy relay element stack may be arranged to form a
singular seamless display surface. In an embodiment, the
one or more energy relay element stacks may be configured
to direct energy along energy propagation paths which
extend between the one or more energy locations and the
singular seamless display surfaces.

[0192] FIG. 15 illustrates a side view of an energy relay
element stack 1500 consisting of two compound optical
relay tapers 1522, 1524 in series, both tapers with minified
ends facing an energy source surface 1526, in accordance
with an embodiment of the present disclosure. In FIG. 15,
the input numerical aperture (NA) is 1.0 for the input of
taper 1524, but only about 0.16 for the output of taper 1522.
Notice that the output numerical aperture gets divided by the
total magnification of 6, which is the product of 2 for taper
1524, and 3 for taper 1522. One advantage of this approach
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is the ability to customize the first energy wave relay
element to account for various dimensions of energy source
without alteration of the second energy wave relay element.
It additionally provides the flexibility to alter the size of the
output energy surface without changing the design of the
energy source or the first relay element. Also shown in FIG.
15 is the energy source 1526 and the mechanical envelope
1528 containing the energy source drive electronics.
[0193] In an embodiment, the first surface may be con-
figured to receive energy waves from an energy source unit
(e.g., 1526), the energy source unit including a mechanical
envelope having a width different than the width of at least
one of the first surface and the second surface. In one
embodiment, the energy waves passing through the first
surface may have a first resolution, while the energy waves
passing through the second surface may have a second
resolution, such that the second resolution is no less than
about 50% of the first resolution. In another embodiment,
the energy waves, while having a uniform profile when
presented to the first surface, may pass through the second
surface radiating in every direction with an energy density in
the forward direction that substantially fills a cone with an
opening angle of +/-10 degrees relative to the normal to the
second surface, irrespective of location on the second relay
surface.

[0194] In one embodiment, the plurality of energy relay
elements in the stacked configuration may include a plurality
of faceplates (relays with unity magnification). In some
embodiments, the plurality of faceplates may have different
lengths or are loose coherent optical relays. In other embodi-
ments, the plurality of elements may have sloped profile
portions similar to that of FIG. 14, where the sloped profile
portions may be angled, linear, curved, tapered, faceted or
aligned at a non-perpendicular angle relative to a normal
axis of the relay element. In yet another embodiment, energy
waves propagating through the plurality of relay elements
have higher transport efficiency in the longitudinal orienta-
tion than in the transverse orientation and are spatially
localized in the transverse orientation due to randomized
refractive index variability in the transverse orientation
coupled with minimal refractive index variation in the
longitudinal orientation. In embodiments where each energy
relay is constructed of multicore fiber, the energy waves
propagating within each relay element may travel in the
longitudinal orientation determined by the alignment of
fibers in this orientation.

Energy Directing Device

[0195] FIG. 16 illustrates a perspective view of an
embodiment 1600 of an energy directing device where
energy relay element stacks are arranged in an 8x4 array to
form a singular seamless energy directing surface 1610 with
the shortest dimension of the terminal surface of each
tapered energy relay element stack parallel to the longest
dimension of the energy surface 1610. The energy originates
from 32 separate energy sources 1650; each bonded or
otherwise attached to the first element of the energy relay
element stacks.

[0196] In an embodiment, a separation between the edges
of any two adjacent second surfaces of the terminal energy
relay elements may be less than a minimum perceptible
contour as defined by the visual acuity of a human eye
having better than 20/100 vision at a distance, greater than
the lesser of a height of the singular seamless display surface
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or a width of the singular seamless display surface, from the
singular seamless display surface.

[0197] FIG. 17 contains the following views of embodi-
ment 17A00: a front view 1710, a top view 1710, a side view
1730, and a close-up side view 1740.

[0198] FIG. 18 is the close-up view of the side view 1740
of the energy directing device 1600, consisting of a repeat-
ing structure comprised of energy relay element stacks 1830
arranged along a transverse orientation defined by first and
second directions, used to propagate energy waves from the
plurality of energy units 1850 to a single common seamless
energy surface 1880 formed by the second surface of the
energy relay element stacks. Each energy unit 1850 is
composed of an energy source 1810 as well as the mechani-
cal enclosure 1850 which houses the drive electronics. Each
relay stack is composed of a faceplate 1840 with no mag-
nification directly bonded to an energy source 1810 on one
side, and a tapered energy relay on the other side, where the
taper spatially magnifies the energy wave from the faceplate
while propagating the energy to the seamless energy surface
1880. In one embodiment, the magnification of the tapered
energy relay is 2:1. In one embodiment, tapered energy
relays 1820 are held in place by a common base structure
1860, and each of these tapers are bonded to a faceplate
181640, which in turn is bonded to the energy unit 1850.
Neighboring tapers 1820 are bonded or fused together at
seam 1870 in order to ensure that the smallest possible seam
gap is realized. All the tapered energy relays in the full 8x4
array are arranged in a seamless mosaic such that the second
surface for each tapered energy relay forms a single con-
tiguous energy surface 1880, which is polished during
assembly to ensure flatness. In one embodiment, surface
1810 is polished to within 10 waves of flatness. Face plate
1885 has dimensions slightly larger than the dimensions of
the surface 181680, and is placed in direct contact with
surface 1880 in order to extend the field of view of the
tapered energy surface 1880. The second surface of the
faceplate forms the output energy surface 1810 for the
energy directing device 1800.

[0199] In this embodiment of 1800, energy is propagated
from each energy source 1810, through the relay stack 1830,
and then substantially normal to the faceplate, defining the
longitudinal direction, the first and second surfaces of each
of the relay stacks extends generally along a transverse
orientation defined by the first and second directions, where
the longitudinal orientation is substantially normal to the
transverse orientation. In one embodiment, energy waves
propagating through at least one of the relay elements
faceplate 1840, taper 1820, and faceplate 1885, have higher
transport efficiency in the longitudinal orientation than in the
transverse orientation and are localized in the transverse
orientation due to randomized refractive index variability in
the transverse orientation coupled with minimal refractive
index variation in the longitudinal orientation. In some
embodiments at least one of the relay elements faceplate
1840, taper 1820, and faceplate 1885 may be constructed of
multicore fiber, with energy waves propagating within each
relay element traveling in the longitudinal orientation deter-
mined by the alignment of fibers in this orientation.
[0200] In one embodiment, the energy waves passing
through the first surface of 181640 have a first spatial
resolution, while the energy waves passing through the
second surface of tapered energy relay 1820 and through the
face plate have a second resolution, and the second resolu-
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tion is no less than about 50% of the first resolution. In
another embodiment, the energy waves, while having a
uniform profile at the first surface of the faceplate 1840, may
pass through the seamless energy surfaces 1880 and 1810
radiating in every direction with an energy density in the
forward direction that substantially fills a cone with an
opening angle of +/-10 degrees relative to the normal to the
seamless energy surface 1810, irrespective of location on
this surface 1810.
[0201] In an embodiment, an energy directing device
comprises one or more energy sources and one or more
energy relay element stacks.
[0202] Inan embodiment, each energy relay element of an
energy directing device may comprise at least one of:
[0203] 1. one or more optical elements exhibiting trans-
verse Anderson Localization;

[0204] 2. a plurality of optical fibers;

[0205] 3. loose coherent optical fibers;

[0206] 4. image combiners;

[0207] 5. one or more gradient index optical elements;
[0208] 6. one or more beam splitters;

[0209] 7. one or more prisms;

[0210] 8. one or more polarized optical elements;

[0211] 9. one or more multiple size or length optical
elements for mechanical offset;

[0212] 10. one or more waveguides;

[0213] 11. one or more diffractive, refractive, reflective,
holographic, lithographic, or transmissive elements;
and

[0214] 12. one or more retroreflectors.

[0215] In an embodiment, a quantity of the one or more

energy relay elements and a quantity of the one or more
energy locations may define a mechanical dimension of the
energy directing device. The quantity of optical relay ele-
ments incorporated into the system is unlimited and only
constrained by mechanical considerations and the resultant
seamless energy surface includes a plurality of lower reso-
Iution energy sources producing an infinite resolution energy
surface only limited by the resolving power and image
quality of the components included within the display
device.

[0216] A mechanical structure may be preferable in order
to hold the multiple relay components in a fashion that meets
a certain tolerance specification. Mechanically, the energy
relays that contain a second surface that forms the seamless
energy surface are cut and polished to a high degree of
accuracy before being bonded or fused together in order to
align them and ensure that the smallest possible seam gap
between the energy relays is possible. The seamless surface
1880 is polished after the relays 1820 are bonded together.
In one such embodiment, using an epoxy that is thermally
matched to the tapered energy relay material, it is possible
to achieve a maximum seam gap of 50 um. In another
embodiment, a manufacturing process that places the taper
array under compression and/or heat provides the ability to
fuse the elements together. In another embodiment, the use
of plastic tapers can be more easily chemically fused or
heat-treated to create the bond without additional bonding.
For the avoidance of doubt, any methodology may be used
to bond the array together, to explicitly include no bond
other than gravity and/or force.

[0217] The energy surface may be polished individually
and/or as a singular energy surface and may be any surface
shape, including planar, spherical, cylindrical, conical, fac-
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eted, tiled, regular, non-regular, convex, concave, slanted, or
any other geometric shape for a specified application. The
optical elements may be mechanically mounted such that the
optical axes are parallel, non-parallel and/or arranged with
energy surface normal oriented in a specified way.

[0218] The ability to create various shapes outside of the
active display area provides the ability to couple multiple
optical elements in series to the same base structure through
clamping structures, bonding processes, or any other
mechanical means desired to hold one or more relay ele-
ments in place. The various shapes may be formed out of
optical materials or bonded with additional appropriate
materials. The mechanical structure leveraged to hold the
resultant shape may be of the same form to fit over top of
said structure. In one embodiment, an energy relay is
designed with a square shape with a side that is equal to 10%
of the total length of the energy relay, but 25% greater than
the active area of the energy source in width and height. This
energy relay is clamped with the matched mechanical struc-
ture and may leverage refractive index matching oil, refrac-
tive index matched epoxy, or the like. In the case of
electromagnetic energy sources, the process to place any two
optical elements in series may include mechanical or active
alignment wherein visual feedback is provided to ensure that
the appropriate tolerance of image alignment is performed.
Typically, a display is mounted to the rear surface of the
optical element prior to alignment, but this may or may not
be desired depending on application.

[0219] In an embodiment, the second sides of terminal
energy relay elements of each energy relay element stack
may be arranged to form a singular seamless energy surface.

[0220] In an embodiment, the singular seamless energy
surface formed by a mosaic of energy relay element stacks
may be extended by placing a faceplate layer in direct
contact with the surface, using a bonding agent, index
matching oil, pressure, or gravity to adhere it to the energy
surface. In one embodiment, the faceplate layer may be
composed of a single piece of energy relay material, while
in others it is composed of two or more pieces of energy
relay material bonded or fused together. In one embodiment,
the extension of a faceplate may increase the angle of
emission of the energy waves relative to the normal to the
seamless energy surface.

[0221] In an embodiment, the one or more energy relay
element stacks may be configured to direct energy along
propagation paths which extend between the one or more
energy locations and the singular seamless energy surfaces.

[0222] In an embodiment, a separation between the edges
of any two adjacent second surfaces of the terminal energy
relay elements may be less than a minimum perceptible
contour as defined by the visual acuity of a human eye
having better than 20/40 vision at a distance, greater than the
lesser of a height of the singular seamless energy surface or
a width of the singular seamless energy surface, from the
singular seamless energy surface.

[0223] In an embodiment, the energy relay elements of
each energy relay element stack are arranged in an end-to-
end configuration. In an embodiment, energy may be
directed through the one or more energy relay element stacks
with zero magnification, non-zero magnification, or non-
zero minification. In an embodiment, any of the energy relay
elements of the one or more energy relay element stacks may
comprise an element exhibiting Transverse Anderson Local-
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ization, an optical fiber, a beam splitter, an image combiner,
an element configured to alter an angular direction of energy
passing therethrough, etc.

[0224] In an embodiment, energy directed along energy
propagation paths may be electromagnetic energy defined by
a wavelength, the wavelength belonging to a regime of the
electromagnetic spectrum such as visible light, ultraviolet,
infrared, x-ray, etc. In an embodiment, energy directed along
energy propagation paths may be mechanical energy such as
acoustic sound, tactile pressure, etc. A volumetric sound
environment is a technology that effectively aspires to
achieve holographic sound or similar technology. A dimen-
sional tactile device produces an array of transducers, air
emitters, or the like to generate a sensation of touching
objects floating in midair that may be directly coupled to the
visuals displayed in a light field display. Any other tech-
nologies that support interactive or immersive media may
additionally be explored in conjunction with this holo-
graphic display. For the use of the energy directing device as
a display surface, the electronics may be mounted directly to
the pins of the individual displays, attached to the electronics
with a socket such as a zero-insertion force (ZIF) connector,
or by using an interposer and/or the like, to provide simpli-
fied installation and maintenance of the system. In one
embodiment, display electronic components including dis-
play boards, FPGAs, ASICs, 10 devices or similarly desired
components preferable for the use of said display, may be
mounted or tethered on flex or flexi-rigid cables in order to
produce an offset between the display mounting plane and
the location of the physical electronic package. Additional
mechanical structures are provided to mount the electronics
as desired for the device. This provides the ability to increase
density of the optical elements, thereby reducing the optical
magnification for any tapered optical relays and decreasing
overall display size and/or weight.

[0225] Cooling structures may be designed to maintain
system performance within a specified temperature range,
wherein all mechanical structures may include additional
copper or other similar material tubing to provide a liquid
cooling system with a solid state liquid cooling system
providing sufficient pressure on a thermostat regulator.
Additional embodiments may include Peltier units or heat
syncs and/or the like to maintain consistent system perfor-
mance for the electronics, displays and/or any other com-
ponents sensitive to temperature changes during operation or
that may produce excess heat.

[0226] FIG. 19 illustrates a top view of an embodiment
1900 where energy relay element stacks composed of ele-
ments 1902 and 1903 are angled inward to a known point in
space 1904, directing energy to propagate from multiple
sources 1908 through the seamless energy surface 1901. The
base structure 1906 directly supports the tapered energy
relays 1902, where each taper is in turn bonded to relay
1903. For an embodiment where the energy directing device
1900 is a display, tapered optical relay elements 1902 are
angled inward to point the taper optical axes towards a fixed
point in space 1904. The energy sources 1908 comprise of
individual displays, with display electronics contained with
the display mechanical envelope 1907.

[0227] In an embodiment, the optical relay may comprise
loose coherent optical relays. Flexible optical elements,
image conduits, and the like may additionally be leveraged
in order to further offset display and display electronics from
the seamless energy surface. In this fashion, it is possible to
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form an optical relay bundle including multiple loose coher-
ent optical relays or other similar optical technology to
connect two separate structures, with a first structure con-
taining the seamless energy surface, and the second structure
containing the display and display electronics.

[0228] One or more additional optical elements may be
mounted in front of, or behind the ends of each loose
coherent optical relay. These additional elements may be
mounted with epoxies, pressure, mechanical structures, or
other methods known in the art.

[0229] FIG. 2000 is a top view illustration of an embodi-
ment where the seamless energy surface 2002 is a display
formed by tapered optical relays 2004, while the display
devices 2006 and the mechanical envelopes for the display
electronics 2008 are located a distance away from the
tapered relays 2004. Relaying light from display devices
2006 to the tapered optical relays 2004 are loose coherent
optical relays 2010 each with end caps 2012 at either end.
Embodiment 2000 allows the display devices 2006 to be
disposed at the remote locations of 2008 away from the
energy surface 2002 to ensure that a mechanical envelope of
the display devices 2006 does not interfere with the posi-
tioning of energy surface 2002.

[0230] Optical elements may exhibit differing lengths to
provide offset electronics as desired when formed in an
alternating structure and provide the ability to increase
density by the difference between the width of the electronic
envelope minus the width of the optical element. In one such
embodiment, a 5x5 optical relay mosaic contains two alter-
nating optical relay lengths. In another embodiment, a 5x5
optical relay mosaic may contain 5 different optical relay
lengths producing a pyramid-like structure, with the longest
length at the center of the array, producing higher overall
density for the resultant optical relay mosaic.

[0231] FIG. 21 is a side view illustration of an embodi-
ment 2100 wherein a seamless display surface 2108 is
formed by nine tapered optical relays 2102, each associated
with a display device 2104 through an optical face plate with
one of five offset lengths 1,2,3,4, or 5, such that no two
adjacent display devices 2104 are connected to a face plate
with the same offset length, providing sufficient clearance
2106 for respective mechanical envelopes 2105 for the
display electronics.

Selective Propagation of Energy in Light Field and
Holographic Waveguide Arrays

[0232] FIG. 39 illustrates a top-down perspective view of
an embodiment of an energy waveguide system 100 oper-
able to define a plurality of energy propagation paths 108.
Energy waveguide system 100 comprises an array of energy
waveguides 112 configured to direct energy therethrough
along the plurality of energy propagation paths 108. In an
embodiment, the plurality of energy propagation paths 108
extend through a plurality of energy locations 118 on a first
side of the array 116 to a second side of the array 114.

[0233] Referring to FIG. 22 and FIG. 24A-H, in an
embodiment, a first subset 24290 of the plurality of energy
propagation paths 22108 extend through a first energy
location 22122. The first energy waveguide 22104 is con-
figured to direct energy along a first energy propagation path
22120 of the first subset 24290 of the plurality of energy
propagation paths 22108. The first energy propagation path
22120 may be defined by a first chief ray 22138 formed
between the first energy location 22122 and the first energy

Apr. 11, 2024

waveguide 22104. The first energy propagation path 22120
may comprise rays 22138A and 22138B, formed between
the first energy location 22122 and the first energy wave-
guide 22104, which are directed by first energy waveguide
22104 along energy propagation paths 22120A and 221208,
respectively. The first energy propagation path 22120 may
extend from the first energy waveguide 22104 towards the
second side of the array 22114. In an embodiment, energy
directed along the first energy propagation path 22120
comprises one or more energy propagation paths between or
including energy propagation paths 22120A and 22120B,
which are directed through the first energy waveguide 22104
in a direction that is substantially parallel to the angle
propagated through the second side 22114 by the first chief
ray 22138.

[0234] Embodiments may be configured such that energy
directed along the first energy propagation path 22120 may
exit the first energy waveguide 22104 in a direction that is
substantially parallel to energy propagation paths 22120A
and 22120B and to the first chief ray 22138. It may be
assumed that an energy propagation path extending through
an energy waveguide element 22112 on the second side
22114 comprises a plurality of energy propagation paths of
a substantially similar propagation direction.

[0235] FIG. 23 is a front view illustration of an embodi-
ment of energy waveguide system 2300. The first energy
propagation path 23120 may extend towards the second side
of the array in a unique direction 23208 extending from the
first energy waveguide 23104, which is determined at least
by the first energy location 23122. The first energy wave-
guide 23104 may be defined by a spatial coordinate 23204,
and the unique direction 23208 which is determined at least
by first energy location 23122 may be defined by an angular
coordinate 23206 defining the directions of the first energy
propagation path 23120. The spatial coordinate 23204 and
the angular coordinate 23206 may form a four-dimensional
plenoptic coordinate set 23210 which defines the unique
direction 23208 of the first energy propagation path 23120.
[0236] Referring back to FIG. 22, in an embodiment,
energy directed along the first energy propagation path
22120 through the first energy waveguide 22104 substan-
tially fills a first aperture 22134 of the first energy waveguide
22104, and propagates along one or more energy propaga-
tion paths which lie between energy propagation paths
22120A and 22120B and are parallel to the direction of the
first energy propagation path 22120. In an embodiment, the
one or more energy propagation paths that substantially fill
the first aperture 22134 may comprise greater than 50% of
the first aperture 22134 diameter.

[0237] In a preferred embodiment, energy directed along
the first energy propagation path 22120 through the first
energy waveguide 22104 which substantially fills the first
aperture 22134 may comprise between 50% to 80% of the
first aperture 22134 diameter.

[0238] Turning again to FIGS. 22 and 24A-H, in an
embodiment, the energy waveguide system 22100 may
further comprise an energy inhibiting element 22124 posi-
tioned to limit propagation of energy between the first side
22116 and the second side 22114 and to inhibit energy
propagation between adjacent waveguides 22112. In an
embodiment, the energy inhibiting element is configured to
inhibit energy propagation along a portion of the first subset
24290 of the plurality of energy propagation paths 22108
that do not extend through the first aperture 22134. In an
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embodiment, the energy inhibiting element 22124 may be
located on the first side 22116 between the array of energy
waveguides 22112 and the plurality of energy locations
22118. In an embodiment, the energy inhibiting element
22124 may be located on the second side 22114 between the
plurality of energy locations 22118 and the energy propa-
gation paths 22108. In an embodiment, the energy inhibiting
element 22124 may be located on the first side 22116 or the
second side 22114 orthogonal to the array of energy wave-
guides 22112 or the plurality of energy locations 22118.
[0239] In an embodiment, energy directed along the first
energy propagation path 22120 may converge with energy
directed along a second energy propagation path 22126
through a second energy waveguide 22128. The first and
second energy propagation paths may converge at a location
22130 on the second side 22114 of the array 22112. In an
embodiment, a third and fourth energy propagation paths
22140, 22141 may also converge at a location 22132 on the
first side 22116 of the array 22112. In an embodiment, a fifth
and sixth energy propagation paths 22142, 22143 may also
converge at a location 22136 between the first and second
sides 22116, 22114 of the array 22112.

[0240] In an embodiment, the energy waveguide system
22100 may comprise structures for directing energy such as:
a structure configured to alter an angular direction of energy
passing therethrough, for example a refractive, diffractive,
reflective, gradient index, holographic, or other optical ele-
ment; a structure comprising at least one numerical aperture;
a structure configured to redirect energy off at least one
internal surface; an optical relay; etc. It is to be appreciated
that the waveguides 22112 may include any one or combi-
nation of bidirectional energy directing structure or material,
such as:

[0241] a) refraction, diffraction, or reflection;
[0242] D) single or compound multilayered elements;
[0243] c¢) holographic optical elements and digitally

encoded optics;

[0244] d) 3D printed elements or lithographic masters
or replicas;
[0245] e) Fresnel lenses, gratings, zone plates, binary

optical elements;

[0246] o) retro reflective elements;

[0247] g) fiber optics, total internal reflection or Ander-
son Localization;

[0248] h) gradient index optics or various refractive
index matching materials;

[0249] i) glass, polymer, gas, solids, liquids;

[0250] j) acoustic waveguides;

[0251] k) micro & nano scale elements; or
[0252] 1) polarization, prisms or beam splitters.
[0253] In an embodiment, the energy waveguide systems

propagate energy bidirectionally. In an embodiment, the
energy waveguides are configured for propagation of
mechanical energy. In an embodiment, the energy wave-
guides are configured for propagation of electromagnetic
energy.

[0254] Inan embodiment, by interlacing, layering, reflect-
ing, combining, or otherwise provisioning the appropriate
material properties within one or more structures within an
energy waveguide element, and within one or more layers
comprising an energy waveguide system, the energy wave-
guides are configured for simultaneous propagation of
mechanical, electromagnetic and/or other forms of energy.
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[0255] In an embodiment, the energy waveguides propa-
gate energy with differing ratios for u and v respectively
within a 4D coordinate system. In an embodiment, the
energy waveguides propagate energy with an anamorphic
function. In an embodiment, the energy waveguides com-
prise multiple elements along the energy propagation path.
In an embodiment, the energy waveguides are directly
formed from optical fiber relay polished surfaces. In an
embodiment, the energy waveguide system comprises mate-
rials exhibiting Transverse Anderson Localization. In an
embodiment, the energy waveguide system propagates
hypersonic frequencies to converge tactile sensation in a
volumetric space.

[0256] FIGS. 24A-H are illustrations of various embodi-
ments of energy inhibiting element 22124. For the avoidance
of doubt, these embodiments are provided for exemplary
purposes and in no way limiting to the scope of the com-
binations or implementations provided within the scope of
this disclosure.

[0257] FIG. 24A illustrates an embodiment of the plurality
of energy locations 24118 wherein an energy inhibiting
element 24251 is placed adjacent to the surface of the energy
locations 24118 and comprises a specified refractive, dif-
fractive, reflective, or other energy altering property. The
energy inhibiting element 24251 may be configured to limit
the first subset of energy propagation paths 24290 to a
smaller range of propagation paths 24253 by inhibiting
propagation of energy along energy propagation paths
24252. In an embodiment, the energy inhibiting element is
an energy relay with a numerical aperture less than 1.
[0258] FIG. 24B illustrates an embodiment of the plurality
of energy locations 24118 wherein an energy inhibiting
structure 24254 is placed orthogonal between regions of
energy locations 24118, and wherein the energy inhibiting
structure 24254 exhibits an absorptive property, and wherein
the inhibiting energy structure 24254 has a defined height
along an energy propagation path 24256 such that certain
energy propagation paths 24B255 are inhibited. In an
embodiment, the energy inhibiting structure 24254 is hex-
agonal in shape. In an embodiment, the energy inhibiting
structure 24254 is round in shape. In an embodiment, the
energy inhibiting structure 24254 is non-uniform in shape or
size along any orientation of the propagation path. In an
embodiment, the energy inhibiting structure 24254 is
embedded within another structure with additional proper-
ties.

[0259] FIG. 24C illustrates the plurality of energy loca-
tions 24118, wherein a first energy inhibiting structure
24257 is configured to substantially orient energy 24259
propagating therethrough into a first state. A second energy
inhibiting structure 24258 is configured to allow energy
24259, which is substantially oriented in the first state, to
propagate therethrough, and to limit propagation of energy
24260 oriented substantially dissimilarly to the first state. In
an embodiment, the energy inhibiting element 24257, 24258
is an energy polarizing element pair. In an embodiment, the
energy inhibiting element 24257, 24258 is an energy wave
band pass element pair. In an embodiment, the energy
inhibiting element 24257, 24258 is a diffractive waveguide
pair.

[0260] FIG. 24D illustrates an embodiment of the plurality
of energy locations 24118, wherein an energy inhibiting
element 24261 is structured to alter energy propagation
paths 24263 to a certain extent depending upon which of the
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plurality of energy locations 24118 the energy propagation
paths 24263 extends through. Energy inhibiting element
24261 may alter energy propagation paths 24263 in a
uniform or non-uniform way along energy propagation paths
24263 such that certain energy propagation paths 24262 are
inhibited. An energy inhibiting structure 24254 is placed
orthogonal between regions of energy locations 24118, and
wherein the energy inhibiting structure 24254 exhibits an
absorptive property, and wherein the inhibiting energy struc-
ture 24254 has a defined height along an energy propagation
path 24263 such that certain energy propagation paths 24262
are inhibited. In an embodiment, an inhibiting element
24261 is a field lens. In an embodiment, an inhibiting
element 24261 is a diffractive waveguide. In an embodi-
ment, an inhibiting element 24261 is a curved waveguide
surface.

[0261] FIG. 24E illustrates an embodiment of the plurality
of energy locations 24118, wherein an energy inhibiting
element 24264 provides an absorptive property to limit the
propagation of energy 24266 while allowing other propa-
gation paths 24267 to pass.

[0262] FIG. 24F illustrates an embodiment of the plurality
of energy locations 24118, and the plurality of energy
waveguides 24112, wherein a first energy inhibiting struc-
ture 24268 is configured to substantially orient energy 24270
propagating therethrough into a first state. A second energy
inhibiting structure 24271 is configured to allow energy
24270, which is substantially oriented in the first state, to
propagate therethrough, and to limit propagation of energy
24269 oriented substantially dissimilarly to the first state. In
order to further control energy propagation through a sys-
tem, exemplified by the stray energy propagation 24272,
energy inhibiting structures 24268, 24271 may require a
compound energy inhibiting element to ensure energy
propagation maintains accurate propagation paths.

[0263] FIG. 24G illustrates an embodiment of the plurality
of energy locations 24118, and wherein an energy inhibiting
element 24276 provides an absorptive property to limit the
propagation of energy along energy propagation path 24278
while allowing other energy along energy propagation path
24277 to pass through a pair of energy waveguides 24112 for
an effective aperture 24284 within the array of waveguides
24112. In an embodiment, energy inhibiting element 24276
comprises black chrome. In an embodiment, energy inhib-
iting element 24276 comprises an absorptive material. In an
embodiment, energy inhibiting element 24276 comprises a
transparent pixel array. In an embodiment, energy inhibiting
element 24276 comprises an anodized material.

[0264] FIG. 24H illustrates an embodiment comprising a
plurality of energy locations 24118, and a plurality of energy
waveguides 24112, wherein a first energy inhibiting struc-
ture 24251 is placed adjacent to the surface of the energy
locations 24118 and comprises a specified refractive, dif-
fractive, reflective, or other energy altering property. The
energy inhibiting structure 24251 may be configured to limit
the first subset of energy propagation paths 24290 to a
smaller range of propagation paths 24275 by inhibiting
propagation of energy along energy propagation paths
24274. A second energy inhibiting structure 24261 is struc-
tured to alter energy propagation paths 24275 to a certain
extent depending upon which of the plurality of energy
locations 24118 the energy propagation paths 24275 extends
through. Energy inhibiting structure 261 may alter energy
propagation paths 24275 in a uniform or non-uniform way
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such that certain energy propagation paths 24274 are inhib-
ited. A third energy inhibiting structure 24254 is placed
orthogonal between regions of energy locations 24118. The
energy inhibiting structure 24254 exhibits an absorptive
property, and has a defined height along an energy propa-
gation path 24275 such that certain energy propagation paths
24274 are inhibited. An energy inhibiting element 24276
provides an absorptive property to limit the propagation of
energy 24280 while allowing energy 24281 to pass through.
A compound system of similar or dissimilar waveguide
elements 24112 are positioned to substantially fill an effec-
tive waveguide element aperture 24285 with energy from
the plurality of energy locations 24118 and to alter the
propagation path 24273 of energy as defined by a particular
system.

[0265] In an embodiment, the energy inhibiting element
24276 may comprise a structure for attenuating or modify-
ing energy propagation paths. In an embodiment, the energy
inhibiting element 24276 may include one or more energy
absorbing elements or walls positioned within the system to
limit propagation of energy to or from the waveguides
24112. In an embodiment, the energy inhibiting element
24276 may include a specified numerical aperture, posi-
tioned within the system to limit the angular distribution of
energy to and from waveguide 24112.

[0266] In an embodiment, the energy inhibiting element
24276 may include one or more energy blocking walls,
structures, metal, plastic, glass, epoxy, pigment, liquid,
display technologies or other absorptive or structural mate-
rial, with a determined thickness between a plane of energy
locations 24122 and a waveguide array plane with voids or
structures that are up to the pitch of a waveguide aperture
diameter.

[0267] In an embodiment, the energy inhibiting structure
24254 is located proximate the first energy location 24122
and comprises an optical relay faceplate adjacent to the first
energy location 24122. In an embodiment, the energy inhib-
iting element 24276 may include an optical relay faceplate
comprising one or more spatially consistent or variable
numerical apertures, wherein the numerical aperture value
meaningfully limits the angular distribution of energy to and
from the waveguide 24112. For example, an embodiment of
the numerical aperture may be designed to provide an
angular distribution that is at or near two times the field of
view formed between the energy location and perpendicular
to the center of the effective waveguide element size,
entrance pupil, aperture, or other physical parameter for
energy propagation, to provide off-axis fill factor for the
specified waveguide aperture 24285.

[0268] In an embodiment, the energy inhibiting element
24276 may include a binary, gradient index, Fresnel, holo-
graphic optical element, zone plate or other diffractive
optical element that alters the path of energy waves through
the system to decrease scatter, diffusion, stray light, or
chromatic aberration. In an embodiment, the energy inhib-
iting element 24276 may include a positive or negative
optical element at or around the location wherein the energy
propagation path is altered to further increase the fill factor
of the waveguide aperture 24285 or decrease stray light. In
an embodiment, the energy inhibiting element 24276 may
include an active or passive polarized element combined
with a second active or passive polarized element designed
to provide spatial or time multiplexed attenuation of defined
regions of the energy location 24122, waveguide aperture
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24285, or other regions. In an embodiment, the energy
inhibiting element 24276 may include an active or passive
aperture stop barrier designed to provide spatial or time
multiplexed attenuation of defined regions of the energy
location 24122, waveguide aperture 24276 or other regions.
In an embodiment, the energy inhibiting element 24276
many include any one the following or any combination
thereof:

[0269] a) physical energy baffle structures;

[0270] b) volumetric, tapered or faceted mechanical
structures;

[0271] c¢) aperture stops or masks;

[0272] d) optical relays and controlled numerical aper-
tures;

[0273] e) refraction, diffraction, or reflection;

[0274] o) retro reflective elements;

[0275] g) single or compound multilayered elements;

[0276] h) holographic optical elements and digitally

encoded optics;

[0277] 1) 3D printed elements or lithographic masters or
replicas;

[0278] j) Fresnel lenses, gratings, zone plates, binary
optical elements;

[0279] k) fiber optics, total internal reflection or Ander-
son localization;

[0280] 1) gradient index optics or various refractive
index matching materials;

[0281] m) glass, polymer, gas, solids, liquids;
[0282] n) milli, micro & nano scale elements; and
[0283] o) polarization, prisms or beam splitters

[0284] In an embodiment, the energy inhibiting structure

24254 may be constructed to include hexagonally packed
energy blocking baffles constructed to form voids that are
tapered along the 7 axis, decreasing in void size as the
aperture stop location for the waveguide system is reached.
In another embodiment, the energy inhibiting structure
24254 may be constructed to include hexagonally packed
energy blocking baffles bonded to an optical relay face plate.
In another embodiment, the energy inhibiting structure
24254 may be constructed to include hexagonally packed
energy blocking baffles filled with a prescribed refractive
index to further alter the path of energy wave projection to
and from the energy waveguide array. In another embodi-
ment, a diffractive or refractive element may be placed,
attached or bonded to the energy blocking baffle with a
defined waveguide prescription to further alter the path of
energy projection to and from the waveguide elements
24112. In another example, the energy inhibiting structure
24524 may be formed into a single mechanical assembly,
and the energy waveguide array 24524 may be placed,
attached or bonded to the assembled energy inhibiting
element 24524. It is to be appreciated that other implemen-
tations may be leveraged to enable other energy waveguide
configurations or super-resolution considerations.

[0285] In an embodiment, the energy inhibiting structure
24524 may be located proximate the first energy location
24122 and generally extend towards the first energy wave-
guide 24104. In an embodiment, the energy inhibiting
structure 24524 may be located proximate the first energy
waveguide 24104 and generally extend towards the first
energy location 24122.

[0286] In an embodiment, the energy inhibiting elements
are configured for inhibiting electromagnetic energy. In an
embodiment, the energy inhibiting elements are configured
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for inhibiting mechanical energy. In an embodiment, by
interlacing, layering, reflecting, combining, or otherwise
provisioning the appropriate material properties within one
or more structures within an energy inhibiting element, and
within one or more layers comprising an energy waveguide
system, the energy inhibiting elements are configured for
simultaneous attenuation of mechanical, electromagnetic
and/or other forms of energy.

[0287] In an embodiment, an array of energy waveguides
may be arranged to form a planar surface, or a curved
surface of a desirable shape. FIG. 28 is an illustration of an
embodiment 28100 featuring an array of energy waveguides
28102 arranged in a curved configuration.

[0288] Embodiments of the present disclosure may be
configured to direct energy of any wavelength belonging to
the electromagnetic spectrum, including visible light, ultra-
violet, infrared, x-ray, etc. The present disclosure may also
be configured to direct other forms of energy such as
acoustic sound vibrations and tactile pressure waves.
[0289] FIG. 25 is an illustration of an additional embodi-
ment of an energy waveguide system 25300. The energy
waveguide system 25300 may define a plurality of energy
propagation paths 25304, and may comprise a reflector
element 25314 comprising a first reflector 25306 located on
a first side 25310 of the reflector element 25314, the first
reflector 25306 comprising one or more aperture stops
25316 formed therethrough, and a second reflector 25308
located on a second side 25312 of the reflector element
25314, the second reflector 25308 comprising one or more
aperture stops 25318 formed therethrough. The first and
second reflectors 25306, 25308 are configured to direct
energy along a plurality of energy propagation paths 25304
extending through the aperture stops of the first and second
reflectors 25316, 25318 and a plurality of energy locations
25320 on the first side 25310 of the reflector element 25314.
A first subset 25322 of the plurality of energy propagation
paths 25304 extend through a first energy location 25324.
The reflector element 25314 is configured to direct energy
along a first energy propagation path 25326 of the first
subset 25322 of the plurality of energy propagation paths
25304.

[0290] In an embodiment, the first energy propagation
path 25326 may be defined by a first chief ray 25338 formed
between the first energy location 25324 and a first aperture
stop 25328 of the first reflector 25306. The first energy
propagation path 25326 may extend from a first aperture
stop 25330 of the second reflector 25308 towards the second
side 25312 of the reflector element 25314 in a unique
direction extending from the first aperture stop 25330 of the
second reflector 25308, which is determined at least by the
first energy location 25324.

[0291] In an embodiment, energy directed along the first
energy propagation path 25326 substantially fills the first
aperture stop 25328 of the first reflector 25306 and the first
aperture stop 25330 of the second reflector 25308.

[0292] In an embodiment, an energy inhibiting element
25332 may be positioned to limit propagation of energy
along a portion 25350 of the first subset 25322 of the
plurality of energy propagation paths 25304 that do not
extend through the first aperture stop 25328 of the first
reflector 25306.

[0293] In an embodiment in which the energy is light and
the energy waveguide is operable to direct said light, with a
perfect parabolic structure, any ray that passes through, or
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from, the focus of the first reflector will reflect parallel to the
optical axis, reflect off of the second reflector, and then relay
at the same angle in the inverse orientation.
[0294] In an embodiment, the first reflector and second
reflector have differing focal lengths, in order to produce
varied magnification of the energy information and/or to
alter angular field of view coverage as a viewer from above
the surface of the second reflector would view the reflected
information. The aperture stops may be of differing sizes for
varied design purposes in collaboration with the varied focal
lengths.
[0295] An additional embodiment is provided where both
reflective surfaces are conical, faceted, curved in a non-
linear shape or otherwise. The design of this curvature is
critical to ensuring that the display information and the
viewed information may have a non-linear relationship to
change or simplify signal processing.
[0296] In an embodiment, the energy waveguides com-
prise flexible reflective surfaces capable of altering the
reflective surface profile dynamically to change the propa-
gation path of energy through the energy waveguide system.
[0297] In an embodiment, additional waveguides, includ-
ing but not limited to reflective or optical elements, bire-
fringent materials, liquid lenses, refractive, diffractive, holo-
graphic, or the like, may be located anywhere within the
energy propagation path. With this approach, one such
embodiment provides a design such that when viewed, the
view angles are at significantly different position than the
aperture stop and focal length would have provided other-
wise. FIG. 26 demonstrates one such application of this
approach.
[0298] FIG. 26 is an illustration of an embodiment of an
energy waveguide system 26700. Energy waveguide system
26700 comprises first and second reflectors 26702 and
26704, respectively. Positioned at the focus of the first
reflector 26702 are additional optical elements 26706 and an
energy inhibitor 26707 perpendicular to the energy location
26708. The additional optical elements are designed to affect
energy propagation paths of energy propagating through
energy waveguide system 26700. Additional waveguide
elements may be included within the energy waveguide
system 26700, or additional energy waveguide systems may
be placed into the energy propagation path.
[0299] In an embodiment, the array of energy waveguide
elements may include:
[0300] a) A hexagonal packing of the array of energy
waveguides;
[0301] b) A square packing of the array of energy
waveguides;
[0302] c¢) An irregular or semi-regular packing of the
array of energy waveguides;

[0303] d) Curved or Non-planar array of energy wave-
guides;
[0304] e) Spherical array of energy waveguides;
[0305] ) Cylindrical array of energy waveguides;
[0306] g) Tilted regular array of energy waveguides;
[0307] h) Tilted irregular array of energy waveguides;
[0308] i) Spatially varying array of energy waveguides;
[0309] j) Multi-layered array of energy waveguides;

[0310] FIG. 27 highlights the differences between square
packing 27901, hex packing 27902 and irregular packing
27903 of an array of energy waveguide elements.

[0311] Several different geometries for CES particles and
material pre-forms have been illustrated thus far. One impor-
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tant aspect of the present disclosure is that any arrangement
or geometry of materials may be leveraged, so long as they
abide by the criteria for ordered distributions previously
discussed. However, the pre-fused relay material geometry
may have a significant impact on the efficiency of the
localization and energy propagation properties of the mate-
rials. Certain geometries, known as convex uniform tilings,
may provide advantageous distributions of relay materials
by arranging the materials in efficient configurations.

[0312] The Laves tilings have vertices at the centers of the
regular polygons, and edges connecting centers of regular
polygons that share an edge. The tiles of the Laves tilings are
called planigons including 3 regular tiles (triangle, square
and pentagon) and 8 irregular ones. Each vertex has edges
evenly spaced around it. Three dimensional analogues of the
planigons are called stereohedrons.

[0313] All reflectional forms can be made by Wythoff
constructions, represented by Wythoff symbols, or Coxeter-
Dynkin diagrams, each operating upon one of three Schwarz
triangle (4,4,2), (6,3,2), or (3,3,3), with symmetry repre-
sented by Coxeter groups: [4,4], [6,3], or [3[3]]. Only one
uniform tiling can’t be constructed by a Wythoff process, but
can be made by an elongation of the triangular tiling. An
orthogonal mirror construction [0,2,00] also exists, seen as
two sets of parallel mirrors making a rectangular fundamen-
tal domain. If the domain is square, this symmetry can be
doubled by a diagonal mirror into the [4,4] family. We
disclose within this provisional the geometries that may be
leveraged.

[0314] A percolation model is to take a regular lattice, like
a square lattice, and make it into a random network by
randomly “occupying” sites (vertices) or bonds (edges) with
a statistically independent probability p. At a critical thresh-
old pc, large clusters and long-range connectivity first
appears, and this is called the percolation threshold. Depend-
ing on the method for obtaining the random network, one
distinguishes between the site percolation threshold and the
bond percolation threshold. More general systems have
several probabilities pl, p2, etc., and the transition is char-
acterized by a critical surface or manifold. One can also
consider continuum systems, such as overlapping disks and
spheres placed randomly, or the negative space.

[0315] When the occupation of a site or bond is com-
pletely random, this is the so-called Bernoulli percolation.
For a continuum system, random occupancy corresponds to
the points being placed by a Poisson process. Further
variations involve correlated percolation, such as percola-
tion clusters related to Ising and Potts models of ferromag-
nets, in which the bonds are put down by the Fortuin-
Kasteleyn method. In bootstrap or k-sat percolation, sites
and/or bonds are first occupied and then successively culled
from a system if a site does not have at least k neighbors.
Another important model of percolation, in a different
universality class altogether, is directed percolation, where
connectivity along a bond depends upon the direction of the
flow.

[0316] Simply duality in two dimensions implies that all
fully triangulated lattices (e.g., the triangular, union jack,
cross dual, martini dual and asancha or 3-12 dual, and the
Delaunay triangulation) all have site thresholds of Y%, and
self-dual lattices (square, martini-B) have bond thresholds of
Ya.
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[0317] Leveraging tiled structures may have the result of
altering the respective holographic pixel aspect ratio, while
providing variation in field of view spatially and/or volu-
metrically.

[0318] Reduction in moiré or repeating patterns may also
provide increased effective resolution and simultaneously
provides higher potential levels of accuracy (increase in
depth of field) by virtue of the various convergence locations
that may be addressed. Increased efficiency of resolution
may also be achieved by packing more effective resolution
in potential dimensions that are more ideal for applications
by not necessarily leveraging a repeating single orientation
or pattern.

[0319] Energy waveguides may be fabricated on a glass or
plastic substrate to specifically include optical relay ele-
ments if desirable and may be designed with glass or plastic
optical elements to specifically include optical relays as well
as desired. Furthermore, the energy waveguide may be
faceted for designs that provide multiple propagation paths
or other column/row or checkerboard orientations, specifi-
cally considering but not limited to multiple propagation
paths separated by beam-splitters or prisms, or tiled for
waveguide configurations that allow for tiling, or a singular
monolithic plate, or tiled in a curved arrangement (e.g.
faceted cylinder or spherical with geometry alterations to the
tiles to mate accordingly), curved surfaces to include but not
limited to spherical and cylindrical or any other arbitrary
geometry as required for a specific application.

[0320] Inan embodiment where the array of energy wave-
guides comprises a curved configuration, the curved wave-
guide may be produced via heat treatments or by direct
fabrication onto curved surfaces to include optical relay
elements.

[0321] In an embodiment, the array of energy waveguides
may abut other waveguides and may cover entire walls
and/or ceilings and or rooms depending on specific appli-
cation. The waveguides may be designed explicitly for
substrate up or substrate down mounting. The waveguide
may be designed to mate directly to an energy surface or be
offset with an air gap or other offset medium. The waveguide
may include an alignment apparatus to provide the ability to
focus the plane actively or passively either as a permanent
fixture or a tooling element. The purposes of the geometries
described is to help optimize the angle of view defined by
the normal of the waveguide element and the represented
imagery. For a very large energy surface planar surface, the
majority of the angular samples at the left and right-most of
the surface are mainly outside of the viewing volume for an
environment. For that same energy surface, with a curved
contour and a curved waveguide, the ability to use more of
these propagating rays to form the converging volume is
increased significantly. This is however at the expense of
usable information when off-axis. The application specific
nature of the design generally dictates which of the proposed
designs will be implemented. Furthermore, a waveguide
may be designed with regular, graduated, or regional ele-
ment structures that are fabricated with an additional wave-
guide element to tilt the element towards a predetermined
waveguide axis.

[0322] In embodiments where the energy waveguides are
lenses, the embodiments may include both convex and
concave lenslets, and may include the fabrication of the
lenses directly onto an optical relay surface. This may
involve destructive or additive lenslet fabrication processes
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to include removal of material to form or stamp and lenslet
profile, or the direct replica fabricated directly to this sur-
face.

[0323] An embodiment may include a multiple layered
waveguide design that provides additional energy propaga-
tion optimizations and angular control. All of the above
embodiments may be combined together independently or in
conjunction with this approach. In an embodiment, a mul-
tiple layered design may be envisioned with tilted wave-
guide structures on a first waveguide element and a region-
ally varying structure for a second waveguide element.
[0324] An embodiment includes the design and fabrica-
tion of a per element, or per region liquid lens waveguide
joined together as a single waveguide. An additional design
of this approach includes a single birefringent or liquid lens
waveguide electrical cell that can modify an entire wave-
guide array simultaneously. This design provides the ability
to dynamically control the effective waveguide parameters
of the system without redesigning the waveguide.

[0325] In an embodiment configured to direct light, with
any combination of the disclosures provided herein, it is
possible to generate a wall mounted 2D, light field or
holographic display. The wall mounted configuration is
designed such that a viewer is looking at an image that may
float in front, at or behind of the designed display surface.
With this approach, the angular distribution of rays may be
uniform, or provided with increased density at any particular
placement in space depending on specific display require-
ments. In this fashion, it is possible to configure the wave-
guides to alter angular distribution as a function of surface
profile. For example, for a given distance perpendicular to
the display surface and a planar waveguide array, an opti-
cally perfect waveguide would provide increased density at
the perpendicular center of the display with a gradual
increase in ray separation distance along a given perpen-
dicular distance to the display. Conversely, if viewing the
rays radially about the display where a viewer maintains a
distance between the eyes and the center point of the display,
the viewed rays would maintain consistent density across the
entire field of view. Depending on the anticipated viewing
conditions, the properties of each element may be optimized
by altering the waveguide functions to produce any potential
distribution of rays to optimize the viewing experience for
any such environment.

[0326] FIG. 29 is an illustration of an embodiment 29200
which highlights how a single waveguide element function
29202 may produce identical distribution of energy 29204
across a radial viewing environment 29206, whereas the
same waveguide element function 29202 when propagated
at a distance 29208 that is constant and parallel to the
waveguide surface 29210 will appear to exhibit increased
density at the waveguide element center 29212 of the
waveguide surface and decreased density further from the
center 29212 of the waveguide surface.

[0327] FIG. 30 is an illustration of an embodiment 30300
which illustrates configuring the waveguide element func-
tions 30302 to exhibit uniform density at a constant distance
30304 parallel to the waveguide surface 30306 that simul-
taneously produces apparent lower density at the center
30310 of the waveguide surface 30306 when measured
about a radius 30308 about the center of the waveguide
surface 30306.

[0328] The ability to generate a waveguide function that
varies sampling frequency over field distance is a charac-
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teristic of various waveguide distortions and known in the
art. Traditionally, the inclusion of distortions are undesirable
in a waveguide function, however, for the purposes of
waveguide element design, these are all characteristics that
are claimed as benefits to the ability to further control and
distribute the propagation of energy depending on the spe-
cific viewing volume required. It may require the addition of
multiple functions or layers or a gradient of functions across
the entirety of the waveguide array depending on the view-
ing volume requirements.

[0329] In an embodiment, the functions are further opti-
mized by curved surfaces of the energy surface and/or the
waveguide array. The variation of the normal of the chief ray
angle in relation to the energy surface itself may further
increase efficiency and require a different function than a
planar surface, although the gradient, variation and/or opti-
mization of the waveguide function still applies.

[0330] Further, leveraging the resultant optimized wave-
guide array in consideration of waveguide stitching meth-
odologies, it is possible to further increase the effective size
of the waveguide by tiling each of the waveguides and
systems to produce any size or form-factor desired. It is
important to note that the waveguide array may exhibit a
seam artifact unlike the energy surface by virtue of reflec-
tions produced between any two separate substrates, the
apparent contrast differential at the mechanical seam, or due
to any form of non-square grid packing schema. To coun-
teract this effect, either a larger singular waveguide may be
produced, refractive matching materials may be leveraged
between the edges of any two surfaces, or regular waveguide
grid structures may be employed to ensure that no elements
are split between two waveguide surfaces, and/or precision
cutting between energy inhibiting elements and seaming
along a non-square waveguide grid structure may be lever-
aged.

[0331] With this approach, it is possible to produce room
scale 2D, light field and/or holographic displays. These
displays may be seamless across large planar or curved
walls, may be produced to cover all walls in a cubic fashion,
or may be produced in a curved configuration where either
a cylindrical-type shape, or a spherical-type shape is formed
to increase view angle efficiency of the overall system.

[0332] Alternatively, it is possible to design a waveguide
function that warps the propagated energy to virtually elimi-
nate the region that is not desired in the required angle of
view resulting in a non-uniform distribution of energy
propagation. To accomplish this, one may implement a
Taurus shaped optical profile, annular lens, concentric prism
array, a Fresnel or diffractive function, binary, refractive,
holographic, and/or any other waveguide design may allow
for a larger aperture and shorter focal length (herein will be
referred to as a “Fresnel lenslet”) to provide the ability to
practically form a single or multi element (or multiple
sheets) Fresnel waveguide array. This may or may not be
combined with additional optics, including an additional
waveguide array, depending on waveguide configuration.

[0333] Inorderto produce wide energy propagation angles
(e.g. 180 degrees) a very low effective f/number (e.g. <£/0.5)
is required and in order to ensure that no 4D “Disk Flipping”
occurs (the ability for the ray from one waveguide element
to see undesired energy locations underneath of any second
waveguide element), it is further required that the focal
length be appropriately matched closely to the angle of view
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required. This means that in order to produce a ~160 degree
viewing volume, an ~{/0.17 lens and a nearly matched ~0.17
mm focal length is required.

[0334] FIG. 31 illustrates an embodiment 31400 wherein
the plurality of energy waveguides comprise diffractive
waveguide elements 31402, and demonstrates one proposed
structure for a modified Fresnel waveguide element structure
31404 that produces an effectively extremely short focal
length and low f/number while simultaneously directing rays
of energy to explicitly defined locations 31406.

[0335] FIG. 32 illustrates an embodiment 32500 wherein
the plurality of energy waveguides comprise elements
32502, and demonstrates how such a waveguide configura-
tion 32506 may be used in an array to provide full density
of ray propagation for the desired viewing volume 32504.
[0336] A further embodiment of the proposed modified
waveguide configuration provides for a method to produce
radially symmetric or spiraling rings or gradient of two or
more materials along either or both of a transverse or
longitudinal orientation with a refractive index separated by
a predetermined amount with a per ring pitch with a diam-
eter of X, where X may be constant or variable.

[0337] In a further embodiment, equal or non-linear dis-
tribution of all of the rays are produced with or without the
modified waveguide configurations for wall-mounted and/or
table-mounted waveguide structures as well as all room or
environment based waveguide structures where multiple
waveguides are tiled.

[0338] With a waveguide array, it is possible to produce
planes of projected light that converge in space at a location
that is not located at the surface of the display itself. By
ray-tracing these rays, one can clearly see the geometry
involved and how converging rays may appear both in-
screen (away from the viewer) as well as off-screen (towards
viewer) or both simultaneously. As planes move away from
the viewer on planar displays with traditional waveguide
array designs, the planes tend to grow with the frustum of the
viewpoint and may become occluded by the physical frame
of'the display itself depending on the number of contributing
illumination sources. By contrast, as planes move toward the
viewer on planar displays with traditional waveguide array
designs, the planes tend to shrink with the frustum of the
viewpoint but are viewable from all angles at the specified
location as long as the viewer is at an angle presenting
energy to the eye and the virtual plane does not move
beyond the angle created between the viewer and the far
edge of the active display area.

[0339] In one embodiment, the viewed 2D image or
images are presented off of the screen. In another embodi-
ment, the viewed 2D image or images are presented in
screen.

[0340] In another embodiment, the viewed 2D image or
images are presented simultaneously both in and/or off
screen. In another embodiment, the viewed 2D image or
images are presented in combination with other volumetric
elements or presented as text for other graphic design or
interactive reasons. In another embodiment, the viewed 2D
image or images are presented with higher effective 2D
resolution than the physical number of X and Y waveguide
elements would otherwise suggest due to the ability for rays
to converge with higher density in space than physical
elements.

[0341] The novelty of this approach is that it is entirely
possible to manufacture a holographic display that produces
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both volumetric imaging capabilities, as well as extremely
high resolution 2D imagery such that there is no further
mechanical or electronic apparatus or alterations necessary
to the waveguides in the display to move seamlessly
between flat and volumetric imagery or produce other inter-
esting effects.

[0342] With this property, it is possible to programmati-
cally isolate certain illumination sources to present to a
viewer that is only visible at explicit angles to the display.

[0343] In one embodiment, a single pixel or group of
pixels are illuminated under each waveguide element at an
angle that triangulates to the viewer’s eye and presents an
image that is only viewable from that viewer’s position in
space.

[0344] In another embodiment, a second illumination
source or group of illumination sources are presented simul-
taneously to triangulate to a position that is only viewable by
a second viewer and contains an image that may be the same
or different than the first image presented to the first viewer.
For the avoidance of doubt, this may be X addressable
viewpoints where X represents the number of individually
addressable viewpoints which may be one or more.

[0345] In another embodiment, these images are presented
with eye, retinal, object or the like tracking leveraging
sensors and algorithms known in the art, to dynamically vary
the illuminated pixel location to present imagery dynami-
cally to a triangulated location between the viewer and the
pixels under each waveguide element. This may be applied
to one or more viewers. The tracking may be performed as
a 2D process or as a 3D/stereoscopic process, or leveraging
other depth sensing technologies known in the art.

[0346] In one embodiment, the first region and second
region are both parabolic in profile, with the first region
focus located at the apex of the second region and the second
region focus located at the apex of the first region and the
display surface located at an opening located at the apex of
the second region and an opening equivalent to the diameter
of the display surface presented to the apex of the second
region located at the apex of the first region. With this
approach, the display surface image will appear to float
above a surface without any physical surfaces as the viewed
rays that pass through the focus of the second region from
an off-axis viewpoint will reflect off of the second region
surface and parallel off of the first surface and then at the
same angle from the viewed position in the inverse orien-
tation from the first region to the display surface.

[0347] In an embodiment, a dual parabolic relay system
that includes two reflective regions each with a focus located
at the apex of the alternate reflector, the display surface
located at the apex of the second region, and an opening
equivalent to the diameter of the presented display surface
located at the first region producing a virtual image of the
display surface. In the event that a waveguide array, holo-
graphic or light field display are leveraged, the viewed
imagery will retain the nature of the holographic data as well
as appearing to float in space without a physical display
surface.

[0348] In another embodiment, the focus location of
region two is differing to produce magnification or minifi-
cation. In a second embodiment, the regions have matched
focal lengths and are offset by a distance greater than the
focal length in order to produce a virtual image with
increased magnification.
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[0349] In another embodiment, the parabolic profiles are
manufactured to accommodate a specific shape that results
in differing viewed positions from the display to accommo-
date various display surface geometries or other required
viewing angle or condition.

[0350] In another embodiment, the regions contain mul-
tiple facets in order to independently propagate rays of light
by facet region rather than as a singular surface.

[0351] In another embodiment, the reflective surface are
formed of energy relays such that the CRA of the energy
surface exceeds the view angle possible from the curve
applied to one or more surface(s) wherein the first surface
that would have otherwise been a reflective surface has a
certain geometric profile and the second surface at the
alternate end of the waveguide element has a certain geo-
metric profile, and cumulatively they have a CRA that
reflects energy from a viewer’s position and the addition of
energy surface panels at the second surface may be imple-
mented thereby providing energy information that is not
viewable from the viewer’s direct position but may provide
energy information indirectly through one or more reflective
surfaces and the associated calibration process required to
compute the reflected imaging data in relation to the ulti-
mately viewed data.

Configurations for Bi-Directional Seamless Energy
Surfaces to Propagate Two-Dimensional, Light
Field and Holographic Energy

[0352] FIGS. 33A-33D illustrate four perspective views of
tiling multiple energy waveguide systems to form a seamless
environment in different shapes, in accordance with four
embodiments of the present disclosure. FIG. 33A illustrates
a perspective view of a large format aggregated seamless
energy surface 33910. FIG. 33B illustrates a perspective
view of a six-sided aggregated seamless surface environ-
ment 33920. FIG. 33C illustrates a perspective view of a
cylindrical aggregated energy environment 33930. F1G. 33D
illustrates a perspective view of a spherical aggregated
energy surface environment 33940 with a transparent plat-
form 33950 within.

[0353] Leveraging the resultant optimized energy system
energy waveguide and surface seaming processes, it is
possible to further increase the effective size of the system
by tiling each of the energy surfaces and waveguide ele-
ments to produce any size, shape, or form-factor desired. It
is important to note that the waveguide element may exhibit
a seam artifact by virtue of non-square grid waveguide
element packing schema. To counter this effect, either a
larger singular waveguide may be produced, refractive
matching materials may be leveraged between the edges of
any two surfaces and cut to the angle required for a specified
environment (e.g. systems placed at 90 degrees of each other
may require a 45 degree bezel cut for simplified bonding,
although other methodologies may be leveraged), and/or
regular waveguide grid structures may be employed to
ensure that no waveguide elements are split between two
waveguide surfaces. Further, it is possible to leverage non-
square grid waveguide element structures and form a com-
plex mechanical seam that follows the contour of the non-
square grid pattern and aligns to the energy inhibiting
elements within the waveguide structures to provide a seam
at the location of a non-energy transmitting location of the
waveguide element.
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[0354] FIG. 33E illustrates, in one embodiment, one such
tiled curved waveguide and energy surface 33960 wherein
the mechanical seam follows the structure of the edge of the
walls of the energy inhibiting elements within the wave-
guide structures and leverages a bonding, mechanical align-
ment, fusing, or the like process between the adjacent walls
of both of the energy surfaces and waveguide surfaces to
form the seamless energy waveguide system. As shown in
the figure, the curved waveguide and energy surface 33960
includes four separate systems where waveguide seams can
be seen prior to bonding, but may become seamless once
bonded. It will be appreciated by one skilled in the art that
there can be more or fewer than four separate systems and
that the energy surface can have any sizes depending on
application.

[0355] In an embodiment, a tiled array of seamless energy
systems are constructed to form a room scale 2D, light field
and/or holographic display. These displays may be seamless
across large planar or curved walls, may be produced to
cover all walls in a cubic fashion, or may be produced in a
curved configuration where either a cylindrical-type shape,
or a spherical-type shape is formed to increase view angle
efficiency of the overall system. Nothing in this description
should assume that it is not possible to directly construct a
room sized device directly, this embodiment is disclosed as
a variation to fabrication methodologies and to further
expand the utilization of a single product line into larger
devices through tiling, fusing, bonding, attaching, and/or
stitching. Further, nothing in this description should be
interpreted to limit the room sizes, scales, shapes designs or
any other limiting attribute to the ability to generate arbitrary
tiled shapes to generate a completely immersive energy
environment.

[0356] As further embodiments of the above, the energy
waveguide systems and the energy relay systems may be
assembled in any combination to form various aggregated
seamless surfaces. For example, FIG. 33A illustrates a
cinema/wall sized large screen planar seamless energy sur-
face, FIG. 33B illustrates a rectangular room with four walls
and/or six surfaces to additionally comprise the ceiling
and/or floor covered with planar and tiled seamless energy
surfaces, FIG. 33C illustrates a tiled curved surface that
produces a cylindrically shaped seamless environment, and
FIG. 33D illustrates a spherical or dome environment
designed from the curved surfaces of each individual energy
surfaces and tiled to form the seamless spherical environ-
ment.

[0357] In some embodiments, a plurality of energy wave-
guide systems and the energy relay systems, similar to those
discussed above, may be formed into an aggregation system,
where the plurality of energy systems are assembled to form
a single planar or curved surface to create a seamless
aggregate surface oriented in a perpendicular configuration
with respect to a floor surface, similar to the aggregated
seamless energy surface 33910 shown in FIG. 33A.

[0358] In other embodiments, a plurality of energy wave-
guide systems and the energy relay systems, similar to those
discussed above, may be formed into an aggregation system,
where the plurality of energy systems are assembled to form
a single planar or curved surface to create a seamless
aggregate surface oriented in a parallel configuration with
respect to a floor surface, similar to the transparent platform
33950 as shown in FIG. 33D.
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[0359] In some embodiments, a plurality of energy wave-
guide systems and the energy relay systems, similar to those
discussed above, may be formed into an aggregation system,
where the plurality of energy systems are assembled to form
two or more planar or curved surfaces to create a seamless
aggregate surface across any combination of objects includ-
ing tables, walls, ceiling, floor or other surfaces.

[0360] In other embodiments, a plurality of energy wave-
guide systems and the energy relay systems, similar to those
discussed above, may be formed into an aggregation system,
where the plurality of energy systems are assembled to form
three planar or curved surfaces to create a seamless aggre-
gate surface across three adjacent walls.

[0361] In some embodiments, a plurality of energy wave-
guide systems and the energy relay systems, similar to those
discussed above, may be formed into an aggregation system,
where the plurality of energy systems are assembled to form
four planar or curved surfaces to create a seamless aggregate
surface across four enclosed walls.

[0362] In other embodiments, a plurality of energy wave-
guide systems and the energy relay systems, similar to those
discussed above, may be formed into an aggregation system,
where the plurality of energy systems are assembled to form
five planar or curved surfaces to create a seamless aggregate
surface across any combination of objects including tables,
walls, ceiling, floor or other surfaces.

[0363] In some embodiments, a plurality of energy wave-
guide systems and the energy relay systems, similar to those
discussed above, may be formed into an aggregation system,
where the plurality of energy systems are assembled to form
six planar or curved surfaces to create a seamless aggregate
surface across four objects including tables, walls, ceiling,
floor or other surfaces, in an enclosed environment, similar
to the aggregated seamless energy surface 33920 shown in
FIG. 33B.

[0364] In other embodiments, a plurality of energy wave-
guide systems and the energy relay systems, similar to those
discussed above, may be formed into an aggregation system,
where the plurality of energy systems are assembled to form
a planar or curved surface to create a seamless aggregate
cylindrical surface across any range of angles, volumes and
combinations of objects including tables, walls, ceiling,
floor or other surfaces, similar to the aggregated seamless
energy surface 33930 shown in FIG. 33C.

[0365] In some embodiments, a plurality of energy wave-
guide systems and the energy relay systems, similar to those
discussed above, may be formed into an aggregation system,
where the plurality of energy systems are assembled to form
a planar or curved surface to create a seamless aggregate
spherical or domed surface across any range of angles,
volumes and combinations of objects including tables,
walls, ceiling, floor or other surfaces, similar to the aggre-
gated seamless energy surface 33940 shown in FIG. 33D.
[0366] As depicted in FIGS. 33A-33D, each system may
further include an assembly of the systems having tiled, light
field optomechanical systems, and each system may be
configured for light field display and other bidirectional
energy emission, reflection, or sensing. Each system may
comprise a base structure, one or more components forming
an energy surface, one or more elements forming a wave-
guide capable of altering the path of energy waves trans-
mitted to or received from the energy surface, one or more
energy devices emitting or receiving energy waves to or
from the energy surface, and one or more electronic com-
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ponents. In an embodiment, the energy surface, the wave-
guide, the energy devices, and the electronic components are
secured to the base structure. And in another embodiment,
the assembly is arbitrarily shaped to form a seamless, tiled
optomechanical display.

[0367] In one embodiment, the energy relay system may
further include relay elements including faceplates and
optical tapers. In another embodiment, the array of energy
waveguides may be bonded into a single waveguide com-
ponent. In some embodiments, the energy relay system may
be aligned and calibrated to the singular seamless energy
surface passively or actively with up to pixel-by-pixel
rectification leveraging an external calibration tooling sta-
tion or alignment hardware.

[0368] In one embodiment, the energy waveguide system
may be mounted parallel to the base structure. In another
embodiment, the singular seamless energy surface may be
mounted orthogonal to the base structure.

[0369] Inone embodiment, the one or more relay elements
includes fused or tiled mosaics, where any seams between
adjacent fused or tiled mosaics are separated by or are less
than the minimum perceptible contour as defined by the
visual acuity of a human eye having better than 20/40 vision
at a distance at or greater than the width or height of the
singular seamless energy surface.

[0370] In operation, the energy system may be configured
to relay light to form 2D, stereoscopic, multiview, plenoptic,
4D, volumetric, light field, holographic, or any other visual
representation of light. In other embodiments, the energy
system may be operable to emit, reflect or converge fre-
quencies to induce tactile sensation or volumetric haptic
feedback.

[0371] In some embodiments, the array of energy wave-
guide is designed to project rays up to 360 degrees along a
horizontal axis with additional rays in a vertical axis, and
limiting rays perpendicular to the singular seamless energy
surface. In other embodiments, the energy system is con-
figured for a floor-mounted assembly or a ceiling-mounted
assembly, and optionally includes a transparent surface
above the floor-mounted assembly.

[0372] Reference is now made to FIG. 36, which is a
further embodiment of FIG. 33D, wherein an orthogonal
view of a spherical structure 36120 illustrates where viewers
are surrounded by tiled and curved energy surfaces 36122
and are elevated above the bottom floor surface on a
transparent platform 36124, in accordance with one embodi-
ment of the present disclosure. FIG. 36 exemplifies the
approach of decreasing angle of view requirements when
placing a viewer within a central environment volume
wherein a viewer or series of viewers exist within a range of
volume (e.g., central viewing volume 36126) and demon-
strates the relative angles of view required for each wave-
guide element for a given central viewing range (e.g., range
of space that the viewers may move around without loss of
energy resolution).

[0373] A further embodiment of the above where equal or
non-linear distribution of the rays are produced with or
without Fresnel, diffractive, gradient index, holographic
optical element, digitally encoded or otherwise customized
waveguide configurations for wall-mounted and/or table-
mounted energy waveguide structures as well as all room or
environment based energy surface structures where multiple
systems are tiled.
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[0374] A further embodiment where a completely spheri-
cal or near-spherical or conical, cubic or other surrounding
geometry, tiled energy structures are produced and viewers
walk on a transparent platform 36124 such that the energy
surfaces 36122 are viewable in a radius surrounding the
viewing volume 36126. In such a case, the rays propagate
more normal to the radial waveguide surface 36128 and
leverage wall-mounted type waveguide structures 36122
with distribution including perpendicular angles in relation
to the normal of the curved surface in the required AOV.
[0375] FIG. 36 further illustrates spherical, conical and
any non-planar enveloping surface where the viewing vol-
ume exists within a certain relative energy focus position
from the energy surfaces, resulting in the possible optimi-
zation of a reduction of required angles of view from each
respective waveguide. This phenomenon is produced by
virtue of the normal of the waveguide maintaining a much
tighter relationship between the viewer and the energy
surface thus reducing the necessity for increased angles of
view that are traditionally required for planar surfaces. FI1G.
36 exemplifies this approach wherein a viewer or series of
viewers exist within a range of volume and demonstrates the
relative angles of view required for each waveguide for a
given central viewing range (range of space that the viewers
may move around without loss of energy propagation).
[0376] It is additionally possible to include multiple focus
positions by altering the waveguide prescription or by
stacking multiple waveguides or both to produce multiple
regions of density along the z-axis when directed to target
specific regions in space for specific applications. It is
additionally possible to layer multiple transmissive and/or
one non-transmissive and multiple transmissive energy sur-
faces wherein the waveguide provides the ability to increase
effective resolution through various means of time sequen-
tial, spatial, or spatiotemporal super resolution, and may
comprise two or more surfaces focused at differing positions
resulting in a change in propagation angle per energy surface
and/or altering the physical location of the energy surface in
relation to each other to produce angular dependencies in
resultant energy values.

[0377] FIGS. 36, 33C and 33D additionally may include
curved waveguides commensurate with the curvature of the
energy surface. The ability to generate a waveguide function
that varies sampling frequency over field distance is a
characteristic of various distortions and known in the art.
Traditionally, the inclusion of distortions are undesirable in
a waveguide profile, however, for the purposes of curved
waveguide element design, these are all characteristics that
further control and distribute the rays of light depending on
the specific viewing conditions desired. It may require the
addition of multiple prescriptions, elements, layers or a
gradient of prescriptions across the entirety of the wave-
guide depending on the application and environment
requirements.

[0378] An additional embodiment of the above where the
prescriptions are further optimized by the curved surfaces of
the energy surface and/or the waveguide element. The
variation of the normal of the chief ray angle (CRA) in
relation to the energy surface itself may further increase
efficiency and require a different prescription than a planar
waveguide, although the gradient, variation and/or optimi-
zation of the waveguide element still applies.

[0379] Ina similar fashion as described for the variation of
waveguide prescription to produce different energy ray
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densities depending on distance and desired density as a
function of spatial location, it is additionally possible to
further refine the prescription to generate a horizontally
viewable table-mounted waveguide.

[0380] Moving on to FIG. 34A illustrates a waveguide
system 34400 having a waveguide element that exhibits a
non-regular distribution of energy designed to redistribute
energy from a perpendicular orientation in relation to wave-
guide surface to steeper angles throughout the element. In
this embodiment, the plurality of energy waveguides may
include diffractive waveguide elements 34402, and demon-
strates one proposed structure for a modified Fresnel wave-
guide element structure 34404 on a seamless energy surface
34408 that produces an effectively extremely short focal
length and low f/number while simultaneously directing rays
of energy to explicitly defined locations 34406. In another
embodiment, the waveguide system 34400 includes non-
regular waveguides 34410. In operation, there may be
energy propagation within a first region 34420 while there
may be no energy propagation within a second region
34430.

[0381] FIG. 34B illustrates an orthogonal view of a table-
mounted energy surface 34450 leveraging the waveguide
elements from FIG. 34A, in accordance with one embodi-
ment of the present disclosure. FIG. 34B illustrates the
variables to consider with a table-mounted energy surface to
help articulate how it is possible to identify the specific
system requirements. The considerations and goals for any
such system design are to produce an optimal distribution of
energy for a given environment.

[0382] For example, the energy surface 34450 may be
oriented parallel to a ground plane and for a given range of
vertical and horizontal locations, configured to distribute
energy with density appropriate for a desired vertical and
horizontal field of view 34455. In one embodiment, a
table-mounted energy system requires the horizontal AOV
to be 180 degrees and the vertical to be 45 degrees. In a
second embodiment, a table-mounted energy system
requires the horizontal AOV to be 360 degrees and the
vertical to be 60 degrees. These embodiments are presented
for exemplary purposes only and in no way intended to limit
the scope of the numerous variations of system specifica-
tions that may be designed.

[0383] As FIG. 34B illustrates, everything outside of the
desired field of view is un-utilized space. Taking the 360-
degree example provided, while the full 360 horizontal
degrees require sufficient energy density, there are poten-
tially 30 degrees of vertical locations that are not required.
While one may simply provide no energy to these regions in
space, a design with a waveguide function that provides
information across 180x180 degrees (when positioned per-
pendicular on a wall, 360 by 90 degrees when placed parallel
on a table), this is generally not efficient and results in
energy densities that may not be practical based upon the
target markets.

[0384] FIG. 34B illustrates an embodiment wherein the
optomechanical assembly comprises a waveguide exhibiting
non-regular distribution of energy providing 360 degrees in
a horizontal axis and a limited distribution in a vertical axis
with the energy surface parallel to a ground plane, by
redirecting rays that would have otherwise been projected
perpendicular to the energy surface. The assembly may be
configured for a floor-mounted assembly or a ceiling-
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mounted assembly, and optionally includes a transparent
platform above the floor-mounted assembly similar to those
discussed above.

[0385] In one embodiment, the energy surface 34450 may
include modified waveguides having a viewing volume
34470 with a horizontal field of view 34455. In this embodi-
ment, the rays 34460 may be limited by the modified
waveguides on the energy surface 34450.

[0386] FIG. 34C illustrates an embodiment of the table-
mounted waveguide system of FIG. 34B comprising addi-
tional reflective waveguide elements having an aperture to
allow relayed converging energy from a first surface to a
second offset surface, and wherein the second surface is
virtual. In one embodiment, the system further includes a
reflective waveguide element having an aperture to relay
converging energy from the singular seamless energy sur-
face to virtual space.

[0387] In one embodiment, the waveguide system 34465
includes five energy waveguides 34470. Although five
energy waveguides 34470 are shown, it will be understood
that there can be more or fewer waveguides. The energy
waveguides 34470 may be coupled to a plurality of energy
relays 34474 to form a seamless energy surface 34476 in
similar fashion as described above. In one embodiment, the
height 34472 of the energy waveguides 34470, the energy
relays 34474 and the seamless energy surface 34476 may
vary in relation to the object or focus as can be appreciated
and understood by one of ordinary skill in the art.

[0388] In some embodiments, the table-mounted wave-
guide system 34465 may include an additional reflective
waveguide element 34490 having a first reflector surface
34486 and a second reflector surface 34484. The reflective
waveguide element 34490 may include an aperture 34492
such that converging energy from the seamless energy
surface 34476 may be relayed from the first reflector surface
34486 to the second reflector surface 34484 through the
aperture 34492 to a viewer 34488. In other words, a first
virtual object 34480 may be relayed and converged at a
virtual space to form a second virtual object 34482.
[0389] As depicted in the various embodiments of this
disclosure, an optomechanical assembly may comprise
energy relays inducing transverse Anderson localization
and/or energy relays with two or more first or second
surfaces for bidirectional propagation of energy.

[0390] FIG. 35 illustrates an orthogonal view of a floor-
mounted tiled energy surface 35510 with a non-linear dis-
tribution of rays, in accordance with one embodiment of the
present disclosure. FIG. 35 exemplifies the floor-mounted
tiled assembly 35510 with the non-linear distribution of rays
that tend to exclude the perpendicular rays to the energy
surface. While it may be possible to configure the floor
mounted tiled assembly 35510 in the same waveguide
structure as the other environment surfaces where perpen-
dicular rays and off-axis rays are provided with even, or
some form of, distribution, however, with the proposed table
mounted approach placed at or approximate to the feet of a
standing position (or above or below depending on the
requirements for the system), it is possible to further opti-
mize the waveguide configuration as no rays directly per-
pendicular to the floor assembly 35510 surface may need to
be represented as one will be self-occluding these rays with
their body and/or feet. As shown in FIG. 35, in the event of
a multiple viewer experience, the perpendicular rays will not
be viewable by other participants as the rays presented in a
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perpendicular orientation, unlike walls or ceilings, are
occluded or not at the correct view angle to produce arti-
facts. In other words, the floor assembly 35510 may be
configured with modified waveguide elements 35520 such
that certain rays may not be visible due to self-occlusion
35530.

[0391] FIG. 37 illustrates an orthogonal view of a system
37130 of five viewer locations 37132 and five corresponding
energy locations 37134 under each waveguide element
37136 to present a single ray bundle to each viewer that is
unique to a single viewer location, in accordance with one
embodiment of the present disclosure. FIG. 37 illustrates
five viewer locations 37132A, 37132B, 37132C, 37132D,
37132E and five energy locations 37134A, 37134B,
37134C, 37134D, 37134E under each waveguide element
37136 and an energy surface 37138. These ray bundles
propagated to the viewer locations are a direct result of the
waveguide element functions. In this fashion, all energy is
propagated up to simultaneously addressing each of the
specified viewer locations without additional knowledge of
said locations. It is additionally possible to configure the
energy system of FIG. 37 to include depth sensing devices
and algorithms known in the art to dynamically vary the
energy location information propagated to each of the speci-
fied viewer locations. This may be applied to one or more
viewers. The tracking may be performed as a 2D process or
as a 3D/stereoscopic process, or leveraging other depth
sensing technologies known in the art. As will be appreci-
ated by one skilled in the art, because of the different viewer
locations 37132 and the different energy locations 37134,
unique plurality of rays 37139 may be provided to each
viewer at his or her respective viewer locations 45132.
[0392] FIG. 38A illustrates an energy relay combining
element 38600 that comprises a first surface and two inter-
woven second surfaces 38630 wherein the second surface
38630 having both an energy emitting device 38610 and an
energy sensing device 38620. A further embodiment of FIG.
38A includes an energy relay structure 38640 having two or
more sub-structure components 38610, 38620 for at least
one of two or more second relay surfaces 38630, that
exhibits different engineered properties between the sub-
structure components of the two or more second relay
surfaces 38630, including sub-structure diameter, wherein
the sub-structure diameter for each of the one or more
second surfaces 38630 is substantially similar to the wave-
length for a determined energy device and energy frequency
domain.

[0393] FIG. 38B illustrates a further embodiment of FIG.
38A wherein the energy waveguide 38700 includes one or
more element types 38710, 38720 within one or more
waveguide element surfaces 38730 and properties, where
each of the element types 38710, 38720 are designed to alter
the propagation path 38750, 38760 of a wavelength within
the commensurate energy frequency domain. In one
embodiment, the energy waveguide 38700 may include an
electromagnetic energy emitting device 38710 and a
mechanical energy emitting device 38720, each device
38710, 38720 configured to alter an electromagnetic energy
relay path 38750 and a mechanical energy relay path 38760,
respectively.

[0394] In another embodiment, the wavelengths of any
second energy frequency domain may be substantially unaf-
fected by the first energy frequency domain. The combina-
tion of multiple energy devices on the two or more second
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surfaces of the energy relay and the one or more element
types within the one or more waveguide elements provides
the ability to substantially propagate one or more energy
domains through the energy devices, the energy relays, and
the energy waveguides substantially independently as
required for a specified application.

[0395] In one embodiment, the energy waveguide 38700
may further include an electromagnetic energy waveguide
38770 and a mechanical energy waveguide 38780
assembled in a stacking configuration and coupled to a
simultaneously integrated seamless energy surface 38730
similar to that described above. In operation, the energy
waveguide 38700 is able to propagate energy paths such that
all the energy is able to converge about a same location
38790.

[0396] In some embodiments, this waveguide 38700 may
be a single relay element with a bidirectional energy surface,
one interlaced segment to propagate energy, and a second
interlaced segment to receive energy at the energy surface.
In this fashion, this may be repeated for every energy relay
module in the system to produce a bidirectional energy
surface.

[0397] FIG. 38C illustrates an orthogonal view of an
implementation 38140 as a further embodiment of FIG. 37
and comprises the energy relay of FIG. 38A with a viewer
at location L1 and time T1, with converging rays along a
path through a waveguide and to energy coordinates P1, and
where a viewer moves to location [.2 at time T2, with rays
converging along a path through a waveguide and to energy
coordinates P2, and where each of the plurality of energy
coordinates P1 and P2 are formed on a first side of an energy
relay surface and includes two interwoven second relay
surfaces and provides a first energy sensing device and a
second energy emitting device to both sense movement and
interaction within the viewing volume through the energy
waveguide as well as emit energy through the same energy
relay and energy waveguide resulting in the visible change
to energy emitted from time and location T1, L1 to T2, L2,
in accordance with one embodiment of the present disclo-
sure.

[0398] In one embodiment, the system 38140 may include
energy devices 38820 where one set of energy devices are
configured for energy emission 38810 and another set of
energy devices are configured for energy sensing 38830.
This embodiment may further include a plurality of relay
combining elements 38840 configured to provide a single
seamless energy surface 38850. Optionally, a plurality of
waveguides 38860 may be disposed in front of the energy
surface 38850. In operation, as discussed above, the system
38840 may provide simultaneous bi-directional energy sens-
ing or emission with interactive control with the propagated
energy at T1 38870, and modified propagated energy at T2
38880, in response to sensed movement between T1, .1 and
T2, L2.

[0399] Further embodiments of FIG. 38C include com-
pound systems wherein the energy relay system having more
than two second surfaces, and wherein the energy devices
may be all of a differing energy domain, and wherein each
of the energy devices may each receive or emit energy
through a first surface of the energy relay system.

[0400] FIG. 39 illustrates a further compound system
38140 of FIG. 38A with an orthogonal view of an embodi-
ment where a viewer is at location L1 at time T1, with
converging rays along a path through a waveguide and to
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energy coordinates P1, and wherein a viewer moves to
location 1.2 at time T2, with rays converging along a path
through a waveguide and to energy coordinates P2, and
wherein each of the plurality of energy coordinates P1 and
P2 are formed on a first side of an energy relay surface and
comprises three second relay surfaces having a first
mechanical energy emitting device, a second energy emit-
ting device and a third energy sensing device, wherein the
energy waveguide emits both mechanical and energy
through the first surface of the energy relay allowing the
third energy sensing device to detect interference from the
known emitted energy to the sensed received data, and
wherein the mechanical energy emission results in the
ability to directly interact with the emitted energy, the
mechanical energy converging to produce tactile sensation,
the energy converging to produce visible illumination, and
the energy emitted at T1, L1 to T2, [.2 is modified to respond
to the tactile interaction between the viewer and the emitted
energy, in accordance with one embodiment of the present
disclosure.

[0401] Inone embodiment, the system 38140 may include
an ultrasonic energy emission device 39910, an electromag-
netic energy emission device 39920, and an electromagnetic
sensing device 39930. This embodiment may further include
a plurality of relay combining elements 39940 configured to
provide a single seamless energy surface 39950. Optionally,
a plurality of waveguides 39970 may be disposed in front of
the energy surface 39950.

[0402] The one or more energy devices may be indepen-
dently paired with two-or-more-path relay combiners, beam
splitters, prisms, polarizers, or other energy combining
methodology, to pair at least two energy devices to the same
portion of the energy surface. The one or more energy
devices may be secured behind the energy surface, proxi-
mate to an additional component secured to the base struc-
ture, or to a location in front and outside of the FOV of the
waveguide for off-axis direct or reflective projection or
sensing. The resulting energy surface provides for bidirec-
tional transmission of energy and the waveguide converge
energy waves onto the energy device to sense relative depth,
proximity, images, color, sound, and other energy, and
wherein the sensed energy is processed to perform machine
vision related tasks including, but not limited to, 4D eye and
retinal tracking through the waveguide array, energy surface
and to the energy sensing device.

[0403] Inoperation, as discussed above, the system 38140
may provide simultaneous bi-directional energy sensing or
emission with interactive control with the propagated energy
at T1 39960, propagated haptics at T1 39980, and modified
propagated energy at T2 39990, in response to sensed
interference of propagated energy emission from sensed
movement and ultrasonic haptic response between T1, L1
and T2, L2.

[0404] FIG. 40 illustrates an embodiment of pairing one or
more energy devices 40010 to additional components (e.g.,
relay elements 40000 configured to form a single seamless
energy surface 40020) where a viewer is at location L1, with
converging rays along a path through a waveguide 40030
and to energy coordinates P1, and where each of the plurality
of energy coordinates P1 are formed on a first side of an
energy relay surface 40020 corresponding to one or more
devices E1, and where the waveguide or relay surface
provides an additional reflective or diffractive property and
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propagated haptics 40060, where the reflective or diffractive
property substantially does not affect the propagation of rays
at coordinates P1.

[0405] In one embodiment, the reflective or diffractive
property commensurate for the energy of additional off-axis
energy devices E2 40035A, 40035B, each of devices E2
40035A, 40035B containing an additional waveguide and
energy relay, each additional energy relay containing two or
more second surfaces, each with a sensing or emitting device
respectively with corresponding energy coordinates P2
propagating through a similar volume as P1. In one embodi-
ment, reflective or diffractive energy can propagate through
the devices of E2 40050.

[0406] Inanother embodiment, an additional system out of
the field of view in respect to the first E1 and second E2
waveguide elements comprise an additional system E3
40040A, 40040B having additional waveguide and relay
elements, the relay elements having two second surfaces and
one first surface, the second surfaces receiving energy from
both focused emitting and sensing energy devices.

[0407] In one embodiment, the E3 waveguide elements
40040A, 40040B are configured to propagate energy 40070
directly through a desired volume, the desired volume
corresponding to the path of energy coordinates P1 and P2,
and forming additional energy coordinates P3 passing
through the E3 system 400404, 40040B, each of the E1, E2
and E3 sensing and emitting devices configured to detect
interference from the known emitted energy to the sensed
received data.

[0408] In some embodiments, the mechanical energy
emission results in the ability to directly interact with the
emitted energy, the mechanical energy converging to pro-
duce tactile sensation, the energy converging to produce
visible illumination, and the energy emitted is modified to
respond to the tactile interaction between the viewer and the
emitted energy, in accordance with one embodiment of the
present disclosure.

[0409] Various components within the architecture may be
mounted in a number of configurations to include, but not
limit, wall mounting, table mounting, head mounting,
curved surfaces, non-planar surfaces, or other appropriate
implementation of the technology.

[0410] FIGS. 38A, B, C, 39 and 40 illustrate an embodi-
ment wherein the energy surface and the waveguide may be
operable to emit, reflect, diffract or converge frequencies to
induce tactile sensation or volumetric haptic feedback.
[0411] FIGS. 38A, B, C, 39 and 40 illustrates a bidirec-
tional energy surface comprising (a) a base structure; (b) one
or more components collectively forming an energy surface;
(c) one or more energy devices; and (d) one or more energy
waveguides. The energy surface, devices, and waveguides
may mount to the base structure and prescribe an energy
waveguide system capable of bidirectional emission and
sensing of energy through the energy surface.

[0412] In an embodiment, the resulting energy display
system provides for the ability to both display and capture
simultaneously from the same emissive surface with wave-
guides designed such that light field data may be projected
by an illumination source through the waveguide and simul-
taneously received through the same energy device surface
without additional external devices.

[0413] Further, the tracked positions may actively calcu-
late and steer light to specified coordinates to enable variable
imagery and other projected frequencies to be guided to
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prescribed application requirements from the direct color-
ation between the bidirectional surface image and projection
information.

[0414] An embodiment of FIGS. 38A, B, C, 39 and 40
wherein the one or more components are formed to accom-
modate any surface shape, including planar, spherical, cylin-
drical, conical, faceted, tiled, regular, non-regular, or any
other geometric shape for a specified application.

[0415] An embodiment of FIGS. 38A, B, C, 39 and 40
wherein the one or more components comprise materials
that induce transverse Anderson localization.

[0416] In one embodiment, an energy system configured
to direct energy according to a four-dimensional (4D) ple-
noptic function includes a plurality of energy devices; an
energy relay system having one or more energy relay
elements, where each of the one or more energy relay
elements includes a first surface and a second surface, the
second surface of the one or more energy relay elements
being arranged to form a singular seamless energy surface of
the energy relay system, and where a first plurality of energy
propagation paths extend from the energy locations in the
plurality of energy devices through the singular seamless
energy surface of the energy relay system. The energy
system further includes an energy waveguide system having
an array of energy waveguides, where a second plurality of
energy propagation paths extend from the singular seamless
energy surface through the array of energy waveguides in
directions determined by a 4D plenoptic function. In one
embodiment, the singular seamless energy surface is oper-
able to both provide and receive energy therethrough.
[0417] In one embodiment, the energy system is config-
ured to direct energy along the second plurality of energy
propagation paths through the energy waveguide system to
the singular seamless energy surface, and to direct energy
along the first plurality of energy propagation paths from the
singular seamless energy surface through the energy relay
system to the plurality of energy devices.

[0418] In another embodiment, the energy system is con-
figured to direct energy along the first plurality of energy
propagation paths from the plurality of energy devices
through the energy relay system to the singular seamless
energy surface, and to direct energy along the second
plurality of energy propagation paths from the singular
seamless energy surface through the energy waveguide
system.

[0419] In some embodiments, the energy system is con-
figured to sense relative depth, proximity, images, color,
sound and other electromagnetic frequencies, and where the
sensed energy is processed to perform machine vision
related to 4D eye and retinal tracking. In other embodiments,
the singular seamless energy surface is further operable to
both display and capture simultaneously from the singular
seamless energy surface with the energy waveguide system
designed such that light field data may be projected by the
plurality of energy devices through the energy waveguide
system and simultaneously received through the same sin-
gular seamless energy surface.

Energy Fields Applied to 3D Printing

[0420] 3D printing, sometimes also referred to as additive
manufacturing, has gained massive popularity in recent
years due to advances in the quality and accessibility of 3D
printing technology, as well as interest in the versatile and
wide-ranging applications. Rapid prototyping is one
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example of a popular application. However, 3D printing, as
a viable manufacturing medium, is far from ideal. It is
plagued by many challenges that have kept 3D printing from
becoming a replacement for more conventional manufactur-
ing methodologies. For example, while 3D printing excels at
quickly manufacturing complex, small-scale objects or
parts, larger-scale designs require excessive build times due
to the layer-by-layer development methodology, which also
requires more expensive and more complex 3D printing
systems. Presently disclosed are devices and systems using
four-dimensional (4D) energy-field generation to drastically
improve the processing efficiency and speed of 3D printing
technology.

[0421] One of the primary methods used for 3D printing is
called stereo-lithography. Photo-polymerization is primarily
used in stereo-lithography to produce a solid part from a
liquid. In this process, a liquid photopolymer can be selec-
tively exposed to electromagnetic energy in a controlled
setting. Upon exposure, the exposed liquid polymer subse-
quently hardens into solid form. The underlying process can
occur on a microscopic scale involving monomers or oli-
gomers in the photopolymer rearranging and cross-linking in
response to the electromagnetic energy exposure. This
results in a polymeric complex with new material properties.

[0422] In conventional 3D printing systems, a single
“layer” of photopolymer is exposed to light, which then
hardens from liquid into solid. Next, the “layer” is moved
(usually upwards) away from the exposure plane (or stage),
and a new pattern of light exposure is imposed on the liquid
that moves in to fill the void. The next layer of photopolymer
can then be developed and, effectively, added to the previ-
ously exposed layers. Thus, an object can be built layer by
layer using this method. However, larger objects may
require many layers, which can take many iterations and a
lot of time.

[0423] 3D printing technologies need to improve their
speed and accuracy. Light field and energy field devices can
do both. Through the collimation of beams of light, or
potentially other types of energy, converging within a vat of
photopolymer, it is possible to simultaneously expose the
photopolymer at a plurality of locations that define an
object’s surface. Energy can be converged at points that
define fine details and at locations—Ilike points behind
obstructions—that cannot be reached with other technolo-
gies. Through computational control, a model, or a light field
representation of the object can be provided. A computa-
tional controller may subsequently determine where to proj-
ect energy to form the necessary surface. The process may
additionally include movement of either or both the light
field display or the photopolymer vat to enable higher
resolutions or detail as necessary. This can also be controlled
by the computational system. Additionally, more than one
light field or energy field device may be coordinated in
parallel to enable faster object creation, or to provide a
greater depth of field for back surface object construction.

[0424] FIG. 41 illustrates an embodiment of a three-
dimensional (3D) printing system 41100 of the present
disclosure. In this embodiment, the 3D printing system
41100 includes a plurality of energy locations 41102. Dif-
ferent embodiments may employ different types of energy
sources, or different combinations of types of energy
sources. Any energy source of this disclosure may be used
in different embodiments, as well as other energy sources
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known in the art. FIG. 41 is provided for illustrative pur-
poses and does not limit the embodiments of this disclosure.
[0425] In an embodiment, the 3D printing system 41000
includes an energy-source system 41137. In one embodi-
ment, the energy-source system 41137 may include a plu-
rality of energy sources. In operation, the energy sources
may provide energy to the energy locations 41102. In some
embodiments, the energy locations 41102 may be located at
the same location as the energy sources. In an embodiment,
one or more energy locations 41102 may be located at the
surface of energy sources.

[0426] In one embodiment, the energy-source system
41137 may further include a relay system similar to that
shown in FIG. 3 for guiding energy from an energy source
310 through the relay to a plurality of energy locations on a
surface 350 of the relay. As will be appreciated, the energy-
source system may include other relays in other embodi-
ments including but not limited to the relays depicted in
FIGS. 3-5, 7A, 7B, 14-16, 20-21, and 38A-C. Other relays
known in the art may also be used in these embodiments.
Unless specifically noted otherwise, all the embodiments of
the energy-source system may be combined with all the
embodiment of the 3D printing system of this disclosure. As
will be appreciated different embodiments may utilize dif-
ferent types of energy including but not limited electromag-
netic, mechanical, or acoustical energy, similar to those
discussed herein, among other types of energy sources.
[0427] In one embodiment, the energy-source system
41137 can be configured to provide energy to a plurality of
energy locations 41102, the energy-source system 41137
further having a plurality of energy sources.

[0428] In one embodiment, the 3D printing system 41100
may further include a print-medium receptacle 41104 con-
figured to hold a quantity of print medium 41106. Different
embodiments of the 3D printing system 41100 may use
different types of print medium 41106. Likewise, different
embodiments of the 3D printing system 41100 may use
different types of print-medium receptacles 41104. It will be
appreciated that different types of print medium 41106 may
require different types of print-medium receptacles 41104,
and vice versa.

[0429] In some embodiments, the print medium 41106
may be a photosensitive material that hardens when exposed
to light. A photopolymer is one example of one such type of
print medium 41106. In other embodiments, a photo-resis-
tant material may be used as the print-medium 41106. And,
in still other embodiments, materials that are sensitive or
resistant to other types of energy may be used as print
medium 41106. In some embodiments, the 3D printing
system 41100 may be configured to switch between at least
two modes allowing different types of print medium 41106
to be used in different modes. In another embodiment, the
3D printing system 41100 may be limited to a single mode
having a single print medium 41106 and a single print-
medium receptacle 41104. In other embodiments, the 3D
printing system 41100 may have three or more modes with
same numbers of print medium 41106 and corresponding
print-medium receptacles 41104.

[0430] In one embodiment, the 3D printing system 41100
may include at least one energy-directing system 41108.
Different types of energy-directing systems 41108 may be
used in different embodiments. Furthermore, any of the
energy waveguide systems of this disclosure, or other
energy-directing systems of this disclosure, may be used in
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different embodiments. Some embodiments may also com-
bine different types of energy-directing systems into a single
energy-directing system 41108.

[0431] In some embodiments, the at least one energy-
directing system 41108 includes an array of waveguides
41114 configured to direct energy from the plurality of
energy locations 41102 of the energy-source system 41137
along a plurality of propagation paths 41112. In these
instances, each propagation path 41112 extends through one
of a plurality of energy locations 41102 of the energy-source
system 41137. Different types of waveguides may be used in
the array of waveguides 41114 in different embodiments.
Different types of waveguides may be used for different
embodiments and for different types of energy source. All of
the waveguides of this disclosure can be used in some
embodiments including but not limited to waveguides hav-
ing first apertures, energy inhibiting elements, and baffles, as
well as additional waveguides depicted for illustrative pur-
poses in FIGS. 23-32.

[0432] In some embodiments, the array of waveguides
41114 may include different combinations of different types
of waveguides as disclosed herein. In other embodiments,
the array of waveguides 41114 may include different com-
binations of different types of waveguides known in the art
alone, or in combination, with waveguides of this disclosure.
And, as mentioned earlier in this disclosure, FIG. 41 is used
for illustrative purposes only and does not limit the embodi-
ments of this disclosure. For example, in some embodiments
the plurality of propagation paths 41112 may include addi-
tional propagation paths not shown in FIG. 41 but disclosed
throughout herein. Additional embodiments of this disclo-
sure may also include additional energy locations, wave-
guides and other elements not shown in FIG. 41 but dis-
closed throughout herein.

[0433] In some embodiments, the array of waveguides
41114 may be assembled from a plurality of modular 4D
energy-field packages where each modular 4D energy-field
package includes at least one waveguide of the waveguide
array 41114, and a subset of energy locations of the plurality
of energy locations 41102.

[0434] In some embodiments, the waveguides of the array
of waveguides 41114 may be configured to direct energy
from the plurality of energy locations 41102 through the
waveguides along a plurality of propagation paths 41112.
Each propagation path may correspond, at least partially, to
an energy source location 41102 relative to a waveguide of
the array of waveguides 41114. Each propagation path 41112
may also extend from a waveguide of the array of wave-
guides 41114 in a unique direction determined at least by the
location of the corresponding energy source locations 41102
of the energy-source system 41137 relative to the associated
waveguide 41114.

[0435] Forexample, in an embodiment, a first propagation
path may extend from a first waveguide 41117 at angle at
least determined by a first energy location 41119. In another
embodiment, additional propagation paths may extend from
the first waveguide 41117, but no other propagation paths
may extend from the first waveguide 41117 at the same angle
as the first propagation path. In yet another embodiment, no
two propagation paths may extend from the same waveguide
at the same angle. In some instances, each unique direction
can also be determined by other factors.

[0436] The propagation paths 41112 may form a plurality
of intersection points 41122, which are energy convergence
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points. FIG. 41 shows some of the possible propagation
paths 41112 and intersection points 41122, but it is under-
stood that many more propagation paths, locations, direc-
tions, combinations, and path intersection points are pos-
sible. For instance, it is possible for more than two
propagation paths 41112 to intersect at any location within
the print medium 41106.

[0437] In some embodiments, each one of the locations of
the plurality of energy waveguides 41114 defines a two-
dimensional (2D) spatial coordinate. In other embodiments,
each unique direction associated with each of the plurality of
propagation paths 41112 may include a two-dimensional
(2D) angular coordinate, whereby the 2D spatial coordinate
and the 2D angular coordinate may form a four-dimensional
(4D) coordinate set.

[0438] Energy waveguide systems allowing these types of
embodiments have been discussed previously in this disclo-
sure using at least FIGS. 22-23 as non-limiting, demonstra-
tive examples. And, in some embodiments, the energy-
directing system 41108 of the 3D printing system 41100
includes an energy waveguide system that allows the 2D
spatial coordinate and the 2D angular coordinate to form a
4D light field coordinate set as illustrated in FIG. 23. In
some embodiments, the plurality of intersections 41122 of
the propagation paths 41112, including the intersections
41112, may be determined by a four-dimensional (4D) light
field function. The embodiments discussed in this paragraph
can be combined with other embodiments throughout this
disclosure unless specifically stated otherwise.

[0439] In some embodiments, waveguide of the array of
waveguides 41114 may include a first aperture and energy
directed along each first propagation path through one of the
waveguides may substantially fill the first aperture of the
same waveguide. Embodiments of the first aperture are
discussed elsewhere in this disclosure at least with reference
to FIG. 22 (22134) and FIG. 25 (25330). In some embodi-
ments, the energy-directing system 41108 includes a plural-
ity of energy inhibiting elements positioned to limit propa-
gation of energy along a portion of the plurality of
propagation paths that do not extend through one of the first
apertures of one of the waveguides. In some embodiments,
each of the energy inhibiting elements includes a bafile
structure for attenuating or modifying energy propagation
paths as discussed elsewhere in this disclosure. Embodi-
ments of the energy inhibiting element are discussed at least
with reference to FIGS. 24A-H above.

[0440] In some embodiments, the energy-directing system
41108 includes at least one relay system. Relay systems have
been discussed at length throughout this disclosure includ-
ing but not limited to those referenced in FIGS. 15, 16, and
19-21. Additionally, the energy-directing system 41108 may
include any of the relay systems of this disclosure or others
known in the art. And, as already mentioned, the energy-
source system 41137 may include a relay system to transfer
energy from an energy source 310 to energy locations on a
second side 350 of a relay similar to that shown in FIG. 3
and discussed above.

[0441] In some embodiments, a relay system may include
one or more relay elements, where each of the one or more
relay elements includes a first surface and a second surface,
the one or more relay elements configured to direct energy
emitted by a plurality of energy sources along a plurality of
propagation paths through the first and second surfaces to
the plurality of energy locations 41102 shown in FIG. 41. In
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some embodiments, the second surfaces of the one or more
relay elements may be arranged to form a singular seamless
energy surface as described in more detail elsewhere in this
disclosure.

[0442] Some embodiments, as illustrated in FIG. 41, also
include a control system 41118 in communication with the
energy-source system 41137. The control system 41118 can
be configured to cause the array or arrays of waveguides
41114 of the at least one energy-directing system 41108 to
deliver energy at a threshold intensity level to a plurality of
selected intersections 41120 of the plurality of all the
intersections 41122 of propagation paths 41112 by operating
the plurality of energy sources 41102 to provide energy
passing through waveguides 41114.

[0443] In some embodiments, the print medium 41106
may be configured to react when exposed to energy at the
threshold intensity level. As mentioned above, the print
medium 41106 may include different materials in different
embodiments. Some embodiments of print medium 41106
may harden when exposed to a threshold intensity level of
some kind of energy source, like for example a liquid
photopolymer, among other materials. In other embodi-
ments, the print medium 41106 may degrade when exposed
to a threshold intensity level from an energy source. Accord-
ingly, embodiments of the 3D printing system 41100 may be
configured to converge energy into the print medium 41106
at a plurality of selected intersections of propagation paths
41120 to cause the print medium 41106 to harden into a
desired form. Some embodiments may include a drain 41121
to remove unexposed portions of print medium 41106. And,
in other embodiments, the three-dimensional printing sys-
tem 41100 may be configured to converge energy into the
print medium 41106 to cause the print medium 41106 to
degrade exposed portions of the print medium 41106. The
degraded portions of print medium 41106 can then be
removed from the desired three-dimensional object. Some
embodiments of the 3D printing system 41100 may be
configured to perform both these functions of hardening or
degrading the print medium in different modes. And, some
embodiments may be provided with a means to switch from
one function to another.

[0444] In some embodiments, the selected intersections
41120 may define the plurality of exterior and interior
surfaces of a three-dimensional (“3D”) print object 41124
located inside the print-medium receptacle 41104. The set of
selected intersections 41120 of propagation paths 41112 may
vary in size and location based on many factors including
but not limited to the type of print medium, and the type,
size, and complexity of the 3D object 41124 to be printed.
Also, in some embodiments, energy may be added to inter-
sections of propagation paths by turning on or increasing the
energy of the corresponding energy source locations 41102
and similarly decreased by turning off or decreasing the
intensity of the corresponding energy source locations. For
example, any of the intersections of propagation paths 41122
maybe added or subtracted from the set of selected inter-
sections 41120 by increasing or decreasing the amount of
energy delivered along the propagation paths 41112 that
converge at any given intersection 41122 of propagation
paths 41112. In other embodiments, increasing the energy
delivered along propagation paths 41112 at selected inter-
sections 41120 may cause the energy at that location to raise
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to the threshold intensity level and cause the print medium
41106 to harden at that selected location or selected inter-
section.

[0445] In some embodiments, the control system 41118
may be configured to operate the plurality of energy sources
to reduce the energy delivered to at least one selected
intersection of the plurality of selected intersections 41120
to below the threshold intensity level. In other embodiments,
the control system 41118 may be configured to add at least
one selected intersection to the plurality of selected inter-
sections 41120 by operating the plurality of energy sources
to increase the energy delivered to at the least one selected
intersection to above the threshold intensity level.

[0446] As previously noted, many energy source locations
41102 can contribute energy to a convergence point within
the print medium 41106. The required energy distribution
for all energy sources 41102 may be computationally deter-
mined dynamically to achieve the proper convergence points
to deliver energy at the threshold intensity level to the
surfaces and the interior of print object 41124, and realize
3D printing. And, in some embodiments, energy can be
added to selected intersections or removed from selected
intersections as the print-medium receptacle 41104 is being
moved or controlled, or while the at least one energy-
directing system 41108 is being moved or controlled. This
allows the 3D printing system 41100 an additional way to
control where the print medium 41106 is exposed to the
threshold intensity level, which in turn, can improve the
speed, accuracy, and efficiency of the system 41100. An
additional advantage of this approach is that the energy-
directing system 41108 may be optimized to have a denser
projection of energy rays over a smaller volume than the full
volume of the print receptacle 41104.

[0447] The addition and subtraction of energy to intersec-
tions of propagation paths may be done on an individual
basis or in groups. For example, in some embodiments,
energy may be added or subtracted from any one of the
selected intersection points 41120 of propagation paths
41112 by adjusting the energy of any one of the correspond-
ing energy source locations 41102, so that only one path at
a time is adjusted. This may be advantageous if having too
many simultaneous propagation paths of energy would
expose unintended locations of the print medium 41106 that
are not part of the selected intersection points 41120. Other
embodiments combine these operations to simultaneously
add or subtract energy from several propagation paths 41112
at the same time to adjust the energy at the corresponding set
of selected intersections 41120. And in still other embodi-
ments, energy may be adjusted for all of the first propagation
paths 41112 simultaneously, affecting the full set of selected
intersections 41120 all at the same time. This option may
allow for rapid 3D printing. Like above, these embodiments
may be combined with other embodiments of this disclosure
unless specifically denoted otherwise.

[0448] In one embodiment, the print-medium receptacle
41104 may rest on a base 41126. In some embodiments, as
illustrated in FIG. 42A, the base 42126 of the 3D printing
system 42100 may include a positioning device 42127 in
communication with the control system 42118 where the
control system 42118 may be configured to operate the
positioning device 42127 to change the location of the
print-medium receptacle 42104 with respect to the at least
one energy-directing system 42108. Different embodiments
may use different devices as the positioning device 42127 to
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move the base 42126. Many types of positioning devices are
known in the art, and can be combined with the embodi-
ments of this disclosure. Examples of positioning devices
that can be used include, but are not limited to, motorized
translation stages, linear translation stages, rotational stages,
tilt stage, and goniometric stages, among mechanical and
electromechanical stages. The movement of the positioning
device 42127 can allow an increase in print resolution
compared to the use of the energy-directing system 42108
alone. In some embodiments, the positioning device 42127
may include a 5-axis stage having three translation stages
and two rotational stages. In other embodiments, the stage of
the positioning device 42127 may include fewer or more
translation/rotational stages.

[0449] In some embodiments, as depicted for illustrative
purposes in FIGS. 42A and 42B, the operation of the
positioning device 42127 and, consequent movement of the
print-medium receptacle 42104, can move the plurality of
selected intersections 42120 of propagation paths 42112
relative to the print medium 42106. FIG. 42A depicts a first
position of the plurality of selected intersections 42120
relative to the print medium 42106. FIG. 42B depicts the
plurality of selected intersections 42120 in a second position
relative to the print medium 42106. Note that the same
numbering scheme is used to illustrate FIG. 42A and FIG.
42B. This movement of the print medium receptacle 42104
relative the selected plurality of intersections 42120 further
defines the interior and exterior surfaces of the 3D object
42124. In this way, the movement of the positioning device
42127 for controlling the movement of the base 42126
cooperates with the set of selected intersections 42122 of
propagation paths 42112 to deliver energy at the threshold
energy level, which will cause the print medium 42106 to
react so a 3D object can be formed. This cooperation may
allow quicker printing operation, better accuracy, and more
precise resolution, among other benefits. The positioning
device 42127, which controls movement of the base 42126,
can also allow movement of the print-medium receptacle
42104 in any direction in a three-dimensional (3D) space,
e.g., movement in the X-, Y- or Z-directions.

[0450] In some embodiments, the energy at the threshold
intensity level may converge at the plurality of selected
intersections 42120 as the positioning device 42127 moves
the print-medium receptacle 42104. This allows the set of
selected intersections 42120 to trace a trail of exposure
through the print medium 42106. In other embodiments, this
type of movement by operating the positioning device 42127
for controlling the base 42126, may be allowed. In yet some
other embodiments, this type of movement by moving the at
least one energy-directing system 42108 may also be
allowed. And, other embodiments may move the at least one
energy-directing system 42108 and operate the positioning
device 42127 to move the base 42126. In other words,
combinations of movements thereof may be utilized. In
some embodiments of the 3D print system 42100, the
energy-directing system 42108 may deliver energy to
selected intersections 42120 of propagation paths 42112
when neither the print-medium receptacle 42104 nor the
energy-directing system 42108 is in motion. In some
embodiments, the plurality of selected intersections 42120
may be disposed on a volume substantially smaller than the
volume of the print receptacle 42104.

[0451] In some embodiments, like as depicted in FIGS.
43A-B, an entire first plurality of selected intersections
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43135 (from FIG. 43A) may be replaced with a second
plurality of selected intersections 43120 (from FIG. 43B)
that further define the interior and exterior surfaces of the 3D
object 43124 inside the receptacle 43104, and expose addi-
tional portions of the print medium 43106 to the threshold
intensity level. In other embodiments, the second plurality of
intersections 43128 (in FIG. 43B) may be sustained at the
threshold intensity after the second plurality of selected
intersections 43120 is introduced. In some embodiments, the
energy delivered to the second plurality of selected inter-
sections 43120 by the energy-directing system 43108 may
be reduced to a level below the threshold intensity level. The
second plurality of selected intersections 43120 may be
replaced with a third plurality of selected intersections (not
shown) further defining the 3D holographic object 42124.
And, additional pluralities may be added or removed indefi-
nitely until the 3D printing process is complete. This can
occur dynamically or iteratively. And in some embodiments,
selected intersections may also be grouped more or less
densely depending on the precision needed for forming the
3D object.

[0452] Embodiments allowing movement each of the
energy-directing system 43108, the print-medium receptacle
43104, or both, can be combined with other embodiments of
this disclosure unless specifically stated otherwise. For
example, selected intersections can be added to, or sub-
tracted from, the plurality of selected intersections 43120 as
the print-medium receptacle 43104 is moved, which can
further improve efficiency, accuracy, and resolution of the
three-dimensional printing system 43100. FIGS. 42A-B and
FIGS. 43A-B do not limit the embodiments of this disclo-
sure and are for illustrative purposes only.

[0453] FIG. 44 illustrates an embodiment 44100 where the
control system 44118 may be configured to move the at least
one energy-directing system 44108 from position 44131 to
position 44129 shifting the plurality of selected intersections
of propagation paths from the set of locations 44120 to a
second plurality of locations 44128 that further define the
plurality of interior and exterior surfaces of the three dimen-
sional object 44124. The at least one energy-directing sys-
tem 44108 may be moved in any direction in three-dimen-
sional space. Movement of the at least one energy-directing
system 44108 can provide the same advantages offered by
movement of the print-medium receptacle 44104 described
elsewhere in this disclosure. And, the plurality of selected
intersections 44120 may also be operated in any of the ways
described elsewhere in this disclosure. The movement of the
energy-directing system 44108 can cooperate with the plu-
rality of selected intersections 44120 to deliver energy at the
threshold intensity level to different locations which will
cause the print medium 44106 to react so a 3D object can be
formed. This cooperation may allow quicker printing opera-
tion, better accuracy, and more precise resolution. Coopera-
tion is also possible between all the different elements of the
three-dimensional printing system 44100 of this disclosure.
For example, as the at least one of the energy-directing
system 44108, the print-medium receptacle 44104, or both
are moved, as described elsewhere in this disclosure, energy
may be delivered to dynamically changing sets of selected
intersections that are being dynamically manipulated in
coordination with any movement to maximize the efficiency
and accuracy of the printing system 44100. In some
instances, energy and/or movement may also be delivered
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iteratively. FIG. 44 is intended for illustrative purposes and
does not limit the embodiments of this disclosure.

[0454] In some embodiments, the set of selected intersec-
tions of all propagation paths 44112 may converge energy at
the threshold intensity level as the at least one energy-
directing system 44108 is moved, so that these intersections
trace a trail of exposure through the print medium 44106 as
described in more detail elsewhere in this disclosure. For
example, the set of selected intersections 44120 may con-
verge energy at the threshold intensity level as the at least
one energy-directing system 44108 is moved so the set of
selected intersections 44120 trace a trail of exposure through
the print medium 44106, as described in more detail else-
where in the disclosure. Some embodiments may also allow
the energy delivered to selected intersection of the plurality
of selected intersections 44120 to be increased or decreased
by adjusting the energy at the corresponding energy source
locations 44102 as the at least one energy-directing system
44108 moves. In other embodiments, the set of selected
intersections 44120 may only deliver energy at the threshold
intensity level when the at least one energy-directing system
44108 is not in motion. And, these different embodiments
can be combined with other embodiments of this disclosure.
As an example, the energy at the set of selected intersections
44120 of first propagation paths can be added or subtracted
by adjusting the energy at the corresponding energy source
locations 44102 as the at least one energy-directing system
44108 is moved, which can further improve efficiency,
accuracy, and resolution. Embodiments that move the at
least one energy directing system 44108 can also be com-
bined with the various embodiments having a positioning
device 42127 as discussed with reference to FIGS. 42A-B.
FIG. 44 does not limit the embodiments of this disclosure
and is for illustrative purposes Also, unless specifically
stated otherwise these embodiments can be combined with
the other embodiments of this disclosure.

[0455] FIG. 45 depicts an embodiment of a three-dimen-
sional printing system 45100 having a first energy-directing
system 45108A and a second energy directing system
45108B. In some embodiments, multiple energy-directing
systems 45108A, 45108B can allow for more robust sets of
selected intersections 45120A, 45120B. And, in some
embodiments, additional energy-directing systems may
allow the three-dimensional printing system 45100 to
deliver energy at a threshold intensity level to additional sets
of selected intersections. For example, in FIG. 45, intersec-
tions 45122A, 45122B may be generated from the intersec-
tion of propagation paths 45112A from energy directing
system 45108 A and propagation paths 45112B that originate
from the energy directing system 45108B. For example,
selected intersection points 45120A and 4120B, which are
coincident with the surface of print object 45124 and result
from using two energy-directing systems 45108A and
45108B, may be more numerous than the number of selected
intersection points 41120 that are coincident with print
object 41124 and result from using one energy-directing
system shown in FIG. 41.

[0456] Some embodiments allow the control system
45118 to operate the first energy-directing system 45108A
and the second energy-directing system 45108B. The first
energy-directing system 45108A and the second energy-
directing system 45108B can be operated simultaneously or
independently. In some embodiments both the first energy-
directing system 45108A and the second energy-directing
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system 45108B can be moved as discussed elsewhere in this
disclosure. This dual movement allows cooperation with
both sets of selected intersections 45120A, 45120B to
deliver energy at the threshold intensity level to different
locations which will cause the print medium 45106 to react
s0 a 3D object can be formed. This cooperation may allow
even quicker printing operation, better accuracy, and more
precise resolution. Thus, a second energy-directing system
45108B can enhance these advantages. These embodiments
can also be combined with embodiments having a position-
ing device (not shown in this FIG. 45) applied to base 45126,
allowing movement of the print medium receptacle 45104.
The energy-directing systems 45108A, 45108B of these
embodiments can include any of the energy-directing system
embodiments of this disclosure. And, in some embodiments,
the first energy-directing system 45108A and the second
energy-directing system 45108B may include different types
of energy-directing systems. Embodiments of two energy-
directing systems can be combined with other embodiments
of this disclosure unless specifically stated otherwise. And,
one skilled in the art will appreciate that other embodiments
may include additional energy-directing systems. FIG. 45 is
for illustrative purposes and does not limit the embodiments
of this disclosure.

[0457] While various embodiments in accordance with the
principles disclosed herein have been described above, it
should be understood that they have been presented by way
of example only, and are not limiting. Thus, the breadth and
scope of the invention(s) should not be limited by any of the
above-described exemplary embodiments, but should be
defined only in accordance with the claims and their equiva-
lents issuing from this disclosure. Furthermore, the above
advantages and features are provided in described embodi-
ments, but shall not limit the application of such issued
claims to processes and structures accomplishing any or all
of the above advantages.

[0458] It will be understood that the principal features of
this disclosure can be employed in various embodiments
without departing from the scope of the disclosure. Those
skilled in the art will recognize, or be able to ascertain using
no more than routine experimentation, numerous equiva-
lents to the specific procedures described herein. Such
equivalents are considered to be within the scope of this
disclosure and are covered by the claims.

[0459] Additionally, the section headings herein are pro-
vided for consistency with the suggestions under 37 CFR
1.77 or otherwise to provide organizational cues. These
headings shall not limit or characterize the invention(s) set
out in any claims that may issue from this disclosure.
Specifically, and by way of example, although the headings
refer to a “Field of Invention,” such claims should not be
limited by the language under this heading to describe the
so-called technical field. Further, a description of technology
in the “Background of the Invention” section is not to be
construed as an admission that technology is prior art to any
invention(s) in this disclosure. Neither is the “Summary” to
be considered a characterization of the invention(s) set forth
in issued claims. Furthermore, any reference in this disclo-
sure to “invention” in the singular should not be used to
argue that there is only a single point of novelty in this
disclosure. Multiple inventions may be set forth according to
the limitations of the multiple claims issuing from this
disclosure, and such claims accordingly define the invention
(s), and their equivalents, that are protected thereby. In all

Apr. 11, 2024

instances, the scope of such claims shall be considered on
their own merits in light of this disclosure, but should not be
constrained by the headings set forth herein.

[0460] The use of the word “a” or “an” when used in
conjunction with the term “comprising” in the claims and/or
the specification may mean “one,” but it is also consistent
with the meaning of “one or more,” “at least one,” and “one
or more than one.” The use of the term “or” in the claims is
used to mean “and/or” unless explicitly indicated to refer to
alternatives only or the alternatives are mutually exclusive,
although the disclosure supports a definition that refers to
only alternatives and “and/or.” Throughout this application,
the term “about” is used to indicate that a value includes the
inherent variation of error for the device, the method being
employed to determine the value, or the variation that exists
among the study subjects. In general, but subject to the
preceding discussion, a numerical value herein that is modi-
fied by a word of approximation such as “about” may vary
from the stated value by at least 1, 2, 3, 4, 5, 6,7, 10, 12 or
15%.

[0461] As used in this specification and claim(s), the
words “comprising” (and any form of comprising, such as
“comprise” and “comprises”), “having” (and any form of
having, such as “have” and “has”), “including” (and any
form of including, such as “includes” and “include”) or
“containing” (and any form of containing, such as “con-
tains” and “contain”) are inclusive or open-ended and do not
exclude additional, un-recited elements or method steps.
[0462] Words of comparison, measurement, and timing
such as “at the time,” “equivalent,” “during,” “complete,”
and the like should be understood to mean “substantially at
the time,” “substantially equivalent,” “substantially during,”
“substantially complete,” etc., where “substantially” means
that such comparisons, measurements, and timings are prac-
ticable to accomplish the implicitly or expressly stated
desired result. Words relating to relative position of elements
such as “near,” “proximate to,” and “adjacent to” shall mean
sufficiently close to have a material effect upon the respec-
tive system element interactions. Other words of approxi-
mation similarly refer to a condition that when so modified
is understood to not necessarily be absolute or perfect but
would be considered close enough to those of ordinary skill
in the art to warrant designating the condition as being
present. The extent to which the description may vary will
depend on how great a change can be instituted and still have
one of ordinary skilled in the art recognize the modified
feature as still having the required characteristics and capa-
bilities of the unmodified feature.

[0463] The term “or combinations thereof” as used herein
refers to all permutations and combinations of the listed
items preceding the term. For example, “A, B, C, or com-
binations thereof” is intended to include at least one of: A,
B, C, AB, AC, BC, or ABC, and if order is important in a
particular context, also BA, CA, CB, CBA, BCA, ACB,
BAC, or CAB. Continuing with this example, expressly
included are combinations that contain repeats of one or
more item or term, such as BB, AAA, AB, BBC,
AAABCCCC, CBBAAA, CABABB, and so forth. The
skilled artisan will understand that typically there is no limit
on the number of items or terms in any combination, unless
otherwise apparent from the context.

[0464] All of the compositions and/or methods disclosed
and claimed herein can be made and executed without undue
experimentation in light of the present disclosure. While the
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compositions and methods of this disclosure have been
described in terms of preferred embodiments, it will be
apparent to those of skill in the art that variations may be
applied to the compositions and/or methods and in the steps
or in the sequence of steps of the method described herein
without departing from the concept, spirit and scope of the
disclosure. All such similar substitutes and modifications
apparent to those skilled in the art are deemed to be within
the spirit, scope and concept of the disclosure as defined by
the appended claims.

1. A three-dimensional printing system comprising:
a print-medium receptacle configured to hold a quantity of
print medium;
an energy-source system configured to provide energy to
a plurality of energy locations and comprising a plu-
rality of energy sources;
at least one energy-directing system wherein each energy-
directing system comprises;
an array of waveguides configured to direct energy
from the plurality of energy locations along a plu-
rality of propagation paths wherein each propagation
paths extends through one of a plurality of energy
locations; and

wherein each waveguide is configured to direct energy
from the plurality of energy locations through the
waveguide along the plurality of propagation paths
wherein each propagation path extends from the
waveguide in a unique direction at least determined
by one of the plurality of energy locations;

a control system in communication with the energy-
source system and configured to cause the array of
waveguides of the at least one energy-directing system
to deliver energy at a threshold intensity level to a
plurality of selected intersections of a plurality of
intersections of the plurality of propagation paths by
operating the plurality of energy sources to provide
energy along the plurality of propagation paths;

wherein the print medium is configured to react when
exposed to energy at the threshold intensity level; and

wherein the plurality of selected intersections define a
plurality of interior and exterior surfaces of a three-
dimensional (“3D”) object inside the receptacle.

2. The three-dimensional printing system of claim 1,
wherein the print-medium receptacle rests on a base of a
positioning device in communication with the control sys-
tem wherein the control system is configured to operate the
positioning device to change the location of the print-
medium receptacle with respect to the at least one energy-
directing system.

3. The three-dimensional printing system of claim 2,
wherein the operation of the positioning device moves the
plurality of selected intersections relative to the print-me-
dium receptacle to further define the plurality of interior and
exterior surfaces of the three-dimensional object.

4. The three-dimensional printing system of claim 3,
wherein the plurality of selected intersections exposes the
print medium to the threshold energy level as the positioning
device moves the plurality of selected intersections relative
to the print-medium receptacle.

5. The three-dimensional printing system of claim 2,
wherein the positioning device comprises a motorized trans-
lation stage.
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6. The three-dimensional printing system of claim 2,
wherein the positioning device comprises a linear translation
stage.

7. The three-dimensional printing system of claim 2,
wherein the positioning device comprises a rotational stage.

8. The three-dimensional printing system of claim 2,
wherein the positioning device comprises a goniometric
stage.

9. The three-dimensional printing system of claim 2,
wherein the positioning device comprises a tilt stage.

10. The three-dimensional printing system of claim 2,
wherein the positioning device comprises a 5-axis stage,
comprising three translation stages and two rotational
stages.

11. The three-dimensional printing system of claim 2,
wherein the plurality of selected intersections is disposed on
a volume substantially smaller than the volume of the print
receptacle.

12. The three-dimensional printing system of claim 1,
wherein the control system is operable to move the at least
one energy-directing system thereby moving the plurality of
selected intersections to further define the plurality of inte-
rior and exterior surfaces of the three-dimensional object.

13. The three-dimensional printing system of claim 12,
wherein the plurality of selected intersections exposes the
print medium to the threshold energy as the plurality of
selected intersections is moving.

14. The three-dimensional printing system of claim 1,
wherein the plurality of selected intersections is disposed on
a volume substantially smaller than the volume of the print
receptacle.

15. The three-dimensional printing system of claim 1,
wherein the control system is configured to operate the
plurality of energy sources to reduce the energy delivered to
at least one selected intersection of the plurality of selected
intersections to below the threshold intensity level.

16. The three-dimensional printing system of claim 1,
wherein the control system is configured to add at least one
selected intersection to the plurality of selected intersections
by operating the plurality of energy sources to increase the
energy delivered to at the least one added selected intersec-
tion to the threshold intensity level.

17. The three-dimensional printing system of claim 1,
wherein a location of each waveguide defines a two-dimen-
sional (2D) spatial coordinate, and wherein the unique
direction of each propagation path, determined at least by
one of the plurality of energy locations, comprises a 2D
angular coordinate, whereby the 2D spatial coordinate of the
location of the waveguide from where each propagation path
extends and the 2D angular coordinate of each propagation
path to form a four-dimensional (4D) coordinate set for each
propagation path.

18. The three-dimensional printing system of claim 1,
wherein the control system is configured to operate the
plurality of energy sources to deliver energy at the threshold
intensity level to at least one second plurality of selected
intersections of the plurality of intersections of the plurality
of propagation paths wherein the at least one second plu-
rality of selected intersections further defines the plurality of
interior and exterior surfaces of the 3D object inside the
receptacle.

19. The three-dimensional printing system of claim 1,
wherein each waveguide of the array of waveguides com-
prises a first aperture, and energy directed along each
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propagation path through the waveguide substantially fills
the first aperture of the waveguide.

20. The three-dimensional printing system of claim 19,
wherein the at least one energy-directing system further
comprises at least one energy-inhibiting element positioned
to limit propagation of energy that does not extend through
the first aperture of any of the waveguides.

21.-28. (canceled)
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