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ARRAYS OF TNDTVIDUAI,LY ORTBNTED
MICRO MIRRORS FOR USE IN IMAGING

SECURITY DEVICES FOR CURRENCYAND
BRAND AUTEENTTCAUON

CROSS.REFERENCE TO RELATED
APPLICAIIONS

This application claims the benefit of U.S. Provisional
Applicarion No. 62/262,767, filed Dec. 3,2015, which is
incorporated herein by reference in its entirety.

BACKGROUND

1. Field of the Description.
The present invention relates, in general, to anti-counter-

feiting devices for currency and brand authentication, and,
more particularly, to currency and brand authentication
elements, and methods of designing and manufacturing such
authentication elements, that are configured to provide a
multi-planar image that is viewable without special eyewear
and that is dificult, if not nearly impossible, to replicate or
copy.

2. Relevant Background.
Anti-counterfeiting efforts often involve use of an anti-

counterfeiting device or clement that is made up ofan array
oflenses and an image printed onto the back ofthe lens array
or onto an underlying substrate or surface (e.g., a sheet of
paper or plastic). The anti-counterfeiting element may be
used to display an image that is chosen to be unique and be
an indicator that the item carrying the anti-counterfeiting
element is not a counterfeit. The anti-counterfeiting market
is rapidly growing worldwide with anti-counterf'eiting ele-
ments placed on a wide range of items such as upon currency
(e.g., on a surface of a paper bill to help prevent copying)
and on labels for retail products (e.g., labels on clothing
showing authenticity).

In this regard, moir6 patterns have been used for years in
anti-counterfeiting elements with arrays ofround lenses and
with arrays of hexagonal lerses (or round and hexagonal
lens arrays). Typically, the printed images provided in an ink
layer under these lens arays are small, fine images relative
to the size of the lenses. A moir6 pattem is provided in the
printed images in the form of a secondary and visually
evident superimposed pattem that is created when two
identical patterns on a surface are overlaid while being
displaced or rotated a small amount from each other.

ln such moir6 pattern-based anti-counterfeiting elements,
some of the images may be printed in a frequency slightly
more or less frequent than the ole-to-one dimension of the
lenses in two axes, and some of the images may be printed
slightly differently relative to each other. While helpful to
reduce munterfeiting, use of moir6 patterns with rcund lens
arrays has not been wholly satisfactory for the anti-coun-
terfeiting market. One reason is that the effects that can be
achieved with moir6 patterns are limited, and the effect is
often relatively easy to reverse engineer, which limits its
usefulness as an anti-counterfeiting element. For example,
printing the underlying image is becomi.g easier to accom-
plish due to high resolution lasers and setters and other
printing advances. Typically, for an elcment, thc micro-
lenses are printed using an emboss and fi1l technology,
which limits the printing to onc color due to the fact that thc
prccess tends to bc self-contaminating after one color and
also due to the fact that the process is diffcult to control from
a relative color{o-color pitch in the emboss-and-fill printing
process.

2
In other cases, holograms and lens features are used for

security devices in currency, brand authentication and brand
protection as well as on high security documents. Holo-
grams are fscsming increasingly less secure, in part, due to
the rise in technology, programming, and general availabil-
ity of programs that allow one to easily create holograms. In
many applications, the cheaper dot matrix holograms are
"good enough" to simulate many of the efects of the more
expensive elaborate holograms used in anti-counterfeiting
elements. While lens features done properly can be more
secure than hologram elemenls, there is a need for new
technology to combat the currency and product counterfeit-
ing. Ideally, new technology would have athibutes ttat are
not possible with holography or micro-lenses.

Hence, there remains a need for advancements in the
design and fabrication ofassemblies or elements that display
imagery use-ful for anti-counterfeiting and/or product/docu-
ment authentication. For example, such improvements may
allow new anti-counterfeiting devices or elements to be
produced for use with currency, labels, credit/debit cards,
and other items, and these anti-counterfeiting devices pref-
erably wouldbe much more difficult if notnearly impossible
to duplicate or copy. Further, there is a growing demand for
such anti-counterfeiting devices to provide a surprising or
"wow factor" with thcir displaycd imagery such as images
that float above and/or below a focal plane (e.g., more true
3D displays) rather than merely laterally reflecting back
light such as with a sequence of mirrors or mirrored surface
or using reproducible holograms.

SUMIIARY

Briefly, the inventors recogrrizrd that an antlcounterfeit-
ing or security device can be provided that is configured to
"write" images with light in one, two, or more spatial planes

above and below the surface of an array of micro mirrors.
Each of the micro mirrors is oriented (or "programmul") to
act with a number of other such micro mirrors (e.g., a "set
of pixel-providing micro mirrors") as one pixel in the
written image(s) as the set of micro mirrors each directs its
reflected light to a particular location in the image(s) display
plane(s) (e.9., an apex of a cone with each of the micro
mirrors in the set of pixel-providing micro mirrors being
within the base of the cone) that when viewed with a number
of other such pixels (each provided by a different set of
pixel-providing micro mirrors) makes up a written im:ge in
one or more spaced apart image display planes.

In other words, text, imagery and so forth can be written
with ambient light by focusing the micro-mirrors to different
spatial planes above the plane ofthe security device (which
is typically provided on a surface of a document (e.g.,
currency) or product being authenticated with the security
device). Conversely, the technology can then "reverse" to
the viewerby having the "bright" pixels go to "dark" and the
backgrounds reverse from "light'to "dark" with a change of
perspective (e.g., occurring when the viewer changes their
viewing angle or rotates the document/product containing
the security device).

AJso, since the technology is made of mirrors (made from
thin aluminum, silver or gold depositions on an upper
surface of the documcnt/product on which thc sccurity
element is provided (e.g., any supporting substrate)), thc
anti-counterfeiting or security device will work from two
sides in a fiLn process (e.g., when the supporting substratc
is transparent). This type of two-sided or two-view image
cannot be done with holography or other presently available
anti-counterfeiting technologies. The technology can be
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embossed into films, metallized, and then processed into
curency tbreads, foil stamps, labels and packaging. It can
also be directly stamped onto coins or other metallic sur-
faces (e.g., provided on nearly any supporting substrate).
Color can also be added to the displayed or "written"
image(s) by using a reflective ink printing method or with
the use of dielectric nanostructures (e.g., with plasmonic
resotratrce and/or other techniques).

More particularly, a visual display assembly is provided
that is useful as a security element on paper and coin
curency, product labels, and other objects. The assembly
includes a substrate (which may be part of the object upon
which the security element is provided such as a piece of
currency or a product label). The assembly also includes, on
a surface of the substrate, an array of micro mirrors receiv-
ing ambient light and, in response, displaying an image in a
plane spaced a distance apart from the surface of the
substrate. The image includes or is '\ilritten" with a plurality
of pixels, and the array of micro mirrors includes for each of
the pixels a set of the micro mirrors each having a reflective
surface oriented to reflect the ambient light toward a point on
the plane corresponding to one ofthe pixels.

ln some embodiments, each of the sets of the micro
mirrors includes at least twenty of the micro mirrors (e.g. a

number in the range of 20 to 40 such as about 30 mirrors).
To provide a "bright" or light pixel, the reflected ambient
light from the twenty or more micro mirrors intersects or
crosses at (or passes near to) the point corresponding to the
one of the pixels (e.g., each pixel is displayed or lit by
beams/rays from reflective surfaces of the micro mirrors
crossing at a common point on the image display plane). The
point on the plane may corespond to an apex ofa cone, and
the twenty or more micro mirrors can be located within a

base of the cone coplanar with the surface of the substrate.

The micro mirrors within the base of the cone but excluded
from (or not included in or used for) the set of the micro
mirrors displalng the pixel are oriented to reflect the
ambient light away from the point on the plane correspond-
ing to the pixel to provide a dark background for the image.

The assembly may be configured to display images in
more than one image display plane or in two or more
levels/layers. ln this regard, the array of mirncrs may be
configured to behave further in response,o 16" vscsiving of
the ambient light to display a second image in a secondplane
spaced a distance apart from the plane displaying the image.
The second image may be provided or '\rritten' with a
plurality of pixels (as was the case with the first image). The
array of micro mirrors includes, for each of the pixels of the
second image, a set of the micro mirrors each having a

reflective surface oriented to reflect the ambient light toward
a point on the second plane corresponding to one of the
pixels of the second image. The first image has a first
viewing angle and fhe second image has a second viewing
angle ofset from the first viewing angle by at least l0
degrees (such as an offset angle in the range of 10 to 45
degrees with otrset angles of20 to 30 degrees being usefu1
in some embodiments).

In some particular implementations, the substrate is trans-
parent, whereby the image is displayed to be spaced apart
the distance from a fust side of the substate and further
whereby a second image including a second set of pixels is
displayed by the array of micro mirrors to be spaced apart a
second distance from a second side ofthe substrate opposite
the first side. In this mannet the array of micro mirrors can
be said to be completely functional on the reverse side of the

4
substrate (or film) to present a mirror image or a reverse
imags (in ths image plane) to the viewer on the opposite side
of the substrate.

In the same or other embodiments, the micro mirrors are
rectangular (e.g., square) with a smallest side having a

length of at least 35 microns such as 50 microns or more
while other embodiments use mirrors that are circular with
a diameter of at least 35 microns (e.g., 50 microns or larger
in diameter). In practice, the plane in which the image is
displayed may be above, below, or coinciding with the focal
plane for the array ofttre micro mirrors. Also, the image may
be displayed using only (or mostly) white light (and ofl or
dark pixels) or the micro mirrors may be configured to
display the image with colors (in addition to white). This
may be achieved with at least one of ink, plasmonic reso-
nance, and dielectric material being used to configure the
micro mirrors to display the image with the desired colors.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a top perspective, partial view ofa visual display
assembly for use as an anti-counterfeiting element or device
showi.g a single micro mirror that would be provided in an
array of such micro mirrors;

FIG. 2 is a side view (e.g., a functional schematic) of an
object (such as curency, a document, a financial card or the
like) including an anti-counterfeiting or authentication (or
security) element/device of the present description;

FIG. 3 is an enlarged view of a subset of the micro mirrors
of the security element of FIG. 2 corresponding to micro
mirrors in an area of one cone base associated with one cone
apex or written pixel in one of the displayed/written images
provided by the security element of FIG. 2;

FIG. 4 is a schematic or graphic side view or diagram of
a security element dwing its use to provide a two-layer or
level image;

FIG. 5 is a side schematic view or diaglam of a security
element during its use to provide a display that combines a

light image and a dark image;
FIG. 6 is a functional block diagram of a computer or

computing device configured to run an array design program
to allow an operator to generate a design. ofan array ofmicro
mirrors for displaying a particular image(s) when provided
in a security element;

FIG. 7 is a flow diagram of an exemplary desip method
for an array of micro mirrors for use in a security element,
such as may be carried out by operation of the system of
FIG. 6;

FIGS. 8A and 8B illustrate a micro mirror design GUI that
can be displayed on a monitor or display by the desip
program;

FIGS. 9A-9C are graphs illustrating images that can be
displayed on various levels or image display planes by an
array of micro mirrors of the present description;

FIG. 10 is a plot illustrating a ray tracing near a first image
display plane or first level/layer for one modeled array of
micro mirrors;

FIG. 11 illustrates a representative GUI or ray tracing
menu that allows a user to specifr parameters to utilize in
performing the ray tracing;

FIG. 12 is a plot of a representative ray tacing showing
beams/rays reflected from micro mirrors in a mirror plane
and converging on a viewer's retina;

FIGS. 13A and l3B illustrate written or displayed images
provided by an array of micro mirrors with an angular offset
between image display planes or levels/layers of the imag-
ery;
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FIGS. 14A and 14B illustrate plots offloating pixels in a

space above ar\ afiay of micro mirrors; and

FIGS. 15A and 15B illustrate plots generated and dis-
played by a preview program (which may be a subroutine of
the design prcgram described herein) for previewing likely
orpredicted results of a design of an array of micro mirrors.

DETAILED DESCzuPTION

Briefly, the present description is directed toward visual
display assemblies that can be used as *,i-"oralsrfsiting or
authentication elements or devices such as on clurency,
coins, documents, products, and so on. Each visual display
assembly includes an array of a large number of micro
mirrors, and this aray can be provided on a surface ofnearly
any supporting substrate (e.g., a surface of a piece of
curency, on a coin, on a surface of a product or its
sales/identification label, and so on). Sets (or subsets) ofthe
micro mirrors are used to work in unison to "write" pixels
of images in one, two, or more image display planes above
the supporting substrate by having each of the micro mirrors
in each of the pixel-providing sets direct light striking its
flrst or upper reflective surface to a location ofa pixel in one
of the image display planes. The sets of pixels may be
con-figured to provide angular oflset viewing (e.g., by an
offset angle in the range of 15 to 35 degrees or the like with
20 degrees used in some cases between the viewing angles
of the written images of each adjacent image display plane)
in the diferent image display planes such that a viewer
typically only observes or perceives the written pixels ofone
image display plane at a time (or at a single viewing angle
or perspective) and switching occurs as the viewer changes
their viewing angle or rotates the substrate supporting the
visual display assembly and its many micro mirrors.

The visual display assembly (or security element/device)
is designed to create a floating image(s) of pixels, and the
pixel-providing sets of micro mirors are chosen to have a

large enough number to efectively display a great enough
quantity of light to allow a viewer to perceive each separate,
floating pixel in the written or displayed image. The m.rmber
of micro mirrors used in each set may vary due to a large
number of parameters such as material used to provide the
reflective upper surface, size of each micro mirror (e.g., with
35 to 100 micron mirrors used in some implementations and
50 micron mirrors used in one prototype of the present
invention), and the like. Each of these micro mirrors in each
pixel-providing set is oriented to try to have all of these
micro mirrors direct their reflected light to intersect at a
point (the written pixel of the displayed image) in an image
display plane above the supporting substrate, and each pixel
of the written image is either on or of (or providing light or
no light) at various viewing angles.

A basic or underlying idea of the micro minor-based
visual display assembly is to use ambient light and a plane
(an upper surface of a supporting substrate) gsnlaining
many, small mirrors. The ambient light that is reflected off
the mirors is aimed or targeted toward desired points (or
pixels) above the plane that contains the mirrors. The image
displayed by all the pixel-providing sets of micro mirrors
targeting a first image display plane above the supporting
substrate may be considered a first layer image. The first
layer image can be defined by artwork that has light or dark
pixels to be produced in this first layer (or a multi-layer
image) or first image display plane. To this end, the mirrors
in a pixel-providing set of micro mirrors are carefully
selected from the micro mirror array as being within a circle
(or cone base) defined by the intersection ofthe cone defined

6
by an apex angle and a pixel from the desired image display
plane/layer (e.g., the fust image display plane) that is chosen
to coincide with the apex of the cone. Each of these mirrors
(which are in the base of the cone) is then aimed or targeted
(or "oriented') toward the cone apex (image's pixel) so that
the resulti"g effect is a point source oflight floating a height
or distance above (or below in some cases) the plane of the
supporting surface containing the array ofmicro mirrors at
the location of the pixel.

Prior to explaining a design or configuration of an entire
array of micro mirrors in a visual display assembly, it may
be useful to first look at a single one of these mirrors. FIG.
I illustrates a portion ofa visual display assembly L00 (or a
substrate with a security element or device) according to the
presenl description. As shown, a supporting substrate 110
with a surface 112 is provided that receives and supports a

micro mirror 120. For example, the substrate 110 may be a
piece of currency, a coin, a product label, a document, a

credit/debit/bank card, or the like for which it is desired to
provide anti-counterfeiting or authentication functionality
with the visual display assembly or security element 100.
The micro mirror 120 is shown to include a body (or lower
layer/surface) 122 that is affxed to or integrally formed with
the surface 112 of the substrate 110. The view in FIG. 1 is
only "partial" as it will be understood that the assembly 100
typically would include many (e.g., hundreds to many
thousands) of the micro mirrors 120 (i.e., an array of micro
mirrors 120). Each of such micro mirrors 120 is individually
oriented or "programmed" as discussed below such that the
micro mirrors 120 of the array act together to display one or
more floating images made up of a plurality of pixels in one
or more image display planes above the substrate surface
tt2.

The micro mirror 120 also includes an upper (or exposed)
reflective surface 124 facing away from the surface 112 of
the supporting substrate 110. This surface 124 is reflective as

the micro mirror 120 typically will be formed of a metal or
metallic compound or other material chosen for its reflective
properties. pel sxamFle, the micro mirror 120 may be a thin
layer of aluminum, silver, gold, or the like provided by
deposition upon the surface 112 ofthe substrate 110. When
the image display assembly 100 is in use, ambient light 130
strikes the reflective upper surface 124 of the micro mirror
120 and is reflected as shown at 134 from the upper surface
124. Particularly, the micro mirror's upper surface 124 is to
have a normal vector 135 (e.g., as may be defined as output
of a design program with X, Y, and Z coordinates), and the
incoming ray 130 and the normal vector 135 from the same
angle, B, as is formed between the normal vector 135 and the
reflected light 134.

The reflected light 134 is preferably directed or aimed so

as to cross an image display plane 140, which is spaced apart
a heigfut, Hr, above or away from the substrate surface 112
(and reflective surface 124 which may be substantially
coplanar due to the small thickness ofthe body 122), at a

location (X-Y-Z coordinates may define this location relative
to the surfaces 112 and 124) coinciding with or defining one

of a plurality of written pixels 142 of an image displayed by
the assembly 100 in the plane 140. While not shown, a

plurality of other micro mirrors configured similar to mirror
120 would also reflect their received ambient light to the
poinVpixel 142 in the plane 140 (a pluality ofreflected light
beams fiom micro mirrors would intersect at the poinVpixel
142) so as to provide a point source oflight at 142 viewable
by a viewer 102.

To provide this desired reflection oflight 134, the micro
mirror 1.20 is oriented or has its reflective surface 124
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oriented in a particular, predefined (e.g., by a visual display
assembly configuration computer program or algorithm)
manner. Particularly, each micro mirror 120 may be indi-
vidually oriented by rotating its body 122 (or surface 124)
about one or both of first and second rotation axes 150, 152
as shown with arrows 151, 153 during design processes

ftxior to fabrication). Then, the micro mirror 120 may be
formed with these design parameters so that the reflective
upper surface 124 (with its known location in the array of
micro mirrors by X-Y coordinates of its center) is oriented
(at first and second angles) relative to the two axes 150, 152
to have its normal vector 135 aimed or targeted in a

particular manner (X-Y-Z coordinates of the normal vector
for the mirror 120), e.g., to have ambient light 130 reflected
as shown at 134 to cross the image display plane 140 at the
location of the pixel 142. As noted above, the size (and
shape) of each micro mirror 120 may be varied to practice
the invention with some embodiments utilizing square-
sbaped bodies 122 tbat have sides with a length, Lsdo tbat
is typically greater than about 35 microns (such as 50
microns) and often in the range of 40 to 60 microns while
some embodiments may use larger micro mirrors.

FIG. 2 is a side view (e.g., a functional schematic) 200 of
an object (such as currency, a document, a financial card, or
the like) 210 including an anti-counterfeiting or authentica-
tion (or security) element/device 220 ofthe present descrip-
tion. The object or substrate 210 includes an upper or first
surface 212 upon which is provided or formed the security
device 220 (which may take the form of the visual display
assembly 100 of FIG. 1). The security device 220 has an
exposed or upper surface 222 that is configured to provide
an aray of micro mirrors 224, which may be individually
oriented to provide reflection of ambient light striking the
srrface 222 of the security element 220 so as to display one
or more floating images that can be observed by a viewer
202 to authenticate the object 210.

To this end a fust number of the micro mirrors 224 may
be configured to provide sets of pixel-providing micro
mirors that reflect ambient light as shown with arrows 230
to'lrrite" or display a fust displayed image242 made up of
a plurality of pixels 243 (with each of these pixels 243
associated with one of the sets of pixel-providing micro
minors 224). A second number of the micro mirrors 224 is
con-figured to provides sets of pixel-providing micro mirrors
that reflect ambient light as shown with arrows 250 to
'lrrite" or display a second displayed image262 madeup of
a plurality ofpixels 263 (with each ofthese pixels 263 being
associated or written by one of the sets of pixel-providing
micro mirrors 224). As discussed with reference to FIG. 1,

each of the micro mirrors 224 in the same set of pixel-
providing micro annors?24 usedto create/write a particular
pixel243,263 in one of the images 242,262 is configured
or oriented with its reflective surface oriented (with rotation
relative to one and/or two rctation axes) to target or direct a
point/location on the plane 240 or 260 coinciding with the
pixel243,263. This, in most embodiments, coincides with
an apex ofa cone with each of the pixels 243,263 in the set
of micro mirrors 224 being in the base of the cone (e.g.,
within the circular arqr on the surface 222 defined by the
cone base). Note, each of these micro mirrors 224, though,
is oriented uniquely and differently to provide the reflected
light 230, 250 along a normal vector to its reflective surface.

To the viewer 202, the first displayed image 242 appears
to float in the fust image display plane 240 that is a height,
H1, above the surface 212 of the object/substrate 210 while
the second displayed image 262 appears to float in the
second image display plane 260 that is a diferent (typically

8
greater) height, Hr, above the surface 212. The micro
mimrs 224 are oriented so that the pixels 2,43 of the first
image 242 are a viewing angle offset, 0 **n (e.8., 1 0 to 30
degrees or the like) from the pixels 263 ofthe second image
262 so that the viewer 202 lypically only views one of the
floating images 242,262 al a time (at a range of viewing
angles).

As discussed above, micro mirrors for each set of pixel-
providing micro mirrors are chosen from a set of available
micro mirrors located within an area on the security element
surface (or substrate surface) that corresponds with a base of
the cone with an apex coinciding with the pixel being
created by these micro mirrors. FIG. 3 is an enlarged view
of a subset of the micro mirrors 224 on the surface 222 of
the security element 220 of FIG. 2, which correspond to
micro mirrors 224 in an area of one cone base with diameter,
Diam"o,.6o"., associated with one cone apex or written
pixel 243 or 263 in one of the displayed/written images 242
or 262 provided by the security element 220.

FIG. 3 illustrates all the available micro mirrors 224 inthe
cone base, but the security element 220 typically is designed
so that only a subset ofthese available minors 224 (such as

20 to 40 or more with 30 shown in use in FIG. 3 at 324) are
used to write or display a particular pixel. The unused
mirrors 224 typically are oriented to reflect received ambient
light away from the location of the pixel being written/
created by the chosen mirrors 324, which may be considered
as providing a mask with the unused mirors 224. The
chosen minors 324 (or mirrors in the set of pixel-providing
micro mirrors) are shown with shading/pafterning that
would not be actually present in a security element but that
is useful for diferentiating these mirrors 324 from the
other/unused ones ofthe nirrors 224.

As will be explained below, the micro mirrors 324 in the
set of pixel-providing micro mirors are rardomly chosen
such that the mirrors 324 do not provide an obvious, regular
pattern and each pixel's set of micro mirrors 224 likely will
have a very different pattem within a cone base or circular
area of the sudace 222 of the security element 220. Also,
each of the micro mirrors 324 n tbe set used to provide a

particular pixel 243 or 263 will be ditrerently oriented so as

to have the normal vectors of all the mirrors 324 intersect at
the X-Y-Z coordinates of the same pixel 243 or 263 in the
appropriate one of the image display planes 240 or 260.

Sipificantly, the mirrors 324 are not pointing toward a

viewer but, instead, are aimed or targeted toward the inter-
section point (or pixel coordinates) in the image display
plane or layer. The use of sets of micro mirrors to provide or
create floating pixels that in combination can write or
display an image in one, two, or more layers is effective in
providing a displayed image with depth and with high
contrast. Further, the image appears to switch from light to
dark with rotation of the objecVsubstrate with the security
element (or with movement of the viewer's eyes to change
their viewing angle or perspective).

FIG. 4 is a schematic or graphic side view or diagram 400
of a security element 410 dwing its use to provide a

two-layer or level image. The security element 41.0 includes
a micro mirror array 412 made up of numerous (e.g.,
thousands) micro mirrors (e.g., 50 micron diametermirrored
surfaces). As shown, three sets of micrc mirrors in the array
4l2bave been oriented or configured to display pixels 422
in a fust plane or at a flrst level 420 above the security
element 410 (or its surface soataining the anay 412). As
shown with arrows 423,light is reflected so that beams from
a set of the micro mirrors intersect to create a pixel 422 in
the first level 420. These are provided within a cone angle,
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p"o,,, Further, as shown with arrows 425, a mask or mask
image may deflned to block some rays by having the mirrors
that would provide this light directed outside of the conical
angle, p"",", region (e.g., the armws 425 are associated with
light that is not actually reflected for viewing with the light
423 but is, instead, directed elsewhere).

Also, as shown two sets of micro mirrors in the army 412
have been oriented or configured to display pixels 432 in a

second plane or at a second level 430 spaced apart from level
420. Arrows 433 represent beams of reflected light that are
directed from these sets ofmirrors to intersect or cross at the
locations of the pixels 432. Also, as shown, the pixels are
displayed to the viewer at viewing angles that are oflset by
an angle (pixel otrset angle), y (such as 10 to 30 degrees or
the like). The basic engle direction of the pixels 432 is
chosen to ofset the image in the plane/level 430 for the
viewer (or at the viewer) from the image in the plandlevel
420.

FIG. 5 is a schematic or diagram 500 similar to that of
FIG. 4 but showing an embodiment of a security element
510 with an array of mirrors adapted specifically to provide
two light and dark images. The diagram 500 illustrates that
the sets of pixel-providing micro mirrors on the security
element 510 (or in a mirror planar surface) can be oriented
to provide a light image (with bright pixels with a dark
background) that when going in reverse provides a dark
image with a light background as the viewer rotates the
element 510 or otherwise changes their perspective.

As shown, the security element 510 has a planar mirror
surface with an array of micro mirrors adapted to reflect light
in directed beams 514 and 518. The beams/rays 514 are

directed so as to display/create pixels 522 on a fust plane
520 that is more proximate to the mirror plane of security
element 510 (with only two pixels 522 shown in each image
plane 520 and 530 (in each displayed image) for clarity with
it being understood that any number of pixels (1 to more
typically many (e.g., a few hundred to several thousand or
the like)) may be used to create each image with the size of
the mirrors and overall array provided in security element
510 being the only limitations). The beams/rays 518 pro-
vided by the other sets of pixel-providing mirrors in element
510 are directed/aimed to cross/intersect on the second
image displaying plane 530 (which is spaced apart from the
first plane 520 some distance such 0.25 to 1 inch to several
inches or more) to display/create pixels 532.

To make the images provided by the pixels 522, 532
appear light and dark, the beams 514 and 532 ue separated
by an angle, 0, (e.g., 15 to 30 degrees or more) as may be
measured between proximate ones of the beams in each
group 514 and 518 (e.g., after the beams cross proximate to
the mirror plane of security element 510 such as at or after
the fint image display plane 520). 11s angle of image
sqraration, Q, and the cone angles at pixels 522,532 are
chosen to give this angular separation. Images ofbright and
dark zones do not overlap, and images provided by pixels
522 and 532 appear to the viewer to be in the two spaced
apart or diferent planes 520, 530. One image darkens as the
other lightens as the view angle changes.

FIG. 6 is a functional block diagram of a computer or
computing device 600 configured to run an array design
program to allow an operator to generate a design of an array
of micro mirrors for displaying a particular image(s) when
provided in a security element (e.g., to perform steps of the
method of manufacturing a security element with an array of
micro mirrors accordirg to the present description). The
computer 600 includes a processor(s) 610 that executes
code/instructions in computer readable media to run or

10
provide the functionality of the micro mirror array design
prcgram 630 as well as those of the ray tracing module(s)
635. The processor 610 also manages operation of inpuV
output (I/O) devices 620 such as a keyboard, a mouse, a

touch pad or screen, voice recoqnition software, and the like
configured to allow a user to provide input such as to select
design parameters for a particular security element. The VO
devices 620 may include a monitor/display 624 and the
design program 630 may be configured to generate one or
more graphical user interfaces (GUIs) 628 displayed on the
monitor/display device 624 to facilitate a user providing
input and to display calculated results (such as the calculated
angular orientations of each mirror in the array).

The processor 610 during the mnning of the design
program 630 may access and manage memory (or data
storage device) 640, which may be onboard as shown or
offboard but accessible by the processor 610. The output of
the design program 630 is stored at 650 in memory 640 and
provides a desip for an array of micro mirrors for a

particular security element to be manufactured. The design
650 is shown at 651 to include a calculated angular orien-
tation for each mirror in the array. This may be deflned at
652 with a certer location of the mirror (e.g., X-Y coordi-
nates) combined with coordinates of a normal vector (e.g.,
X-Y-Z coordinates) for the mirror. This information can be
used in a manufacture (e.g., deposition or other processes) of
a security element for an object (such as for currency, coins,
product labels, documents, and the like).

To allow the design program 630 to generate the array
design 650, a user typically initially chooses a digital image
660 as a base or starting image for creating an anti-coun-
terfeit or authentication image to be displayed in one or more
planes or levels relative to the array of micro mirrors. The
user/operator then may use the GUI 628 or other VO devices
620 to identifu one or more images to be displayed on each

level of the image displayed by the secwity element being
designed as shown at 662, 663. For example, images in the
first plane or level 662 may be foreground images in the
basey'start image 660 while images 663 in the second (or
later) plane or level 663 may be background (or intermedi-
ate) images ofthe base/start image 660. The design program
630 or another program on the computer 600 or available to
the processor 610 may then be used to convert the digital
base/start image 660 into a text or other flle that identifies
each pixel in the base/start image as being assigned to a

particular one of the levels/planes (e.g., a text file with a

plurality of m.mbers replacing the pixels of the image 660
representing one of the planes/levels of the image to be
displayed by the securiry element being designed using the
design program 630).

At this stage of operations, the design progzur 630 may
function to generate a GUI 628 with a number of data entry
boxes/fields prompting the user to accept default design
parameter values or to enter/modifi such values. The desip
prcgram 630 may then operate to calculate the array design
650 including the angular orientations of each of the micro
mirrors in an array. For example, the user may set or define
a cone angle, as shown at 666 in memory 640, for use for
generating the pixels ofimages in each level/plane used to
display a security image. The cone angle often will difler for
each level such as with larger values assigned to earlier/
lower levels/planes (but this is not required), and exemplary
cone angles for image pixels may be in the range of l0 to 30
degrees or the like.

The user may also be asked to provide or select an angular
offset between each pair of image levels/planes as shown at

668 in memory 640, and this ofset may range from 0 to 30
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or more degrees to achieve a desired efect for a displayed
image. Other parameters that may be entered or set by the
user ofthe system 600 may include the dots per inch (DPI)
670 that defines the spacing of the pixels in each image
display level or plane (the cone apex planes). The user may
also be allowed to set the number mirors to be used to create
or display each pixel as shown in memory 640 at 680 (with
20 to 40 mirrors likely to be useful in some implementa-
tions). Further, the user may define heights of the image
display levels or planes as shown at 68E (such as a first planc
at 10000 microns, a second plane at 20000 microns, a third
plane at 30000 microns or other useful spacings/heights).

Wth the parameters defined, the user may instruct the
design program 630 to run to first choose, lbr each pixel in
each image to be displayed in the levels/planes, a set of
micro mirrors to be used to display or crcate the pixel. The
other pixels may be considered unused pixels or pixels that
can be used in a mask, and these pixels may be angularly
oriented to direct light outside ofthe cone angle. The design
prognm 630 may then continue with determining an array
design 650 with these sets of pixel-providing mirrors 684 by
calculating for each of the micro mirrors of the array irs
angular orientation 651, which may be provided by the
coordinates (e.g., X-Y coordinates or the like) of the center
of each mirror and the coordinates (e.g., X-Y-Z coordinates
or the like) of the nomral vector for the mirror with such
center coordinates. This determination ofthe design 650 is
carried out such that the micro mirrors in each set of
pixel-providing mirrors is oriented to direct its reflected
ambient light (a reflected light stream or beam or ray) onto
the same image display plane at the same location (e.g., at
a location of a pixel). The ray tracing module 635 may be
configured to test the effectiveness ofthe array design 650
as explained below to ray trace reflected light providing
images to a viewer's eye (or expected viewing positions
relative to a security element with the array of micro mirrors
having angular orientations as called out in the array design
6s0).

FIG. 7 is a flow diagram of an exemplary design method
700 for an array of micro mirrors for use in a security
element, such as may be carried out by operation of the
system 600 of FIG. 6.

The method 700 starts at 705 such as with loading a

design program onto a computing device and initiating or
running the program. The method 700 continues at 710 with
selecting a base or start image such as selecting a file in
memory of a computing device providing a digital image of
objects that may be useful for providing a multiJayer
display for use in authenticating an object (e.g., an image
with one or more components that can be presented as

foreground images and one or more components that can be
presented as background and/or intermediate images or on
layers that appear behind the foreground images).

In step 720, the method 700 involves a user indicating
which portions/components of the basdstart image from
step 710 should be presented in the image(s) displayed on
each of the one, two, or more image display layers for this
security element. Hence, step 720 may be thought of as
including fust deciding how many display layers/planes to
use with this array of micro mirrors (and this value can be
affrmed/set in later stcp 730 as onc of thc design param-
eters). Stcp 120 may involve assigning differing colors ofa
colored base/start image to differing image display planes/
levels. In other cases, a component/object in the image may
be chosen as a foreground image and one or more of the
other components/objects in the image may be selected to be
background images to be on different levels/planes. At step

12
725, the method 700 continues with converting the base
image into a flle (such as a text document or file with each
pixel replaced with 0's and l's when two levels/planes are
used and so on) that indicates for each pixel in the base
image which level/plane that pixel is assigned for display by
the array of micro mirrors.

The method 700 continues at 730 with the user choosing/
setting design parameters (or accepting default ones such as

may be predefined by the desip program or as previously
saved for other arrays). For example, the spacing ofpixels
in each image plane may be set (e.g., set the DPI for each
image display plandlevel), and the user may also set the
cone angle and, in some cases, the mirror size. Step 730 may
also include setting the height ofeach image display level/
plane (which also sets the spacing between adjacent pairs of
the planes/levels).

The method 700 continues at 740 with selecting or
identiffing a set of mirrors in the array to use to display each
of the pixels in the images chosen in step 720 (with more
detail pmvided for this process provided below). Step 740
may involve determining the number of mirrors that should
be used for each pixel (typically a number between 1 and 40
or more that is used throughout the design) based on a cone
angle, mirror size, and the DPI of the image (or pixel pitch).
ln some implementations, a program implementing the
method 700 provides the average number of mirors per
pixel after step 730, and the user may determine it is useful
to modifu the design parameters (repeat step 730) to achieve
a better result (e.g., some prototyping indicates that a "sweet
spot" may exist around 25 mirrors per pixel with l0 being
too few in some cases and 40 being too many in others). Step
740 may also involve defining a cone with an apex coin-
ciding at the pixel location and with a cone angle set by the
design parameters, and the cone base or area on the mirror
plane may be used to define which micro mirrors may be
chosen to display or "write" the particular pixel. The desigrr
parameters also define how many mirrors among the avail-
able ones in this circular or cone base area to use in the set
of pixel-providing mirrors. A first mirror is chosen randomly
(any useful random selection algorithm may be used and it
may have "memory" in that a next run may remember which
mirrors in the available set have already been chosen), and
then this random process is repeated for the available
mir:r,ors until the set includes the number of mirrors needed
for a complete set based on the design parameters for this
array of m.icro mirrors.

At step 750, the method 700 includes for a next one ofthe
pixels in the images, calculating angular orientation of all
mirrors in the set of mirrors chosen for displaying that pixel.
At 760, it is determined whether there remain additional
pixels in the images, and, if yes, the method 700 proceeds
with repeating steps 750 and 760 until all the angular
orientations for the mirrors in the sets of pixel-providing
micro mirrors are determined. If no at step 760, the method
700 continues at 770 with directing all mirrors not in one of
these sets (or unused mirrors) so that they do not interfere
with image display, e.g., by assiming an angular orientation
that is outside the viewing cone for each ofthe pixels used
to display the images on each ofthe levels/planes.

At step 7E0, the method 700 is shown to include a

decision step based on the number and/or location of the
unused mirrors. l-tre method 700 (or computer program
functioning to implemcnt the method 700) may plot the
position of all the unused mirrors. If there arc too many
unused mirrors (e.g., above a predefined maximum unused
mirror number) and/or the unused mirrors are too close to
each other (e.g., not scattered over the canvas or array of
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micro mirrors), the method 700 may retum to step 730 to
change the design paramete$ and repeat the other steps of
the method 700 after step 730. The parameters that may be
changed at 730 can include the cone angle (e.g., to have
more surface from which to choose mirrors) and the height
of the floating images (e.g., the closerthe images are floating
1o the mirror plane the more difficult it can be to find useful
mirrors so that higher or lower display/floating levels or
planes will decrease the number of unused mirrors). In some
cases, thc DPI can be changed from the original image
and/or the image design may need to be changed to obtain
a useful result with method 700.

If the number and/or location of the unused mirrors is
determined to be satisfactory at 770, the method 700 then
may end at 790. The design of the angular array may then be
output for use in fabricating a security element with an array
of micro mirrors individually oriented to provide one or
more images (with a number of displayed pixels) on one or
more image display planes/levels.

As discussed previously, an underlying idea ofthe secu-
rity elements of the present description is to use ambient
light and a planar surface containing many small mirrors and
to aim the ambient light reflected oII the mirrors toward a

desired point in space above the planar surface that contains
the mirrors. This is called the fust layer image and is defined
by artwork that has light or dark pixels to be produced in a

layer or level (or first image display plane). By carefully
selecting the mirrors within a circle defined by the intersec-
tion ofthe cone defined by an apex angle and a pixel liom
the first layer/level as the apex of the cone, the cone apex
from various mirrors in the circular base of the cone pro-
vides a point source of light floating above the level of the
mirror plane at the location of a pixel, containing the
mirrors. A computer algorithm (as shown with the program
630 in FIG. 6) completes this process on a pixel-by-pixel
basis. Ifthe pixel in the first layerflevel is a dark pixel (e.g.,
a pixel not associated with the image or image component/
portion from a base/start image chosen for display in the first
image display plane). no rays will be aimed toward it.

In addition the program has the capability of using a
second layer of pixels that acts as a mask for the first layer
of pixels so that various portions of the pixel image at level
one are "hidden" or visible depending on the viewing angle.

The algorithm that getrerates the fust layer of floating pixels
looks at the rays aimed to the pixel in the first layer and the
continuation ofthe rays to the second layer. The intersection
location in the second layer is calculated and is searched for
nearby dark pixels of the second layer/level (mask layer
and./or second image display plane). If dark pixels are found
in the intersection area on the second layer, the mirror tbat
reflected that ray to the fust layer is not used to aim the ray
at that pixel to the fust layer (e.g., this additional processing
can be used to modify or originally select the mirrors to be
used to display the pixel of the fust image display plane).

'fhus, there is a masking effect of the mask layer as is
desired. To form a mask that appears to "float" over the
pixels in the fust layer (or first image display plane), some
pixels of the fi$l layer will have partial cones of pixels
depending on the mask geometry defined by the pixels
on/of of the second layer and on the angle the pixels are
viewcd (as can bc seen with refcrcnce to the diagram 400 of
I"IG. 4). As the viewer's eye is moved (or the mirror
asscmbly tiltcd to thc vicwcr), pixcls of the fimt layer will
change brightness and appear or disappear from view in a

way that causes lhe mask to appear to move.
To insure uniform illrrmination across pixels, during the

aimilg plssss5 as described above, onJy one ofthe available

t4
mirrors is used in each pixel's cone of acceptance by the
design program, and the mirror is selected at random from
the available mirron in the cone of acceptance. Affer the
direction cosines of the selected mirror are calculated, the
mirror is marked by the design program as "no longer
available for use by any other pixel." The design program
moves on to the next pixel, and the same sequence ofevents
or desip. steps are repeated until all the pixels zre used (or
oriented for desired light reflection). At that point in the
design algorithm, the entire sequence ofpixels is again used
to pick up one ofthe available mirrors for each pixel. After
a mrmber of cycles of the pixels, all the mirrors are used

depending on the image and mask pattems. If some mirrors
cannot be used because of the geometry of the image layer
and mask layer, they will be aimed out of the viewing zone.

The design program allows the user to choose the values
of the spacing of image levels from the mirror plane, as well
as pixel cone angles, mirror sizes and pixel pitches. These all
can be optimized or selected by the user to make (or try to
make) the best image to present to the viewer. The inputs to
the design program in some embodiments are pixel image
files for the fust layer image and for the mask for the second
image display plane or layer/level. However, there are also
capabilities for the program to make its own test input
layers. The output ofthe program is a data file containing
mirror locations and the coordinates of the nomral vector to
each mirror in a fonnat suitable to make the mirrors or to
form an array of micro mirrors on a supporting substrate
(such as a piece of currency, a coin, a product label, a

document, or the like).
In some embodimetrts, the design program allows the user

to see the input files, ray traces to diferent levels (e.g., via
operation of the ray tracking module 635 shown in FIG. 6),
and the expected image seen on the retina of a viewer.
Tracings can be done using input cones of light on the
mirors to see the affects ambient light distributions on the
viewer's retina. As an example ofthe GUI 628 of FIG. 6 that
can be generated by the design program 639, F'IG. 8 illus-
trates a micro mirror design GUI 800 that is displayed in one
prototype of the design program created and used in proto-
typing by the inventors.

The main GUI or menu 800 shows an exemplary set of
inputs (design parameters, fs1 sxemple) that can be chosen,
input, or modified by the user. These include pixel pitch,
level/image display plane values, and cone angles for pixels,
mirror size, and selection of test pattems. The right side of
the GIII/menu 800 shows some of the details or results of the
calculations performed by the design algorithm based on the
user's input or selected (or default) design parameters pro-
vided on the left side. These include the number of mirrors
that are dark (aimed away from pixels of images chosen for
display on level or image display plane), numbers of mimrrs
used, algorithm used, and time required to calculate direc-
tion cosines of mirrors.

The level height parameter can be used to define or set
how far above or below the mirror plane, in microns, that the
image desig:nated will appear for a mirror array desip. lhe
level cone angle degree parameter sets the angle at the
floating pixel of the cone in which specific mirrors can be
selected. A narrower angle mcans that there will be fewcr
potential mirrors for each pixel, and the oppositc for a largcr
angle. The level angle offset parameter defines or sets the
angle of offset that you would like the image level to appear,
in respect to lhe Z axis. The "Assign Image (1,2) color
(0,1,3,4) to level#" input box allows the user to place the
various image colors to the specified levels. The "Border
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Edge Width Add" input box allows the user to expand or
shrink the canvas to allow for movement of the images.

As noted earlier, the design process begins with inputting
or providing an image file for the design program to process
to create or calculate the design for the micro mirrors. One
significant parameter in such design calculations is the
resolution (DPD, and, in some applications, it may be uscful
to input or use lower resolution files (or digital images). For
instance, an image that is 100 DPI is equivalent to having a

pixel every 254 microns, and in the GLII 800 in FIG. 8 this
is the input shown under "image focal points X pitch:254"
(and the same value for Y pitch). Based on this resolution or
how many pixels you need floating to reprcsent that specific
image along with the mirror size (in the attached menu 800
this is 50 microns), the design program calculates "avg Num
Mirrors available per pixel." which in this example is
25.7 685291 .In other words, a little over 25 mirrors that can
be used to reprcsent one pixel from the original or base/
starting image file.

FIGS. 9A-9C illustrate with graphs 910,920,930 images
that can be displayed on various levels or image display
planes by an array of micro mirrors of the present descrip-
tion. Graph 910 of FIG. 9A shows a frst layer image, with
the light or on pixels providing an "X" pattem rhat would be
displayed by a number of sets of pixel-providing mirrors to
be floating in a first image display plane. In FIG. 9B, graph
920 shows a second layer image, with the light or on pixels
providing a rectangular background pattem or object that
would be displayed by a number of sets of pixel-providing
mirrors so as to be floating in a second image display plane.
The graph 930 of FIG. 9C shows a partial '.X" of light or on
pixels displayed with micro mirrors of an array and shows
the effect of a mask blocking part of the image.

FIG. 10 is a plot 1000 illustrating a ray tracing of light
rays 1015 and dark rays 1017 near a first image display plane
or first leveVlayer 1020 for one modeled array of micro
mirrors 1010. As can be seen, the array of micro mirrors
1010 provides converging rays of reflected ambient light
meeting or intersecting at a number of pixels 1022 at the
floating pixel level or image display plane 1020 (or a first
level as discussed above). It can also be seen that dark rays
1017 are directed away from the converging points/pixels
1022 ard do not converge at the flrst level 1020.

One useful analysis tool ofthe design program and/or the
ray tracing module is that a desip.er of an array of micro
mirrors for a security element is able to evaluate the image
as seen by a viewer. To this en4 a ray tracing part of the
design module (or a separate module as shown in FIG. 6) is
used to view the image on a simulated retina. Thus, the
effectiveness of array design including a mask can be
analyzed by putting the viewer's eye in various locations,
which is equivalent to tilting the minor plane, and plotting
the ray trace<l image on the simulated retina. FIG. 11

illustrates a representative GIII or ray tracing menu 1100
that allows a user to specif parameters to utilize in per-
forming the ray tracing. FIG. 12 illustrates a plot 1200 of a
representative ray tracing showing the mirror plane 1210,
traced reflected rays/beams 1220, afaceplane 1230, location
ofa viewer's eyeball at 1240, and a corresponding retina at
1245 upon which rays converge indicating display of a set
or number of pixels of a "written" or displayed image by thc
mirrors oriented in a desired manner at the plane 1210.

A number of manufacturing approachcs may be uscd to
fabricate an array of micro mirrors for attachment to or upon
a surface of a substrate (such as currency, coins, product
labels, and so on). In some embodiments, a photo resist
process has been implemented by the inventors in creating

16
security elements or devices as taught herein. As discussed

earlier, the design program or software generates alr output
file (as explained in more detail below). To fomr the micro
mirors according to this output file, a laser system is used

to expose the photo resist material, usually on a quartz or
lime glass master. The photo resist material is normally at
least 25 microns thick. The laser or laser system may expose
the material in steps such as in about 0.5 p steps. The
exposurc settings correspond to the amount of material that
will be washed away and not bardened, and this exposure
creates a "2" axis or height of the feature. The resulting
micro mirrors (which may be flat or may be concaved for
better focus depending upon desip) are made in the photo
resist material. The photo resist is generally still light
sensitive and will "melt" in white light. ln some cases, the
photo resist is chrome plated in house before processing.
The photo resist is then placed in an electroforming tank.
The resist is charged and attracts nickel (or other metallic)
particles, and nickel is "grown" on the photo resist as a
nickel "shim." This nickel shim can be "turned" as needed

from negative to positive and back again for tooling. The
nickel shim is then used in the cast and cwe process 1o form
the array of micro mirrors oriented as indicated by the output
file of the design program or software.

In othcr fabrication prccesses, a IIV (ultraviolet light) or
enerry-cured polymer is used, and the process includes
memllizing the mirrors to form an array as taught herein. In
other cases, the fabrication process involves stamping or
forming the micro mirrors into surfaces such as chrome or
aluminum conlainers.

In general, the inventors teach a method of fabricating a

security or branding element. The method includes provid-
ing a substrate and forming an array of micro mirrors on a

surface of the substrate. The array of micro mirrors is
configured for receiving ambient light and, in response,
displaying an image in a plane spaced a distance apart from
the surface of the substrate. The image comprises a plurality
of pixels, and the array of micro mirrors includes for each of
the pixels a set of the micro mirrors each having a reflective
surface oriented to reflect the ambient light toward a point on
the plane corresponding to one ofthe pixels.

In some embodiments of the fabrication method, the
forming the array of micro minors step includes casting the
micro mirrors with a mirror tool in contact with the surface
of the substrate. In these embodiments, the substrate may be
a clear, energy-cured polymer, and the mirror tool can be
formed of nickel or a polymer.

In some cases, the step of forming the array of micro
mirrors includes metallization of surfaces of the micro
mtrors. This may be performed so as to apply a thin layer
of aluminum, gold, or silver to form reflective surfaces or
form the mirn:r structures of the array. The metallization
may be performed in a vacuum chamber using a deposition
system or the like. F'urther, the forming step may include,
prior to the metallization of the surfaces of the micro
mirrors, embossing the surface of the substrate to form the
surfaces of the micro mirrors. ln this regard, it may be useful
for the surface of the substrate to include or be made up of
an embossable coating or layer.

In performing the fabrication method, the substrate may
be (or include or be provided on) a coin, an automobile part,
a computcr part, a bumper, or a container, and the displayed
image provides branding or authentication for the compo-
nent that includes the array of micro mirrors. In such cases,
the array forming step may include stamping the micro
mirrors into the surface of the zubstrate.
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In the same or other embodiments, the step of forrning the
array of micro mirrors may involve filling in recessed
surfaces associated with the micro mirr,ors with a filler so as

to make duplication (e.g., by molding) more difficult if not
impossible. The filler may take the form of an ultraviolet
(LM) vamish, an e-beam solvent, a water-based vamish, or
the like. In some cases, it may be desirable for the filler to
have a higher refractive index such as an index of at least
1 .55, such that at least a portion ofthe received ambient light
at extreme angles is reflected to sharpen the displayed image
for a viewer.

From the description and figures, it can be seen that there
are numerous advantages and unique features of security
elements/devices that include or are formed of arrays of
micro mirrors. The individual mirrors can be programmed or
oriented in two axes to focus to a specific pixel in any visual
plane (e.g., in a first image display plane, in a second image
display plane, and so on). In this way, the micro mirrors are
used to image pixels forrning drawings or text that appear to
float relative to the planar surface containing the array of
micro mirrors. The micro mirrors can be configured or
designed to focus above or below the visual plane forming
pixels that in combination display images with depth (multi-
layered or multi-depth imagery). The program performs a

unique design method providing an output file that can be
used in fabricating or generating the micro mirrors.

ln practice, the shape of the m.icro mirrors can be round,
square, and rectangular with the reflective surface being flat,
concave, or convex to provide desired focusing upon a pixel
(or location on one ofthe image display planes). The size of
the mirron may vary to practice the arrays of micro mirors
such as from abour 1000 microns down to one micron with
mirrors in the 35 to 70 micron range likely being desirable
(with 50 micron square mirrors being used in a prototype/
model).

An array of micro mirrors can be desigred to provide a

variety of visual e$ects such as showing images above or
below the visual planes and in first, second, third, or more
image display planes relative to the mirror-containing planar
surface. In other cases. the mirrors are used to provide an
effect of light images with dark backgrounds animating to
light backgrounds and dark images with a change of per-
spective. In the same or other cases, an array of micro
mirrors can be configured with selective orienting of mirror
reflective surfaces to provide a masking effect showing one
image receding as it goes across another image. In many
cases, the micro mirrors generate more than one level of
imagery to the viewer (two or more). Particularly, the micro
mirrors can generate one image made up of a set of pixels
at one level above the focal plane while also (or separately)
generating an image below the focal plane. In the same or
other cases, the micro minors may be configured to generate
an image at the focal plane. In these embodiments, the
images are displayed/written either with bright pixels (light)
or dark pixels (the absence oflight or reflected light from the
viewer). Images created by the micro mirrors can provide an
animation efect, and, in the same or other embodiments, the
images created by the micro mirrors may provide a 3D
eflect.

The array of micro mirrors can be used in (or provided as
part of) a currency tfucad, which may bc about 10 to 50
microns thick. 'lhe array of micro mirrors or security ele-
ment can bc used as a foil stamp that may be about 10 to 100
microns thick. 'lhe array may be formed by stamping the
micro mirrors into any metallic surface, such as a surface of
a coin, or by placing the micro mirrors on glass, ceramic, or
plastic substrates, which may be clear so as to create a

18
unique visual display or imaging efect that allows a viewer
to see images in display planes on two sides of the substrate
supporting the array of micro mirrors (or transparent film
including such mirrors). In these and other ways, an array of
micro mirrors may be successfully used in any high security
application including, but not limited to, passports and other
high security documents including currency.

In some embodiments, the displayed or written image is
colored (e.g., is not simply black and white). In one embodi-
ment, a color display is created by fomring thc mirrors of the
array with plasmonic resonance for color while other fab-
rication processes use tinting of the reflective minors with
ink. In other embodiments, diflractive material is added to
the reflective surfbce of the mirrors or diffraction grating
may be used to create color with the micro mirrors. In some
embodiments, dielectrics are used to provide color with the
array of micro mirrors. In still other colored display embodi-
ments, a protective cover layer may be applied to the mirrors
that is transparent (to-translucent), and then coloring may be
provided by printing on this cover layer with translucent
color squares (or other mirror shape-matching coloring
filters) aligned over the proper micro minors to achieve a

desired colored image in one or more of the image display
planes or levels/layers.

FIGS. 13A and 13B illuslrate plots 1310 and 1320 pro-
vided by the design program ofimages chosen for display on
first and second image display planes or levels, respectively,
and these are the two images that would be written or
displayed by micro mirrors of an aray. In FIG. 13A, a user
has input an image with a colored or plain background with
a circular boarder enclosing a leaf, and the circular boarder
and the outline ofthe leafhave been chosen for display or
writing on a first level or first image display plane (at a fint
height such as 10000 microns away from the planar surface
containing the mirors). The offset angle may be set at 0
degrees (or some other value), and I]IG. 13A represents an
approximation of what a viewer would see when viewing the
security element with this design of an Euray of micro
mirrors. Particularly, a plurality of bright or "on" pixels
showing the circular boundary and the outer edgeVboundary
of the leaf.

FIG. 13B shows the first layer imagery 1310, but it also
shows with plot 1320 that as the viewer rotates the mirror
plane or changes their perspective (e.g., from a 0 degree
viewing angle to the ofset angle that may be 2O degrees or
the like) the original images 1315 are replaced with the new
images 1325 at the second level or second image display
plane (which may be at 20000 microns or some other height
such that the two levelVimage display planes are spaced
apart some desired distance). As shown, the designer/pro-
gram user has indicated that the background of the input
image, the inner portion of the circle, and the inner portion
of the leaf should be written or have their associaled pixels
"on" in the second layer while the portions chosen for image
1315 of the first layer are "of'or dark. In this manner, the
image sees a transition between displaying imagery with
light and then with dark pixels as their perspective or
viewing angel changes to view the images in the two spaced
apart levelVlayers or image display planes.

FIGS. 14A and 148 illustrate plots 1410 and 1420 that
show thc results of programming or oricnting an array of
micro mirrors to display an object or image 1415 (here an
eagle or hawk). Thc plot 1410 ofFIG. l4Amay be consid-
ered a top view as the intersections ofnormal vectors from
the micro mirrors are shown relative to X and Y axes while
the plot 1420 of FIG. 14B may be considered a side view as

the same intersections are shown relative to the X and Z
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axes. FIG. 14A is useful for showing a representation of
what a viewer would perreive when looking in an orthogo-
nal direction to the plane containing the mirrors, e.g., the
viewer perceives the outline of an eagle (which may be

displayed or written with bright or dark pixels). The inter-
sections act to display "pixels" that, as can be seen all4l5,
work in combination to display an object/subimage (as may
be chosen by a user of the design prcgram from an input
image file for display in a particular level or image display
plane). FIG. l4B shows that lhe pixels (or normal vector
intersections) are generally planar or provided in a plane
coinciding with a preset/defined level or image display plane
relative to the planar surface containing the micro mirrors
(e.g., a plane spaced apart a predefine distance from the
array of micro mirrors), and this acts to prcvide a floating
image 1415 or an image with depth or 3D effects.

As discussed above, the desip program or algoritbm
functions to create an outpul file that may be used in
manufacturing an array of micro mirrors adapted to display
one or more floating images above (or below) the planar
surface containing the anay. Table 1 below provides exem-
plary data that may be provided in such an output file (with
only a small number of mirrors being shown for ease of
explanation but with it understood that similar data would be
provided for each mirror in the array). The X and Y colu-.s
of Table 1 show mtror positions (in microns), e.g., in the
second row a minor is located in the array at 35 microns on
the X axis and at 0 microns on the Y axis. ln the table, next
to each minor location in the array, the DX, Dl and DZ
columns provide the coordinates of the norrnal vectors for
each of the mirrors. In this way, each mirror has a defined
position in the array and a precise direction its reflective
surface is pointing in space.

In creating the exemplary data in Table 1, the following
assumptions were made for the design of the array of micro
mirrors: (1) units are microns; (2) the anay is configured to
have flat mirrors with tilted reflective surfaces; (3) the
mirrors were square in shape with 35 micron sides; (4) the
array was also assumed to be square in shape with 27.930
micron sides; (5) the numbcr of mirrors was calculated to be
798 along the X and Y axes such that the total number of
mirrors was 636,804; and (6) the maximum mirror tilt angle
was requested to be 30 degrees (e.g., due to vendor/manu-
facturer limitations so may be set at 20 degrees).

TABLE 1

x Y DX DY DZ
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the design prograrn described herein) lbr previewing likely
or predicted results ofa design ofan array ofmicro mirrors.
Specifically, FIG. 15A illustrates a plot 1510 of a 3D image
that may be displayed with a selected image and a particular
design of an array of micro mirrors. The plot 1510 illustrates
a foreground or first layer image 1514 (e.g., a btd such as

a flying eagle) relative to a background or second layer
image 1518 (e.g., a colored frame with stars) relative to each
other and X and Y coordinates. The plot 1510 previews what
a viewer looking directly at or downward at the security
device may see via the array of micro mirrors. FIG. 158
illustrates a plot 1520 illustrating the foreground image 1514
and background image 1518 not only relative to the X and
Y axes but also relative to the Z axis (e.g., the depth that
would be provided by the array of micro mirror design).

The preview program providing the plots 1510 and 1520
takes as input the output file of the design program, with all
the mirror positions and normal vector coordinates. The
preview program calculates the intersection of the reflected
rays (e.g., rays coming straight down and bouncing out of
the mirrors to the viewer) with the plane where the image is
supposed to (or is designed to) float. With the plots 1510 and
1520 provided by the preview program, the operator or
designer can veriff the combination of foreground and
background images 1514, 1518 provides a desired 3D image
or representation as shown in FIGS. 15A and I^5B. In this
example, an eagle 1514 is floating in a first image plane at
+30,000 microns above the mirror plane while the frame
1518 (with stars) is floating in a pushed back second image
plane at -30,000 microns (or the two image planes are
spaced apart 60,000 microns for the viewer providing a

desirable 3D effect). Srated differently, the preview program
takes the normal vectors corresponding to the eagle's mir-
rors and plots the intersection to the plane at 30,000 microns
(and does a similar processing for the frame/background
image's mirrors and the plane at -30,000 microns).

Although the invention has been described and illustrated
with a certain degree ofparticularity, it is understood that the
present disclosure has been made only by way of example,
and that numerous changes in the combination and arrange-
ment ofparts can be resorted to by those skilled in the art
without departing from the spirit and scope of the invention,
as hereinafter claimed.

We claim:
1. A visual display assembly useful as a security element

on paper and coin currency, and product labels, comprising:
a substrate; and
on a surface of the substrate, an array of micro mirrnrs

receiving ambient light and, in response, displaying an
image in a plane spaced a distance apart from the
surface of the substrate, wherein the image comprises
a plurality of pixels and wherein the array of micrrr
mirron includes for each of the pixels a diferent set of
the micro mirors each having a reflective surface
oriented in a fixed manner with a body of each of the
micro mirrors rotated about at least one of first and
second rotation axes extending tbrough the body, to
reflect the ambient light toward a point on the plane
corresponding to one ofthe pixels, wherein each ofthe
diferent sets concurretrtly reflect the ambient ligbt to
concurrently generate the plurality of pixels, and
wherein a voxel is created at each of thc points on thc
plane via intersection of two or more beams of the
reflected ambient light and wherein each of the created
voxels produces an efect of a point source of light
floating above the surface of the substrate in the plane.
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2. The assembly of claim 1, wherein the substrate is the ambient light toward a unique point on the plane
transparent, whereby the image is displayed to be spaced corresponding to one of the pixels to concurrently
apart the distance from a first side of the substrate and a generate a voxel for each of the pixels, a voxel being
second image comprising a second set of pixels is concur- created at each of the unique points on the plane via
rentlydisplayedbythearrayofmicromirrorswiththeimage 5 intersection of two or more beams of the reflected
so as to be spaced apart a second distance from a second side ambient light and each ofthe created voxels producing
of the substrate opposite the first side. ao effect of a point source of light floating above the

3. The assembly of claim 2, wherein the second image is surface of the substrate in the plane, and
a mirror image of the image displayed to be spaced apart wherein the substrate is tansparent, whereby the image is
from the first side ofthe substrate. 1o displayed to be spaced apart the distance from a first

4. The assembly of claim 2, wherein the second image is side of the substrate and a second image is concurrently
a reverse ofthe image displayed to be spaced apart from the displayed comprising a second set ofpixels is displayed
first side of the substrate. by the array of micro mirrors to be spaced apart a

5.Theassemblyofclaiml,whereinthemicromirrorsare second distance from a second side ofthe substrate

rectangular with a smallest side in the range of 50 microns ts opposite the first side.
to 1000 microns. 16. The assembly of claim 15, wherein the second image

6. The assembly of claim 1, wherein each ofthe sets of the is a mirror image of the image displayed to be spaced apart
micro minors includes a number of the micro mirrors in the from the fust side of the substrate.
range of 2 to 40 and wherein the reflected ambient light from 17. The assembly of claim 15, wherein the second image
at least twenty of the micro mirrors intersects at the point 20 is a reverse of the image displayed to be spaced apart from
corresponding to the one ofthe pixels. the first side ofthe substrate.

7. The assembly of claim 6, wherein each of the sets of the 18. The assembly of claim 15, wherein the micro mirrors
mlgls minsn includes al least thirty of the micro mtrors. are rectangular with a smallest side having a length in the

8. The assembly of claim 6, wherein the point on the plane range of 50 microns to 1000 microns.
corresponds to an apex of a cone and the at least twenty of 25 19. The assembly ofclaim 15, wherein each ofthe sets of
the micro mirrors are located within a base of the cone the micro mirrors includes a number of the micro mirrors in
coplanar with the surface of the subslrate. the range of 2 to 40.

9. The assembly of claim 8, wherein the micro mirrors 20. The assembly of claim 19, wherein the reflected
within the base of the cone and excluded from the set of the ambient light from the sets of the micro mirrors itrtersects at

micro mirrors displaying the pixel are oriented to reflect the :o the point corresponding to the one of the pixels.
ambient light away fiom point on the plane corresponding to 21. The assembly ofclaim 20, wherein each ofthe sets of
the pixel to provide a dark background for the image. the micro mirrors includes at least thirty of the micro

10. The assembly of claim 1, wherein, further in response mirrors.
to the receiving of the ambient light, the array of micro 22.The assembly of claim 20, wherein the point on the
mirrors displays a second image in a second plane spaced a :s plane corresponds to an apex of a cone and the set of the
distance apart from the plane displaying the image, wherein micro mirrors are located within a base of the cone coplanar
the second image comprises a plurality of pixels and with the surface of the substrate.
wherein the array of micro mirrors includes, for each of the 23. The assembly of claim 22, wherein the micro mirrors
pixels of the second image, a set of the micro mirors each within the base of the cone and excluded from the set of the
having a reflective surface oriented to reflect the ambient 40 micro mirrors displaying the pixel are oriented to reflect the
light toward a point on the second plane corresponding to ambient light away from point on the plane corresponding to
one of the pixels of the second image. the pixel to provide a dark background for the image.

11. The assembly of claim 10, wherein the image has a 24. The assembly of claim 15, wherein, funher in
first viewing angle and the second image has a second response to the receiving ofthe ambient light, the array of
viewing angte offset from the first viewing angle by at least 45 micro mirrors displays a second image in a second plane
10 degrees. spaced a distance apart ftom the plane displaying the image,

12. The assembly of claim 1, wherein the plane is above, wherein the second imege comprises a plurality of pixels
below, or coinciding with the focal plane for the array of the and wherein the array of micro mirrors includes, for each of
micro mirron. the pixels of the second image, a set of the micro mirrors

13. The assembly of claim 12, wherein the micro mirors so each having a reflective surface oriented to reflect the
are configured to display the image with colors. ambient light toward a point on the second plane core-

14.'fhe assembly of claim 13, wherein at least one of ink, sponding to one of the pixels of the second image.
plasmonic resonance, and dielectric material is used to 25. The assembly of claim 24, wherein the image has a

configure the micro mirrors to display the image with the first viewing angle and the second image has a second

colors. ss viewing angle oflset from the first viewing angle by at least
15. A visual display assembly useful as a security element 10 degrees.

on paper and coin currency, and product labels, comprising: 26. The assembly ofclaim 25, wherein the plane is above,
a substrate; and below, or coinciding with the focal plane for the aray of the
on a surface of the substrate, an array of micro mirrors micro mirrors and wherein the micro mirrors are configured

receiving ambient light and, in response, displaying an 60 to display the image with colors.
imagc in a plane spaccd a distance apart from thc 27. The assembly of claim 26, wherein at least one of ink,
surface ofthe substrate, plasmonic resonance, and dielectric material is used to

whcrcinthc image comprises a plurality of pixels, configure the micro minors to display the image with the
wherein the array of micro mirrors includes for each of the colors.

pixels a unique set of the micro mirrors each having a es 28. Avisual display assembly useful as a security element
reflective surface oriented, in a fixed manner to be on paper and coin currency, and product labels, comprising:
non-coplanar with the surface of the substrate, to reflect a substrate; and
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on a surface of the substrate, an array of micro mirrors ink, plasmonic resorutnce, and dielectric material is used to

receiving ambient light and, in response, displaying a configure the micro mirrors to display the image with ttre
first image and a second image in a plane spaced a colors.
distance apart from the surface of the substrate at first 35. Avisual display assembly usefirl as a security element
and second viewing angles, respectively, s on paper and coin currency, and product labels, comprising:

wherein the fust and second images each comprises a a substrate; atrd
plurality of pixels, on a surface of the substrate, atr array of micrc mirrors

wherein the array of micro mirrors includes for each of the receiving ambient light and, in resplnse, displaying an
pixelsauniquesetofthemicromirrorseachhavingl image iI a plane spaced a distance apaf from the
rcflcctivc surfacc rigidly oriented, by rotating a body of to *.fi"" of ,U" substrate,
each of the micro mirrors about at least one of two .----. -..--.
rctalions axes extending rhrough the body. to reflect the :f:T.t|| ^T'ge 

compnses a pruralry or prxers'

ambient light away from the substrate toward a pointli *h".t:T tl"jfy of micro mirrors includes for each of the

the plane ionesponding to one of the pixels, pixels a different set of the micro mirors each having
a reflective surface oriented. differentlv from others ofwnereln eacn oI Ine unlque sels or me nucro fiurrors 15

includes a number of the micro mirrors in tn" *"g" oi the, micro mirrors in the diferent set, to reflect the

2 to 40, and ambient light away from the substrate and toward a

wherein the reflected ambient light from the number of polnl.n'.tht plane corresponding to one of the pixels'

the micro mirors intersecls at the poiot .orr"rpooJiog ' !':l *1 oJ voxels concurrently being created at the

to the one of the pixels to create a voxel, whereby thE zo points on the plane via intersection of two or more

voxel acts like a point light source positioned il th; 
-' be31s ol,1he reflected ambient light at each of the

plane at the point corresponding to th" oo" oi th" lollts:'nlheplanetoconcurrentlydisplaythepixelsofthe lmage,plxels.
29.T'he assembly of claim 28, wherein rhe subsrrate is *h"t:} .!i-fr in response to the receiving of the

. --','-- 
^- ambient lic.ht, the array of micro mirrors displays aIraDsparenr. wnereoy rne rusr ano secono lmages are ols- 25

played to be spaced apart the distance from a firsi side ofthe ycoLr{tm1ge in a second plane spaced a distance apart
, - . l- from the nlane disolavilc the imaee.

suDsrrare ano a Iilro rmage compnslng a secono ser or plxels
is displayed by rhe array-of micro mirrors to be spaced afart *l"-t:i" the second image comprises a pluzlity of pixels'

a second distance from a second side of the substrate
opposite the first side, and wherein the second l*ug.-i. 

-, 
,o wh;rein 

th3 
a]ay of micro mirrors includes' for each of

the oixels of the second imase. a different set of the
nurTor lmage or me lmage olsptayeo Io oe spaceo aparr Irom
the first side of the substrate. micro mirrors each having a reflective surface oriented,

30. The assembly of claim 2g, wherein the substrate is ***'l! from others of the micro mirron in the

transparent, whereby the first and second l-ug", uo-dir- oiflt:lt set' to reflect the ambient light away from the

played to be spaced apart the distance from a first side of the :s ::btTt" ard toward a point on the second plane
- . ,- -- corresnondins to one of the oixels of the second imaee.

suosrare anc a rruKr lmage compnsmg a rffro ser or plxels
is displayed by the array ofmicro mirrors to u",pr""a,frrt a sf:nd sel ofvoxels concurrently being created at the

, ::*^ points on the second plane via intersection of two ora secono olsEnce rrom a secono s10e or rne suDsrrare
opposite the fust side, and wherein the thircl l-ug" it-u m91b;lmsofthereflectedambientlightateachofthe

reverse of the image displayed to be spaced apart tr"o*tne +o P:'-t]: t" concurrently display the pixels of the second

first side ofthe substrate. tmage'

31. The assembly of claim 28, wherein the micro mirrors ^ lj: 3:. ::t"-l]ly of claim 35, wherein the image has a

, ., .---,-- first viewinq anqle and the second imaqe has a secondare recEngular wlrn a smallesr sloe navrng a rengrn ln me 1 :
range of 50 microns to 1000 microns and wherein *;;i Yi"Yl19-ist" 

offset from the first viewing angle by at least

theiets of the micro minors includes at least thirty of tn" +s tu$ffr"turr".bty 
of claim 35, wherein each of the sets ofmicro minors.

-,jj*:::*lI:-':::::::1"::',",*"-t:i":::,*: H:;ffru:';ffH::#,i:T3fi'*",:l'j#'',H,ffi"flHptane colTesponos ro an apex or a cone ano rne numDer or ule
micro mirrors are located within a base of the.oo" "opir*i 

the lumb:i of the micro mirrors intersects at the poitrt

with the surface of the substrate. corresoondinq to the one of the pixels'

33.Theassemblyofclaim32,whereinthemicrcmirrors ".^L.T!^:s"emblyofclaim35'whereintheplaneisabove'
within the base of the cone and excluded from the r"t oiu. below' or coinciding with the focal plane for the array of the

micro mirrors displaying the pixel are oriented to reflect the *llt#TI---L,-. 
-. -1.-,_- .E --.L--:_ rL^

ambient light away fiorn=poini on the plane correspondiffi l?:T:::t:mbly of claim 35, wherein the mrcro mrrors

the pixel to provide a dark background for the image. 
- 

s5 T,::'.figured lo.display 
the image with colors and wherein

34. The asiembly of claim 28, iherein the plane is-above, t! l*.tl 9L:e 
ollnk' plasmonic resonance, and dielectric

below, or coinciding with the focal plane ro, u" ur*y oitt" l]]:lil i:T,I to configure the micro mirrors to display the

micro mirrors, wherein the micro ,oi.-.. ur" configured to image with the colors'

display the image with colors, and wherein at least one of + + * + *
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