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MICROTILED PRISMATIC CUBE £ORNER ARTICLES

FIELD OF THE INVENTION
This invention telates generally to retroreflective sheefing and rélated articles that
incosporate cube corner clements, with particular application o such articles in which distingt cube
CQFEr arrays are wrranged into a phirality of tiles to provide improved retrovediective performance
relative o an. article that incorporates only one cube corner array. The uvention also relates fo

articles and systems incorporating such cube corner articles, and methods of making andnging
such articles..

BACKGROUND

Retroreflective cube comer articles afe known. Such articles incorporate cube corner
elements, ¢ach such cube cornet having three approximately muteally petpendicular facets of high
veflectivity. The reflective facets interact with light tc; oause each cube comer element to redireot
incident Yight back in the general ditection from which it originuted, regardless of the angle of
incidence of the light, This functionality is aseful in applications raquiting enhanced visibility,
©.g.street and highway signs, traffic control barrels and cones for placement in and along
‘toadways, and vests ar other articles of elothing for persens who engage in wotk or otber activities
around nighttime traific. The reflectivity of the facets may be provided by total internal reflection,
or by a layer of metal qor other reflective material coated onto the facet. It is also known 1o design
the cube corners so that the dihedral angles beiween the three reflective facels deviate slightly
from perfect perpendicularity; so that the retroreflected light deviates slightly from the dircetion of
the incident Bight. In this way, more of the retvorefiected Hght is likely to be seen by a petson
whose-eye subtends-a small but nonzero angie iclative to the direction of the-incident lipht.
Reference in this regard is made to U.S, Patent 4,775,219 (Appeldorn et al).

1t is kmown for a given enbe comer article to be fabricated vsing 2 ool having a structured
surface. The stiuctored surface of the cube corner article may be made by microreplication fiom
the struetored surface of the tool, The structured surface of the tool is thus an inverted version or
negative replica of the shuctured surface of the given cube comer article, As such, s tool also
includes groups of three approximately mutoally perpendicuiar facets, and whether or notthe teol
itgelf provides any retroreflectivity of light, it can be considered 10 be & cube corner article.

1 is alsc known lo provide cube corhidr arlicies with a tited configuration, io which distinet
cube comer arrays are arranged in a pattemn of adjacent yegions or zeries, referred to herein us tiles,
The filing typically mnodifips the enirance and erientation performance of the article.
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Commercially available-retraveflective cube corner sheeting uses tiles having, n plan view, the
shape of long strips ot rectangular areas {inclusive of squares), a minimum characteristic
dimension of witich # on the order of 0,150 inches (3.8 mm) or more. The orentation of cube
corner clements is different between any iwo adjacent tiles.

Thiee known retroreflective cube corner articles that employ tiling will now be discussed,

Figures 1, 1A, and 1B relate to a filed rétroreflective arficls discussed I U.S. Patent
5,936,770 (Nestegard et al)). Figure'i depicts a magnified view of a portion of the structured
surface of a retroreflective cube comer sheeting 110-which is designed to exhibit improved
retrorefloctive performance ut high enfrance angles ih exactly two primary planes, and to exhibit
substantiaily similar retvorefloctive performanese at varying entrance angles in each of the fwa
primary plimes. ‘Thestructured surfice includes a plorality of alternating zones which comprise an
artay of cube corner glements 112, The cube comer elements 112 are disposed as opfically

-opposing matched pairs in an armay on one side of the sheeting, Each cubs corner element 112 hag

the shape of & trthedral prism with thide exposed planar fices 122, The dibedral angle between the
faces 122 is about 90°, but can deviate sliphtly from 90 as discussed in the ‘219 Appeldorn paient.
The cube corner clemends 112 pteferably huve a canted geometry as disclosed in U.S. Patent
4,588,258 (Hoopman), -Such canting defines a single primary plane of improved retrorefiective
performance at high entrance angles and a single setondary plane of improved refroreflective
performance ut high entrance angles. The uxes. of the cube comer elements can be canted in a.
“packward” or “negative” direction as discussed in U.S. Patent 5,565,151 (Nilsen), orina
“forward” or “positive” difection as discussed i the “258 Hoopmen patent.

The structured suiface of the sheeting £10 includes a plurality of alterasting zones (“tiles™)
of cube corner arrays disposed af approximately ninety degree orienfations. Sheeting 110 may

thus be characterized in that it includes z first zone 106 Inceluding an array of cube corner clentents

‘disposed in 2 fivst orientation on the sheefing and a sccond zone 108 of cube corner clements

disposed in a secopd arientation on the sheeting to define afirst primary plane of improved
retroraflective petformance at high entrance angles and a second primary plane of improved
retyoreflective performance at high entrance angles-which is perpendicular to the first plame.

The first zane 106 extends substertially parallel with 2 Jongitudinal edge of sheeting 110.
“The first zone 106 inclndes an array- of oube corner elements 112 formed by three mmtualiy
interseeting seis of grooves meluding two secondary. groove sefs 126, 128, and a primary groove
get 130, The individual cube corner elements 112 in the array arc formed such that their optical
gxes are canted ina plane petpendicnlar to the primery groove 130. The cube corner atray in first.
zong 106 thus exhibits a primary plane of improved-retrotefleclive performance whicl extends
perpeadicnlar to the primary groove 130, and perpendicular to the longitudinal eilge of the
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sheeting $10. The individual cube-cornerelements are canited through an angle-of approximately
835 degrees with regpeet 1o an axis norimal 1o the base of the cube corner element 1o define base
trisngle included angles of 55.5 degrees, 55.5 degrees, and 69 degrees. The second zone 108.
extends snbstantially pacallel to the fiist zone 106 along the length of the sheeting, atid inglndes an
‘array of cube corner elements 112 substantinily identical to the sray disposed in-the first zone 106,
except thet the emey in the second zone is dispused ai e nincty degroo orientation relstive to the
grray in fizgt zone 106. 1t is said that advantages may be obtzined by canting opposing cube comer
elements thropgh an angle between about 7 degress and about 15 degrees (see e.g. the 258
Hoopman patent), but that varying degrees of canting -and varying cube sizes can be used.

Figure 1A depicis the retroreflective characteristics of a single cube comer arrdy in
accordance with the ‘258 Hoopman patent. Such a cube comeransy axhitits 2 single principal
plane which exhibits improved refroreflective performance at high entrance angles, represented by
the plane extending through the two broadest lubes of the iscbrightness contours,-and a secondary
plane, which exhibits improved retroreflective performance at high entrance angles, vepresented by
the-plane which extends through the two shorter lobes of the isobrightnoess contours, Accordingly,
ghesting mamufictured to bave such.a single cube corner amray has a single preferred orientation,
The embodiment of FIG, 1 is said fo overcome this Hmitation by providing two plancs which
cxhibit improved retroreflective performance at high entrance angles. As disclosedin PCT
Publication WO 96/42025 (Smith et al.), backward canted cubes may be configured {e.g., base
angles of 50°, 65°, 65°) to have two similar preferred planes of entrance angularity, Thetwo
preferred planes of entrance angulerity dre not necessarily perpendicular4o each other,

FIG. 1B is an isobrightness contour graph of retroreflective brighiness rerdings taken from
a sample of dual orientation shiceting in accordance with FIG. 1. A description of retroreflective
testing geometrics and measurément angles is supplied in ASTM E-808-93b, Standdrd Practice
Jor Describing Retroreflection (a more enrent version of which is designated ASTM-E-808-01
(2009)), and pertinont angles-and other geometrical factors are also discusved below in connéotion
with FIG, 4, The-measurements of FIG. 1B were taken at o fixed ohservafion angle of 0.33
degrees and a. fixed presentation angle of 90 degrees. The entrance atgle was vasicd between 0
and B0-degrees anid the sheeting was rotatéd through a 360 degree range of orientation angles. In
FIG. 1B, entrance angles are represented by concentric circles, while orientation arigles arg
Tepresented by numerals extending radially around the graph. The-concentric isobrighiness
contoyrsiepresent the ralative refroreflectince of the retrorefiected light; fhe maximum
retroreflestance is represenied by the center-point on the graph and concentric isobrightness
contours representing five percent reduetions in retrorefleciance relative 1 the maximum,

measured in; candslas/fmmeter®,

"3



10

15

20,

25

30

WG 2014/151368 PCT/US2014/025584

Referring to RIG: 1B, the retroreffective sheetitig of FIQ. 1 exhibits exactly fourbroad

‘Jobes-of improved retroreflective performance at high entrance angles, These fouf lobgs voour af

90 degree miervals beginning sta zeio degree orientation. angle{a.g, at 0, 97, 180, and 270 degrees
orientation angle). These four lobes define two primary planes of improved retrorsflective
performance at high enfrance angles: the first plane extends throughthe plane of the sheeting at a
0-180 orientation and the second plane extends through the sheefing-at-a 90-270 orientation. The
shesting ia also snid to exhibit substaniially similar reiroteficetive performance across verying
entrance angles within these fwo plancs. In use, the shegting may be oriented in either of two
different orientations to'enable the shesting to provide optimal retroreflective performance.

For further design details and varidgtions of retrorefiective drticles such as that of FIG, 1,
thereaderis direeted to the “770 Nestegard patent.

Figure 2 is 2 schematic plan view of another cube cormer reiroreflective éhccﬁﬁg 276 that
employs tifing. The filed sheeting 270 was sold in commerce by the Stimgouite Corporation of
Niles, IL; under 1he frade name STIMSONITE High Performance Grade Reflective Shieeting (Lot
1203W, Product Number 8432170), The filed sheeting 270 employs a plurality of tiled arrays of
backwsrd canted cube commer element matched pajrs. The sbueiured surface of the sheeting 270
inciudes a piurslity of groups ofcube comer slement matched pair srrays positioned at a plutatity
of distinet erientations relative to a longitudinal edge 2772 of the-sheeting 270, The cube comer-
arrays are oriented such ihat the primary grooves of the arrays lie in planes that are positioned at
orientations of O degrees, 30 degrees, 60 degrees, and 90 degrees relative to longitudinal edge 272.
of sheet 270,

For further details of the tiled shecting 270, as well a5 Jescriptions of other filed.
retrofeflective articles, the reader.is directed to U.E. Patont 5,822,121 (Smith etal.).

Fignre 3 s a tiled cube corner article 310 discussed in patent gpplication poblication US
2011/0013281 (Mimura et al). The cube corner article 310 has v structured sirface in which
facets thereof Form firét cube.corner arrays 313-1 and second cube corner arrays 313-2 atranged
into slternating sirip tilos 312-1, 312-2, respectively.. The struchred surface defines.a reference
plang, shown as the x~y plane-of & Cartesian x-y-z coordinats system. The first cube corner srrays
313-1 have cube corners 314-1 and 315-1. Thess cube cormers me canied, That i, the opticsl axis
(sometimes referred fo asthe symmetry axis) of each cube comer is tilted with respect to the
normal gxis of fhe plane, Le., with respect to the z-axis. The second cube corner arrays 313-2 have
cube corners 314-2 and 315-2, whicl: are also canted. The projeciions ofithe aptical axes of the
vurious cube gorners on the x-y plane ure shown in the figure ns optical axés 3141, 315d-1,
314q-2, and 31582 for the cube corners 314-1, 315-1, 314-2, 3052, rospectively:
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‘The Mimura reference deseribes dn embodiment in which cubé corners 314-1 and 315-1
have base triangles whose ordered inferior angles. or.base angles are (54.218%, 66,659°,.58.423%),
and 1 which cubg corners 3142 and 3152 have base triangles whose ofdered intarior-engles are
{54.918°, 58:423°, 66.659°). Further disgussion of base triangles and theirordered angles is
provided below. A given ong of the cube corners.314-1 and an adjacent one of the cube corners
3151 form.2 matched pair of cube corners, becauserthe cube comer 3id-1, if rotated 180 degrees
about the z-niis, produces a cube cornex thet has the same cube geomoty and the same cube
orientation as the cube corner 3151, A given one of the cube comers 314-2 and an adjacent one
of the cube corners 315-2 also form a matched pair of vube comets, for the same reason,
However, any given cibe corner wiiliin the array 313-1 does not have the sanic cube geometry as,
and does not fotm 2 matched pair with, any cube corner within flie array 313-2.

BRIEF SUMMARY

We have developed a family of cube corner-articles in which the stactured surface
inchudes different cubé comer armays that afe combined in & tiled configuration. Design fedtires of
the different-cube corner arrays, optionally in combination with design features of their respective
tiles, a1 selected to provide one ot more beneficial product-chatacteristics, such as improved
otientation viiformity for reiroreflected lighit, improved apparent spatial vniformity of the

structuted surface, fewer fragmented cube-corner elements (or increased sutfaos coverage of non-

fragmented cube corner elements), particularty along extended edges-of tiles, and ease of

manufaciure, while being able to realize one, some, or-all of thtse beneficial characteristics in thin
flexible cube corner shiceting having » high overall retrorcflectivity, if desired. Base of
manufectare hag at least two'possible aspacts. One aspect relates to the speed at which a
retroreflective cube-cotner filin can be menufactared, which can beincreased by designing the
eube.corney arrays formost or all of the tiles to have one groove setperaiiel to the downweb
direction of the filn web (and preferably slso to an edge.of the respective tile), so that curable
matetial can be foreed into the structored sarface of the tool more casily and rapidly. A second
aspect relates 10 reduced cost and increased simplicity in the mannfaciure of the cube corner tool,
which can be realized by the use of cube corner ar'rg_s;s capable of being put with only one setof
thrae or fewer cuiting touly, such that the cube geomsiry for one arsy is :thB sare as the cube

geometry in a differently oriented array; and/or is a permutation of, the cube peometry ina
(differently oriented arnay,

We disclose hetein, infer alie, cube cornet urticles such as retroreflsctive sheeting that
ntitize muitiple cube.corner arruys in # tiled configueation, cach tile confsining one airay of canted

cube corner clements. The tiles may belong and narrow, i.c., cxtended, and the array in cach of at
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least two or three adjacent tiles, or even in most tiles or every iile of the articls, may include at least
one lengthwise groove that is parallel to an edge of the tile-and parallel to a fixed in-plane axis, which
axis may be a down-web direction of the article. Each tile may have a width that is narrow {e.g. 0.2 to
3 mm, or less'than 1 mm, orfrom 0.2 to I mm), and equal to an integer multiple of a lengthwise
groove piteh to avoid or reduce ineffective fragmented cube corners, and vertical surfaces, along the
tile edge. Each array may have a plane of cant and a primary plane of entrance angularity, and the
primary planes of entrance angularity for the multiple tiles may be more evenly distributed.in

* azimuthal angle than the planes of cant.

A fuest aspect of the present invention provides an article having a structured surface that
defines a reference plane having an in-plane axis, the structured surface including a plurality of cube
cornef arrays arranged into a plurality of tiles including first, second, and third tiles. The first, second,
and third tiles are defined by respective first, second, and third cube comer arrays, the first, second,
and third cube corner arrays having at least one respective first, second, and third primary plane of
entrance angularity each orienteq differently relative to one another and each orienied differently
relative to the in-plane axis. The first, second, and third tiles each includes one tile edge parallel to
the in-plane axis. Each of the first, second, and third cube corner arrays includes one given groove
paraliel to the in-plane axis. The first, second, and third primary planes of entrance angularity have
unigue oricntations with respect to any other primary plane of entrance angularity of the first, second,
and third cube corner arrays.

The first, second, and third tiles may each be elongated parallel to the in-plane axis. For each
of the first, second, and third tiles, the given groove may be one of a phurality of lengthwise grooves
that define a lengthwise groove pitch, and cach of the first, second, and third tiles may have a width
equal to an integer multiple of the respective lengthwise groove pitch. The widths of the first, second,
and third tiles may each be in a range from 0.2 mm to 5 mm, or from 0.2 mm fo I mm, or from 0.5
mm to 1 mm. The plurality of tiles may include additional tiles other than the first, second, and thied
tiles, the additional tiles having corresponding additional cube comer arrays, and all of the additional
cube corner arrays may include one given groove parallel to.the in-plane axis.

Cube corners in each of the first, second, and third cube cotner arrays may be canted and
characterized by a base triangle having an ordered set of base angles, and the ordered sets of base
angles for the first and second cube corner arrays may be equal to each other, and the ordered sets of
base angles for the first and third cube corner arrays may be permutations of each other. The concept
of an ordered set of base angles iz discussed further below.

The ordered sets of base angles for the first, second, and third cube corner arrays may
alternatively be equal to each other. The plurality of tiles may then further include a fourth tile
defined by a fourth 6ube corner array, and the fourth cube corner array may have a fourth primary
plane of entrance angnlarity that is not parallel to any of the first, second, or third primary planes of

entrance angularity, and cube corners in the fourth cube comner array may be canted and



characterized by & base triangle having an ordered set of base angles that {s a permutation of the
ordered sct of base angles for the first cube corner array. The fourth tile may be clongated parallel to
the in-plane axis, and the fourth cube corner array may include one lengthwise groove pardllel.to the
in-plane axis,

Al of the cube corner arrays in the plurality of cube corner arrays may have respective
primary planes of entrance angularify, the primary planes of entrance angularity may define at least 4
unigue orientations relative to the in-plane axis. The cube corner arrays associated with the at least 4
unique orientations may each include one lenpthwise groove paralle o the in-plane axis, and may be
characterized by respective ordered sets of base angles, every two of such ordered sets of base angles
either being equal to each other orbeing permutations of each other. The primary planes of entrance
angularity may also define at least 5 unique orientations relative to the in-plane axis. The cube comer
arrays associated with the at least 5 unique orientations may: be characterized by respective ordered
sefs of base angles, every two of such ordered sets of base angles either being equal to each other or
being permutations of each-other. The primary planes of entrance angularity may also define at least
& unique orientations relative to the in-plane axis. The cube corner arrays associated with the at least
6 unique orientations may be characterized by respective ordered sets of base angles, every two of
such ordered sets of base angles gither being equal to each other or being pennuiations of each other,

The first and second tiles may have tile edges that meet along a boundary, and facets of a row
of cube corners on the first tile near the boundary and facets of a row of cube corners an the second
tile near the boundary may collectively form a composite groove, the composite groove being parallel
to the in-plane axis. The composite groove may have a composgite groove angle that differs from a
groove angle of the given groove of the first cube corner array and that also differs from a groove
angle of fhe given groove of the second cube corner array.

The structured surface may provide-a uniformity index at a 30 degree entrance angle of at
least 4, or at least 5, or at least 6. The structured surface may provide a uniformity index at a 40
degree entrance angle of at least 2, or at least 3, or at least 4, or at least.5.

A second aspect of the present invention provides an article baving a structared surface, the
structored surface including a plurality of cube cormer arrays arranged into a corresponding plurality
of tiles comprising first, second, and third tiles defined by respective first, second, and third cube
corner anays, the first, second and third cube corner afrays having af least one respective first, second,
and third primary plane of enfrance angularity each oricnted differently relative to.one another and
each oriented differently relative to the in-plane axis, the structured surface defining a reference plane
having an In-plane axis. The cube coraer array for each of the plurality of tiles has a given groove set
whose groaves extend parallel to the in-plane axis, and the cube corner array for each of the plurality
of tiles has associated therewiils a plane of cant . The first, second, and third primary planes of
entrance angularity have unique orientations with regpect to any other primary plase of entrance
angulatity of the first, second, and third cube corner arrays. Unique ones of the primary planes of
entrarice angularity for the plurality of tiles are more evenly distributed in azimuthal angle than unique

ones of the planes of cant.



The unique oaes of the ptimery planes of entrance angularity may have a mintmum angular
separation PhidMinl and the nnique ones of the planes of cant may have a minimum angular separation
Phit#in2, snd PhiMin] may be greater than PdMin?, or PhiMinl may be at Jeast 2 times PhiMin2, The
unigue ones of the primary planes of eritrance angularity have a maximum angnlar separation PhiMax], and
the unique ones of the planes of cant may have's maximum angular separation Phiddax2, and PhiMax] may
be less than PhiMax2. An angnlar distribution mstrio PRIADM (describéd below) for the unique ones of
the primary planes of entrance angularity may be greater than the coivesponding sngular distribution metric
PhiADM2 (also-described below) for ihe unigue ones of the: planes of cant,

The phurality of tiles may each be elongated paralicl to the in-plane axis. The tiles may kave
regpective widths thaf are in 2 range from 0,2 mm to:§ mm, or from 0.2 mm to 1 num, or from 0.5 mm to |
inm, The given groove set foreach tile inay be a lengthwise groove set for such tile. The structnred surface
may have N unique primary planes of entrance angularity agsociated respectively with N nnique ones of the
cube corner arrays, and N may be'd, 5,or 6. The plurality of tiles may-inchude a first, second, aud third fls
compising reapactive first, second, and thicd arrays of canted cube corners, and the first, second, and third
atrays may have associated therewith respeetive firat, sceond, and thivd planes of cant no two of which are
parallel to each othet, For cach of tho first, second, and third arrays, the given groove sef may be a
Tengthwies groove set that defines a lengthwise grogve pitch, and each of the first, second, and third tiles
may have a width equal to an integer multiple of the respective longthwise groove pitch.

The struchired snrface may provide a uniformity index at & 30 degree enfrance sugle of at least 4, or
at Jeast 3, or ot Jeast 6. The structured surface may provide a uniformity index 4f a 40 degres entrance angle '
of af least 2, or ak least 3, or at laast 4, or at least 5.

A third aspect of the present. favention provides ‘an article having a structured surface that defines a
reference plate having an in-plane axis, the structured surface being segmented into a plarality-of tiles, the

siructured surface incleding a first, second, and third tile comprising respective first, second, and thind amrays
of canted cube corners. The firgt, second, and third atrays finve sssociated therewith at least ane respective
first, second, and third pIane of cant no two of which ave parallel to each other, and furthey associated
therewithat lesst one 1éspautiw first, secand, and third primary plane of entrance augularity each oriented
differently relalive to one anoflier and sach orlented differently relative to the in-plane axis. Fach of fhe first,
-second, and third arrays may have a groove set whose grooves extend parallel to an edpe of its respective
tile. Cube corners in the first, second, and thind arrays are characterized by base friangles having respective
first, second, and third ordeted sets of base angles, and the-fizst and secand ordered seis of base angles may
be equal to sach other, sud the firsf and {hird ordered sels of base anglesmay be pormitations 5 each other.
The tirst, sccond; and third primary planes of enfrance angularity have unique orientations with respect to
agy otlier primary plane of entfacce angulaiity of the first, second, and third cube corner arrays,

Each of the first, second, and third arrays may be defined by three seis of parallel grooves that

' iatersect each other to form cobe corners. The atficle mety 2lso include a fourth tile comprising & fourth array
{-)f canted eiibe cormers, and the fourth-array
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tnay have associated therewith a fourth plane of carit that is not prrallel to eny of the first, second,
or third'planes of cant, The fourth.array mey be cheracterized by a base tiangle hweving  fouth
ordered set of buse Angles, and the fourth ordered set of base angles may be the same-as the third.
ordered set of base angles. The structured surfage may provide a uniformity index at 2 30 degree
entrance angle-of at least 4, or at least 5, or at least 6, The structueed surface may provide a
uniformity index ata 40 degree enfyance sngle of at least 2, or at least 3, or at least 4, or at feast 5.

Related mothods, systems, and articles are also discussed,

These and other aspects of the present application will be apparent from the deteiled
descripiion below, Ii no event, however, should the aboye summaries.be construed as limitations
on the claimed subject matter, which subject maiter is defined sololy by the attached claims, as
may beamenged during prosecution,

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a front or plan view of the struciured surface of a-tilcd retroreflective sheeting
that is known;

FIG. 1A is an ischrighiness graph showing the retroreflective performance for ong of the
dube.corner axrays or Hles fom the sheeting of FIG, 1;

FI&, 1B isim isolaighiness graph showing the retroroflective performanee for the sheeting
of FIG. 1;

FIG. 2 is a schematic plan view of another tiled retroreflective sheeting that is known;

FIG. 3 is & multidircetional zlement gronp disclosed in 2 published patent application;

FIG. 4 is a perspective view of a retrorefiective article, depicting certain parameiors
felating fo illumination-and gbservation gegimetty;

FIG. 56 a sehomatic front or plan view of an drrangement inwhich three cuba coraer
arrays of different orientations can be combined;

FIG. 68 n'schemafic front or plan view of a structured surfice compriging three distinct
cube corner arrays such as thoge of RIG. 5, arranged into three corresponding ties;

FIG. 6A7% a schematic side or elevational view.of the cube corner srticle of FIG, 6;

FIG. "7A. 3 a schematic front or plan view of o retroreflective arlicle having three lamina
on'which respective-different cube corier arrays are ot-can be formed, and FIG. 7B is a schematic
wide or elevations] view of the same retroreflective article;

FIG. 8 is 2 schematic front or plan view of two extended lamins, showing how grooves in
u groove set can be parellel or substantinlly parallel 4o a major edgo-of the Jamina;

FIG. 9 s a schematic perspective view of a tiled retroretiective article being viewed by an
observet;
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FIG. 10 is a schematic front or plan view of a retroreflective atticle comptising aphirslity
of elongated tiles;.

FIG. 11A isa graph showing modcled total light vetum (TLR) vetsus orientation angle for
a single array of canted cube corners;

FIG. 11B is 2 graph showing modeled TLR versus orientaiion angle for a tiled
retroreflective arficle fiaving three canted cube corner arrays of different orlenfation, such as those
of FIGS. 5 and 6;

FIG. 12 isa graph showing modeled TLR versus orientation'angle for another tiled
retroteflective arficle having three canted cube corsier arrays of different -orientation;

FIG, 13 is-u schematic fop or plan view of individual cube corner elements, to demonstrate
coneepts snch as cube geometry; cube prientafion, planc of cant, and primary plane 6fenirance.
angulatity;

FIG. 14 43 2 schematic top of plan view of a tiled cube corer article that hag six distinet
armays of canted cobc comers;

¥1G. 15 is a séhematic top orplan view of represontative individual cube corner elements
from the cube corner arrays of FIG. 14, the figure nlso showing planes of cant and primary planes
of entrance angularity;

FIG. 16 is a.schematic representation of the planes 6f canl dud the primary planes of
entrance angularity for the cube corner arrays of FIG. 14;

FIG. 17 #1 & greph of modeled TLR at varioiss. entrance angles for the tettoreNective artiels
of FI(3, 14, agsuming the article s conmosed of a matetial of refractive index 1.586;

FIG, 18 is-amodeled graph similar to that of FIG. 17, but wherein the article is assumed to
tie composed of amaterial of refractive index 1.5;

FICE. 1B iza maltidieeetiond] element gronp disclosed in a published patent agplication;

FIG. 1Y 35 a graph from the above-mentioned published patent application relating io an
optical simulation of thenpliidirectional clément group of FIG. 3;

FIG. 20’3 a graph of modeled TLR at various entrance angles for the structured sucface of
FIG. 3, assuming the ariiclg is composed of a material of refractiveindex 1.586; and

FIG. 21 is a graph in which date fiorn FIGS. 17 and. 20 is replotted a8 a uniformity index:
a8 8 fimetion of enfrance angle.

In the figyres, like refercnce numerals degignate liks elements,

DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS
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We haye developed a family of cube comer articles that can. provide & number of
bencficial product characteristics, depending upon how many and which of the disclosed design.
features are used in the artiele or i i(s menufaciore.

Before discussing the design features in niore detail, we fiist-turn to FIG. 4 io review
certain pararneters.relating fo-ilhiminetion and obsexvation geometry of retrorefiective objects. In
the figure, an arlicle 450 has a fiont suxface 430. The article 450 may bo a rétroreflective sheet or
other retroxeflective object which may have a structured surface (0., at a back or rear side of the
object)to provide the retroreflectivity. The arficle is assumed to lic generallyin a reference plene.
A Cartesian x-y<z coordinate system iz ghown in the figure, and the reforence plane is assameéd to
correspond to the x-y planc. Note that if a given article is eurved, bent, or otherwisé not flat, a
portion of the article that i small enough 1o approximate a plane may be considered in isolation.
The articke 456 and Teference plane algo define a surface nonmal axis 448, this axis being
porpendicular to the reference plane and thus parallel 1o the z-axis. We can also define a particnlar
in-plane axis 465, sometimes referred tovg a datum meack, The in-plane axis 465 is of conrse
perpendicular to the normal axis 448, and intersects the normal axis at a point on the front surface
or another pertinent portion of the article 450, The in-plane axis 465 may be selected io be o
partieniar direction of interest in the plane of the article 450, e.g., a dowhweb direction, the groove
direction for a partiensr groove sct, oran edge of the article or of a tile of the article.

The atticle 450 i illuminated by a light sonrce 416, and a detector 466 measures the
brighiness or intensity of the lght reflected by the article 450, The light source 416and detector
466 are shown 2t arhitrary positions reldtive to the article 458. An illumination axis extending
from the Tight source 416 to-the axticle 450 makes an angle B with respect to the normal axis 448.
The illumination axis and the normal axis 448 define an entrance plane which is perpemlicular to
the x-y plane and makes an angle © with respect fo the in-plane axiy 465. An observation axis
exiending fiom the detector 466 {0 the aiticle- 450 malkes an angle v witli respect to the
ilfamination axis, The ehservation axis and the illunyination axis define a plang, and this plane
ke an angle ¢ with respeet 1o°the illumination plane. ‘These angles are referred:to s foliows:

& — observation angle;
ff — entrance angle;
v—presentation angle; and
| - origntation angle.
These angles, and other ungles discussed herein, are expressed in units of degrees of drc unless
otherwise noted.
The reflective brightness, aliemativeély referred o as the teflectance, the retrorefleciance,

or simply the brightness, of an article such as article 450 is designated Ry and is in generala
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function of all four angles o, f, ¥; and w. The reflective brightness is the reflested uminovs
infensity of the article divided by the normal. illuminance and by thé surface area of the axficle (or
portion thereof boing tesied), and is sxpressad in units of candelas per Tux per squaic mefer and
abbreviated cd/(huxsm®) or od/lx/ m*. If the values of w, B, vy, and @ are lefi unspesified, itis typical
to assume an gbservation angle « of 0.2 degrecs, an entrance angle p of -4 degrees, a presentation
migle y of zero, and un orientation angle @ of zero. The tofdl light return (TLR) of an aricle such
a3 article 450 1efers tothe product of the percent-or fiactional active area of the cube corner and
tayintemsity. Unless otherwise specified, the TLR is calenlated by integrating all light reflected by
the article into a hemisphero whose base coincides with the frort surface of the-article {see front
murface 430 i FIG. 4), every direcion vector within the hemisphere having a non-negative z
coxaponent with reference to the coordinate system of FIG. 4. The hemisphere defines a full range
of observetion angle o-and 4 full range of presentation angle y. Tnsome cases, however, the TLR
may, be calenlated based on light reflected into only a portion of the hemisphers, e.g., a portion.
comesponding to a detector that subfends a cone whose halfangle is 4 degrees in observation angle
o The TLR is thus in general # fonction of only the entrance angle p and the orientation angle o.
An isobrightness contour graph, also referred to 85 an isointensity plot, for an arbicle such us udicle
458 is-a graph such as-those of FIGS. 1A.of 1B in which the reflective performance of the article
(which is wsvally represented by the TLR, but if desived may instead by represented by the
tetroreflectance R, at fora particular presentation angle v (typically zero degrees) and observation
angle o (typicaily 0.2 degiees)) is plotted in the form of contour lines as a function of entrance
angle ) and orientation angle @.

A primary plane of entrance angularity for an article such as article 458 refers to an
eniranoe plane {defined e.g, interms of orientation angle o) in which the isobrightness contour
graph cxhibiis lobes of maximum extent, For example, the graph of FIG. 1A above has obe
primary plane of entrance angularity corresponiding to orientation angles 90, 270, and the graph of
FIG. 1B sbove has two primary planes of entrance angularity, ane co:res;&onding 1o orientation
angles 90, 270, the other corresponding to.orientation angles 0, 18(.. In crses where there is only
one primary plane of enttance angularity, such a plane ¢an also bereterred to 85 8 dominant plane.
of etitrance angulartity. Thus, for example, the primary plane.of entrarice angularity in FIG. 1A is
also a dotninant plane of entrance angularity, because there i no other primary plane of entrance
angularity; & secondary plne of entrance angulerity (correspondingto orentation angles 0, 180)
b Tobes of leaser extent thanthdse of the primary plane of entrance angularify.,

The uniformify index {*Ur") of an erbicle such: as article 450 is n messure of how much the
TLR of the atticls changes as a function of the oriemtation angle ». For purposes of this doctinen,
the Ul is calculated by evaluating the TLR in predefined incroments such as 10 degrees or 15
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degrecs over the full range of orientation anpgle o. The minimum, maximum, and average of all
such TLR values are determined. The Ul is then calenlated to equal the sverage TLR value
divided by the difference between the meximum and mininyum TLR vafues. The ULis onlya
fanotion of entrance wagle P.

We return now to our discussion.of design features of tiled cube carner articles which we
have found ¢an be used in unique cambinations to provide a numbeérof benefivial product
characieristics. As noted above, mumerous cube corner arficles having tiled configurations have
been previovisly disolosed, Meny such articles have also been manufactired, sold, and usedin
commerce, As such, n large number of users have found them to.be satisfactory for their ntended
puIpose.

Despite the widespread acesptance of tiled cube corner products in the marketplace
generatly, we have considered whether any challenges or hordles cxist to the ever wider adoption
of such atticles. Challenges and hurdles we identified were not necessarily recognized by others as
*nroblems™ associated with tiled cube comer articles. In the course of this wark we zfso becamea
pware of advaniages or bentefits that could be abiained through the use of unlque combinations of
design featnres, as expleined elsewhere hevein, but-ggain these advantages or bensfits were not
necessirily assooiated with any patficular “problems™ recognized by others, o

Cpe challenge we identified was the degree of non-mmiformity of the isointensity plot with
1espectto ovienfution angle, For example, forthe tiled cube corner sheeting associated with the
isointensity plot of FIG, 1B, the entrance angularity in the vertical and horizental entravce plancs
{correspontintg typically & 0 and 90 orientation) is very similar: In other orieniations, however,
such as at.an angle 45 degrees from horizontal, very different enirimie angularity is obiwined.

Such tiled sheeting exhibifs non-uniform refroreflective performance over the full rangs 0 1o 180
degrees in oficntation angle, particutarly in comparison 1o sheeting that ntilizes a layer of'gloss
beads mther then cobe corner elements to provide refroreflection. Beaded retzoreflepiive sheeting
isstill used in many applications, and one challenge to consider in order that meye fited cube
comer shecting can veplace beaded sheeting i obtaining betier uniformity in retrovefisetive
performance as a function of oricafationangle, Due to the cifenlar symmetry. of glass beads,
beaded sheeting typically has high yniformity in its retroreflective pesformance aver the full range
of orientation anglds.

Another challenge, parficularly if one considers wsing filed-oubs comer articles in
epplications that curreirily use beaded retroreflective sheeting, velates to-the apparent spatial
uniformity of the article, Beaded sheeting typically has a high degree of spatial antformity; fhat is,
even af wolatively close viewing distances, snch sheeting typically exhibits little or no significant

differences in visuel appearance at different places mcross the surface of the sheeting. Howover,
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tiled cube corner articles such as that associated with FIG. 1B have a visnal appearance that is
notiseatily spatially non-uniform (siriped) when viewed from distances closer than roughly 10 fo
20 foet (3 to 6 meters). Snuch spatial non-uniformity is not considered objeotionable or problematic
in many applications, but we have cheerved that it may pose a challenge of hurdle o the wider
applcation.of tiled cube.comer articles. The closer viewing distances, i.6., closer than.roughly 10
to 20 feét (3 to 6 meters), can commonly ocour when a buyer of beaded sheeting evaluates the
shesting in conmection with a purchase.decision, e.g. where the sheeting is to be used in motor
veliicle Yicense piates. The visual non-uniformity at the closer distances is due in part to the width
or ofher characteristie minimum trnsverse dimension of the individual files, Most tiled cnbe
corner producis have & tile width of ot least 0. 150 inches (3.8 mm), and more typically 0.375

“inches {9.5 mam). Smalfer dimensions and narrower tiles, ¢.g., widths of 0.040 inches (1 mmt) or

fess, cun e wsed &0 help provide an appeariice that ig more vigually uniform, However, such

narow widths can be difficalt to work with when using conventionsl electric discharge machining

{EDM) 19 et a structured surface tool inte individual strips, and laying the strips into place
alongside each pther using conventional lay-u)y techniques to produce a tiled cube corner tool. The'
eruss-gectional uspect rutio (the height or ihickness divided by the width) of such individual
narsow sirips canachisve values of about 1 or less, and as a result, the ndividual strips con
tesemble and behave like a wire. As such, they can tend to om} or bend, and consequently can be
difficult-to hold in close repisiration with other neow sirips or tiles during the Tay-up process,

Ariother chalienge, which also-coniributes to vizual non-uniformity of the tiled cube comer
artisle, relates to the degres to which the orientations of grooves in adjscent tiles differ. An
exireme difference in the orientations of grooves in adjacent ies can amplify the perceived
diffetence in visual appearance between such tiles as noticed by a human obscrver. In confrast,
providing grooves within neighboring tiles that have the same or similar orientatioris, e.g,, paralfel
o edges of the tiles and o . periicular in-plane axis, can reduce the difference in viswal appearance
between files, thus increasing the visual uniformity, and decrensing the visnal non-uniformity, of
tbe tiled article.

Ancther challenge i refated to the manner in which individual tiles aro ot (whether by
EDM or sy ether suitable eehnique) i preparation for lay-up of the dited tool, witich manner of

outting affects the integrity and effectiveness of cube corners focated along he edges of the tiles.

Refer 0.8, 1o the tiles or zones 106 in FIG. 1. In those tiles, sttuctures located adjacent fo the
extended edges of the files possess less.than all three fully intact facets of a vube corner, in
comperisen to other cube corners in the array, Such structures ave referred to herein as fragmended,
cube corner elements, The raissing facets (or portions thereof) cause such strustures to be whelly

orpartially ineffective in comparison to the intact (non-fragmented} cube corners in the atray,
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Cuiting some or many of the tiles in a way that results in numerous fragmented cube comer
clements, i.¢., stuctures:that are the same as cube corner elements elsewhere inthe amay except
that a'portion of the cube corner element s severed at the edge of the tile and iy thus. missing from
thetile, is undesivsbls fortwo rensons. ¥First, the fragmonted cube corners desret from the
roirorcilgetive brighiness of the tiled article, in proporiion to the fraction or pecentage of'the
overall surfage ared of the filed article thai is vocupisd by the fragmented cube comess. Second,
vertical or near-vertical walls are ereated in the fragmoented cubé eomer elements along the edge of
the tile. Such vertical walls may cause separation probilems when subsequent multigenerational
tooling copies-are fabricaied ar plated.

“The degres to which the orientations of grooves in adjacent tiles differ, already mentioned
above with respect to visual non-uriformity, also has an impact on another challenge, which
relates to sase of manufactore, Thus, we have found that designing the tiled article such that most
or all of the tiles have one groove set aligned with 2 particulsr in-plane direction; and earrying out:
the manufacturing 0. thet that in-plane direction is parallel 1o'the direction of flow of a curable
miaterdal (such ag a flowable polymer or polymeric precursor) into a cube corner cavity tobl that
possesses the tiled geomeiry (such as a eylinder or drum with an appropriately configured outer
surface), the curable material cen relizbly and completely fill or replicate the structure with high
fidelity more easily, end therefore also at faster line speeds, than would otherwise be the case. The
flow dircofion of the curable material can be defined by the direction.of relative motion between
the tool and the fluid source, e.g., n costing die or a rolling bank of fluid material, this direction
also preferably being the dewn-web direstion of the-manufactured.cube corner sheeting or other
article. The in-plane direction is also ‘preferably parallel 1o at least onie edge of most-or'alt of the
tiles inx the article,

The digelosed tilod sube comer articles need not.contain product characleristics desigried
to address every one ofhe challenges mentioned sbove or ¢lsewhere hersin; insiead, they may
contain only some siuch charucteristics. Some of the characteristics ave-cynerpistie: For exemple,
iftho tiled article iy designed so that most or-all of the tiles heve one groove set aligned witha
parcticular in-plage direction, the visval uniformity can also be increased, and the praduct may be
manuficiored easier and faster. Furthermore, if the article is also designed so that ihe in-plane
directionis aligned with 'an edge of most or all oFthe tiles, then by making the widths of the tiles
equal to infegrer multiples of the pitch of the grooves that are alighed with the tile edge, and by
making the onier groove vertices for each tile coincide with the tile edges, the Tormation of
fingmented cubs comers along those edges can be avoided or minimized,

Thus, tubo corner tooling fibrication ean be carried out o resolve some or all-of the.
above-mentioned challenges,
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n one appraach, s single type of cube geometry can beused to produce tirce different
types oftiles whose arrays have-ihree different cube orientations respectively. Reference in this
regerd is madeo the anangement 510 of FIG. 5. By cube geomeiry, we refer fo the
charecterization-of & cube corner, oy a matched pair of cube comers, or an airay of such cube
comers, in terms of the -ordered angles of a base triangle associated with the cube corner(s), as
discusged further below. The arrangement 510 of FIG: 5 hag three cube comer-armys: 513-1, 513-

2, and 513-3. Ineeach one of these arrays, the cube corners are formed or defitied by three

imc_rswfin_gmls -of perallel grooves, In afray-513-1, grooves S17-1, which. are-ali parallel to =

groove direction 517A, interscot with-grooves 518-1, which are all paralle! fo groove direction

518A, and also interseot with graoves 519-1, which are all parallel to groove direction 519A. In
the depicted embodiment, the groove directions and pitches are selecied to form matched pairs-of
forwerd canted cubes, with grodve directions 5184, 517.A. forming an angle of 56 degrecs, groove
directions 8174, 519A forming an sngle of 56 degrees, and groove directions $19A, 518A forming
an auglé of 68 degrees. The cube cornersin this array thus have a cube geometry of (56, 56, 68).
These inlersection angles should be considered a§ #lhustrative but tiot limiting. Moreoves, the
optical uxes of the cubes are canted in a plune (or set-of parallel planes) referred to as a planc of
cant, which in this case is petpendicular to the groove direction 517A. When this cube geometry is
implemented.in a ttansparent material of refiactive index 1.59, such ag polycatbonate, the result is
an isointensity plot 502A. The.isointensity plot exhibiis 2 primary plane of entrance angularity
593A:; in the present cage; this plane coincides with the plane of cant for the aray 513-1,

‘In the armay 513-2, grooves 517-2, which are all paialiel toa groove direction 5178,
intersect with grooves 518-2, which are alf parailel to groove direction S18B, and also inteiseot
with grooves 519-2, which-are all parailel to groove direction §19B. The groove directions and
pitches arc again selected to form matched pairy of forward canted cabes, with greove dircetions
518B, 517B forming an mgle of 56 degrecs, groove dixections S17B, 5198 forming an anglé 0f 56
flegrees‘, and groove directions 5198, 5188 forming an angle of 68 degrees. The:cube comers in
this array: thus have a cube geometry of (56, 56, 68), i.e., the'tehe atbe geometry s that of nrray.
§13-1, but in a different orientation as exhibited by the relative-azimuthal rotation: between arrays

§13-1, 583-2, The optical axés of the cubes in array-513-2 arg.canted in a plane (or set of paralisl

planes) referred to os a plane of cant; which in this case is pespendicular to the groave direation
5178. When this cube.gcometry is implemented m the same franspatent material of refractive.
index 1.59, the result iz an isointensity plot 5028, The isointensity plot exhibits a primary plane of
entrance angularity S03B, which coincides with the plavie of cant for the aray 513-2.

Inthe-atray 513-3, grooves. 817-3, which are ali parallel to a groove dircction 517C,

intersect with giooves 518-3, which are all parallel 16 groove direction 518C, and also infersect
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with grooves 5193, which.are all paraliel to groove directior 519C. The groove direstions and
pitchies are again selected fo form matched paise of forward canted cubes, with groove divections
518C, 517C forming an angle of 56 degrees, groove directions 517C, 519C forming an angle of
56 degrees, and groove directions 519C, S18C forming am angle of 68 degrees. The eube comers
in this artay thus have a cube geometry of (56, 56, 68), i.e., the same cube geometry as that of
arrays 513-1 and 513-2, but in a different orientation as exhibited by the relative azimuthsl votation
betiveen arrays 51341, 513-2, 513-3, The optical axes of the cubss in axray 513-3 ave canted in g
plane (or'set of parallel planes) referred to as a plane of cant, which in fhis case is perpendicular ie
the groove direotion §17C. 'When, this cube geometry is fuiplemented in the game iransparent
material of refractive index 1.59, the resiilt is an isointensity plot 502C. The iscintensity plot

-exhibits a primary plane of entrance angularity 503C, which coinvides with the plane of cant for

the array 513-3.

By forming all three arrays 513-1, 513-2, 513-3 with the same oube geometry, but in
differont oricmtations, the same groove angles are present in all of the arrays, Inthis regard, a
groove refers 10 an extended apen space formed between inclined surfaces, the nclined surfaces
substantially defining two intersecting planes, the two planes intersecting along  fine that
corresponds to a veriex {e-g. base or botfom) of the groove. The dihedral angle between the two
plemés is the included-angle 6f the groove, or “groave angle”. Minor deviations from perfect
planarity with.regard lo one or both of the interseciing planes, and perfect straightness with regard
to the line or vertex, may be present due 1o unintended variability within manofacfuring tolerances
and/or tue fo intentioual variabiity for purposcs of praviding second order design featires. Any
such minor deviations would typicatly be so small asto not be-noliceable from direct visual
inspection of an image or scale drawing of the pertinent surfaces or lines, An inveried or negative .
sepliok of a structured surface containing a groove has an extended solid space corresponding to
the extended open space of the groove, and such an extended solid space or “inverted groove” may
ulso broadly be considered to fall within the scope of the term “groove” go thai, for generality,
gracves and features thereof can be discussed regardicss of whethier a positive. stenoture or hogative
(inverted) structure is onder consideration. Sinee fhe same seis of groove angles, within the
murgins of error discussed herein, are present in all of the arrays of FIG, 5 (in fact.only two wnigue.
groove anglas are present in each array), the artays éan all be manofictured in the firat instance,
e.s., fly-cut or ruled on 1. master subatwic of copper or other suitable material, wifh a single set of
diamond tools or other suitable cutting fools. This is advantageous for gimplifying the

manvfacturing process (o, minimizing the nwmber of diamond tooling setups) and reducing
inventory,
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The three arays of FIG. 5 are oriented in & specific mannce so that cach aray inchudeg a
groove or groove set whose groove direction is paraliel 1o a particular fixed In-nlane axis, even
though the arrays, and their respective primary planes of entrance engularity, are oriented in
different divections, Iri this regard, we sdsume the arrays $13-1, 513-2, 513-3 all lie ih, or extend
parallel to, an x-y plane of & Catlesian x-y-z coordinafe system asshown in FIG, 5. The arrays and
the coordinate system haye been arvanged such that the y-axi, which can be-considered a fived in-
plane axis, is parailel to the groove direction 517A of grooves 517-1.in atray 513-1, and parallel to
the groove direction 519B of grooves 519-2 in urray 513-2, and parallel fo the groove direefion

~518C of grooves 518-3 in sreay 513-3, This condition is satisfied while the planes of cant of the

thre arrays, as wellas the primary planes of entrance angularity of the three-arrays, are li
oriented in different directions,

Numerous modifications can bie made to iHe arrays of FIG. 5. For exanple, the groove
pitches, groove depths, and cnbe heighis forthe respective proove sets and cube cormets 1o the
three anteys are sssumed to be the same; however, this need not be the eags, and the groove pitch,
groove depth, and cube Reighit of one array may be chatiged relative to onc ot both of thic other
arrays, all while mainiaining the same cube geometries such as [56, 56, 68), and the game
respective planes of cant and the same respective primary planes of entrance angyilarity. The cube
corners in one array may thus be lerger (e.g. taller and/or wider) thanoube comers in-another aimay
and may also bs the same size orgmaller (¢,g. sherter and/or narrower)-than cube corners in still
ancther array. In other embodiments, different cube geometries can be used in one aray relative
te ane-or both of the other areays, while still mainiaining the condition-that ane groove or groove
set in each array has 4 groove direction parallel o the desipnated in-plade direction such us the y-
a%iy, The different cube geometries muy have positive or negative degrees of cant; fusthermore,

the plane of cant of a given cube array thay or may not coincide with the primary plane of entrance

anguolarity, and the primary plane of entrance angularity muy bea dominant plane of entrenve

angylarity, or one of a plurality of primacy planes of entrunce angularity. Although only 3 distinot
enbe corner arrays are shown I FIG, §, o greater nurnber of distinct eube arvays, 6., 4; 5, or 6. or
miore, may be vsed in alternative embodiments. Cube corner arrays may be said fobe distinet if
their congtituent cubs corners differ in anymaterial why, ¢.8, in cube geometry, in cube
orientation; end/or in cube size. The 3 ormore distinct oube corner areays may also appearin a
repeating sequence of tiles such that each array appears multiple limes in the tiled articls. Also,
untike the'areays shown in FIG, 5, the cube corners in axie, sotae, orall of the amays need not be-
defined by exactly three intersecting seis of paraflel grooves; and the cube. coniers may thus have
banes in plan view that are not simple frizngular shapes (even though the geometry of the cube
corner can still be defined in fermg of a base teiangle associated with such a:cube corner).
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Reference in this regard is monde to U.S. patents 5,557,836 (Smith et al), 5,914,813 (Smith e1al),
6,083,607 (Mimura €2, 6,390,629 (Mimnriot al), and 6,540,367 (Beuson et al.), and PCT
publication WO 20047061489 (), end Japanese patent publication JP 11-305017 (viimura ctal).
For geuetality, cach of the srrays shown in FIG. 5 mady be considered fo be circumscribed
by atile of any arbiteacy shape. The diamond-shaped profiles shiown in the figute are one such
possible tile shape, In meny spplicetions, elongated strip-shaped profiles are of particular
usefuless and bencfit ug tile shapes. In.general, however, any suitable tile shage can be used, A

“sile” in this regard refers to a-single bounded region within which only one cube comer amay is

‘present, the one cube comer amay extending throughout the region but being discomtinued or

otherwise distupted af the boundaries of the region. The cubs cormer array, intom, refersto a
repeating pattern of cube coners, the repeating pattern having only substantially one type of cube
eoiner, of oge type of maiched pair of-cube corners, where “substantialiy” takes info ncb_nu‘nf. that
minor deviations from sameness between cube corners or cube corner pairs may be present due fo
unintended variability within manufactoring tolerances and/or due to-intentional variability for

purposes of providing second order design features. Any such minor déviations would typically be

sp small as 1o not be notficesbls from direct visual inspection of an‘image or scale drawing of the
onbe COMeT BITAY..

The structured surface of & tiled cube corner article 610 is shown in FIG, 6. The struchired
surface includes three distinet cube corner arrays such as those of FIG. 5, arranged into thres
corresponding files, Isbeled A, B, and C. Tor sitnplicity of discugsion and brevity, we sssume that
fileg A, B, and € include the cube corner arrays 513-1, 513-2, and 513-3, respectively, from FIG.
5. Chatacteristics of those arreys heve been discussed above and will not be repeated here, and
Tk reference numerals designate like elements as between FIOS, 5 and 6, The various.
modifications of the cube corner arrays discussad above arc also assnmed to apply equally to this
tiled asticle 610, and variations thergof. The orientations of tlic vatious grooves in the armays are
asstmed to be the-gamerolative to the in-plane y-axis, such that the erray for each of the tiles has
one groove or groove sel whose groove direction is parellel to the in-plane direction, Despite his,
the files have primary plancs of entrance angularity, see planes 5034, 5038, and 503C, which
have differond u’riqntaﬁons in azimuthal angle so that the tiled asticle us a whole can have more
uniiform retrareflective performance over the full range of orieritation angles, parﬁcuIﬁr]y at high
entrance angler, o.g,, enfrance angles of 30 degrees (Or wiore), 40 degrees (or more), or 50 degrecs
for more),

Each of the tiles A, B, C has opposed tile edges that arg paraliel {o the y-axis, and {hus also
paraiiel to the groove dircetion for ong of the proove sets inits fespective array, These file edges

define a tile-width WA for tile A, WB for tile B, and WC for tile C. The widths ¢an be teilored as
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desired; but preferably they are relatively narrow, ¢.g. 0.2 to 5 mm, or less than 1 mm, or from 0.2
0.1 mm, fo provide for.a more spatially vniform appeararice at modemte to short viewing:
distances, The widths WA, WB, WC can, but nged not, be equal to each oiher, The widihs WA,
WB, WCare also proferably selected tobe equal 1o an integer number of cube cornets across the
width of the tile. Stated differcatly, (he widibs WA, WB, W are preferably selecied to be equal
to axf integer moulfiple of the lengthwise groove pitch for the respective tile — i.e,, WA & an Integer
multiple of the pitch of grooves 517-1,'WB is aninteger multiple of the pitch of grooves 519-2,
and WC is an integer-molfiple of the pitch of grooves 518-3. The pitches of the lengthwise
grooves may be the same fiom tile to tile, or different, and the integer muliiple-may be the same
from tile fo tile, or different. To'any of these cases, fragrménted cube comers can be reduced or
eliminated by ensuring that # groove vertex: of the lengthwise grooves substantially coincides with
each edge of the respective tile. This reduction in fragmented cube corners can be furttier
enhanced by making the tilo edges along which the lengthwise grooves Tun to be 2s long ag
possible, or, et leastlonger than the otheredges of the tile (not shown in the fragmentary view of
PIG. 6).. Stated differently, the tiles may have:shapes that are clongated in the direction of the in-
plang axis, e,g, the y-axis in FIG. 6. However, in some cases there may be valid reasons for
designing the tiles to not be elongatad (e.g. square), or even to be elongated along an in-plane
direction different from the y-axis, such as along the x-axis inFIG, 6. A “lngthwise” groove or
groove set of a given tile may thus refer to'a groove ar graove st that is at least nominally aligned
with a major axis, 8 minor axis, or any edge ofthe tile.

The cubo corner arficle 610 may have only ihe tiles A, B, C shown in'FIG. 6, or it may
have-additional files, e.g. in a repeating putiemn A, B, C, A, B, C, ..., ot in other yrepeating or non-
repeating patiems, including patterny fhot include cube comor arrays having the same cube
goometry as that of tiles A, B, €, and/or cube corner arrays having different cube geometries
compared to those of tiles A, B, C.

The article §16-my be & cube coiner tvol, and the tiles A, B, C may be ships of a master
or repica taof thot have beon pleced side-by-side in the process of laying-up = tiled tool. The
strips may be cat from the master or raplica toal. by EDM or another suitable procision cuttiy
techmique. In orderto provide sitips whose width is on the urder.of 1 mm or less, e.g, in a ranga
from roughly 0.2'10 L.mm, we have found it pariicularly helpful, for purposes uf handiing the
pleces and laying them wp with-minimal cucling, bending, orwarping, fo einploy strips or files in
the form of lamiose. A lamina in this regard refers to a thin plate of metal or other suitable
material that has oppoesed major surfaces and a working surface conneoting the oppesed major.
surfaces, the working surface being faceted or-structared in such 2 way as 1o define the cnbe coroer
artay for n particolar tile; Syiteble materials typically include copper, brass, or allpys thereof, or
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other-materjals fhat preferably ave machinable with minitvial bunring. Laminae heve increased
stroctural integrity, and regist warping or.cmling, due to their physical height being much greater
than théir width. Laminae.may be individeally machined to form grooves on their working
surfaces to-define suitable cobe comer armys, and groups of laminae may then be held or clamped
together in a bleck to define a tiled stuctured soxface. Laminac may also be machined in groups,
.. by forming grooves across & plurality of working surfaces while the laminas sre held together.
i a bloak, and thew sefecting latninae from different such blocks to form ¢ new group.of Jaminag
that defing the desired tifed sitnctured sutface.

A side orclevational view of the cube corner-article 610 is shown in FIG, 6A, Inthis
view, one can more easily identify grooves in the structured surface that are referred to herein as
composite grooves, because they are. formed partially by facets of cube comers froim one tile and

partially by facets of enbe comers from an adjacent tile. Fn 1his sitle view, cube corner ficots 614a,

$14b areidentified in the tile A, In the central portion 6ftile A, pairs of theso fagets form grooves
617, which correspend to grooves 517-1 inFIG: 5. Similarly, cube corner faceis 624a, 624b are
identified in the tile B. Inth¢central portion of tile'B, pairs of these fucets form graoves 619,
which correspond to grooves 519-2 in FIG. 5. Cube comer facgis 634a, 634D ure identified in the
tile C. In the confial portion of tile C, pairs of these facets form grooves 618, which correspond o
grooves 518-3 in FIG. 5. Note, however, that at the boundary at which edges of tiles A and B
meel, & single composite groove 617619 is formed. The compasite groove 617619 is defined by
facets G14a of a row of cubs corners on tile A near the boundary and faceis 624b of a row of cube
cosiers on tile B near the same boundacy. The compound groove-617619 exiends along a groove
direction that is parailel o the groove direction of grooves 617 and 619. Similarly, at the boundary
at which edpes of tiles B and C meet, s.single composie groove H19618 iy formed. The composite
groove 619618 is defined by facels 624a of a Tow of cube corners on tile B near the boundary and
facets 634b of & row of cube comers on lile Cnear the same boundary. The compound groove
619618 extends along & groove direction that is parallel o the groove direction of grooves 619 and
(18, and thos.also parallel to grooves 617 end to composite grobve §17619, as well as to the y-
axis.. The compound grooves 617619 and 619618 can.also-be seen inthe front o plan view of
FIG, 6, but they are not labeled in that figure.

Depending on the cnbe-geometry nsed in the varioys arrays, & given composite groovs
may have = groove angle that is the same as, or'different from, the groove angles for the groove
sefs whose grooves ate parsllel to the composite groove onthetwe adjacent files between which
{he composite groove I8 formed, For example, if we assume the tiks A, B, aud Cin BIG, 6a
contain cube comer arrays from FIG. 5 whose cube. geometrigs ave (36, 56, 68), then the groove

smgle for graoves §17 isnominally 84,832, the groove angle for grooves 619 is nominally 62.938,
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and. the groove angle for grooves 618 is nominelly 62.938, and furthermone, the grooye angle for
comaposite groove 617619 is nominally 73 885 and the groove angle for cémposite groove 619618
is nominaily 62.938. Thus, fhe groove angle for the composite groove §17619 differs fom those
of grooves 617 and 619, but the compdsite groove 619618 is the.same as those of grooves 619 and
618,

A group of laminae that may correspond to the-cabe comer article 610 of FIG. 6, or 10
other tiled cube comer articles disclosed herein, is shown schematically in FIGS. 7A and 7B.
Three individual lsminae 703, 702, 703 ate clamped or otherwise held or sronped togetherto form
# cube comer arficle 718, Figure 7A is a front or'plan view of the article 710, and FIG. 7B is a
side or elevationsl view of the article 710. A, Cartesiom x-v-z coordinate system is providsd in
these figures for reference, the conrdinate system alse being consistent with FIGS. 5 und 6, at least
to the extent the strictared surface lies in or extends parallelto the x-y plane. Grooves and cube
comess (ot shown in FIGS. 7A and 7B for sitaplicity of illustration) are provided-in the working
surfages ofthe lamiuee to define anoversll structured surface 711 of the article 710, the struetured
surface 7 1_1 being segmented into a structured surface 711A in the working surface of lamina 701,
a structured surface 7118 in the working surface of the lamina 702, and-a siructured surface 711C
in the working sarface of the lamine 703. The structured surfaces 711A, 711R, 711C each
containg a single cube comer array and defincs a distinet tile of the stractured surface. The tiles
are each clongated slong the y-axis, with o lengih L greaterthan mny one of their respective widths
WA, WB, WC.. Bach tile also has opposed elongated tile edges that are patatle] to the (in-plane)
y-axis, In #m exemplaty embodiment, the structured surface 711A contains cabe comer amay 513-
1, the stractured surface 7118 containg cube corner array 513-2, and the structured surface 711C
pontains cubre corner armuy 513-3, but changes and modifications can be made 48 discussed
slisewhere herein.  The groove directions 517A, 5178, 5178 from FIGS, 5 and 6 are thus
superimposed on the working surfaces of the tespective laminag 701, 702, 703; and the working’
surface of each latmine contains 8 groove set whose groove direction is porallel to the opposed
edges of fhe Tespective tile.

In the side or elevational vigw of FIG. 7B, the-end surfuaces of the laminae 701, 702, 703
can be-seen, aud the lieight ¥ of the Jaminue is shown. As mentioned above, the height of a given

lamina ispiveh greater than its width to provide the’lamina with increased structural integrity

relative to, for example, & strlp dot out of a typical nickel tooling. The cross-sectional agpeet ratio,
e.g., B/WA for lamina 703, H/WB for lamina 702, and H/WC for lamina 703, can be taflored es
desired but is preferably at least 5, ot at least 10, ox at teast 20. The widihs WA, WB, WC may
also be tailored a3 desired, but typically they may all be in'a range from 0.2 {o 5 mm, or fiom 0.2
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10 1 mm; in one particular embodiment they may ali equal 0.635 mm (0,025 inches), but other
dimensions -can algo be nised.

The plan view aspect ratio of the lamina or tiles can also be tailored as desired. This
aspect tatio is L/WA. for lamina 701, and L/'WB for lamina 762, and L/WC for laming ‘703, The,
length dimension L is essumed 1o be parllel to the lengthwise groove directions for most or all of.
the tiles in the article. This aspectratio can beat least 10, at least 50, at least 100, or at Ieast 150,
but other valugs, incleding even valties between © and 1, can also be used. In this regard, ns
mentioned above, a “lengihwise” groove or groove set refers to a groove or grooveset that s at
leagi npminally aligned with s major axis, 2 minor axis, or any edge ofits associatsd tile or lamina,

In FIG. 8, e-poriionofa iiled cube corner avticie 810 |s shown schemagically, Qaly two
tiles of the article 810 are shown, which liles may correspond to respestive individual laminge as
inFIG. 7A. Thus, laminae 801 and 802 have respective working surfaces 811A, BLIB inwhich
Tespective cube comer arrays are formed in accordance with the teachings hetein, only one groove
set from these extuys being shown in-the figare for cach laming for reduced clofter in the figure,
"The laminae have respestive elongated opposed odges 8012, 301b and 8024, 802b s shown,
which can also be congidered to be elongeied tile edges. Thess edges lic at the intersection of the
wotking sarfaces of the laminee with the major (side) surfaces thereof.

Figure 8 demonstrates tatminor deviations-from exact parallelism, whether dusto
unintended variability within manufacturing tolerances and/or to intentional variabitity for
puiposes.of providing second order design features, may be present in one ormore of the laminae
or lilgs, and suchminer deviations do not negate the design charmcteristics discussed herein. Thas,
the simctured surface of each laming §01, 802 can be said.to have one lengthwise groove, orset of
lengthwise grooves, whose groove direction s paratiel to anedge of the faming ortite. Tnlamina,
201, such & groove sot is the set of grooves 817: in'lﬁmin,a 802, such a groove sct s the sef of
grooves 319, The grooves 819, which have a gioove pitch p2, are drawn 1o be exactly paralle] to
the edges §02a, 802b, In contrast, the grooves 817, which have a groove pitch pl, are drawn te
‘inelude a minor devistion frome exact paraflelism. The grooves-817 deviats (in'the iliustiated case)
by an amount equal o the groove pitch (p1) oveir the entire Iength L of the Jamins or tie. Suchea
deviation, although non-idey), still provides for many cube corners adjacent to the edge that retain
some funetionality, even though they are fragmented. In the depigted embodiment, inore
fimetinnality is preserved for such cobie comers focated near the top and bottom end of the lamisia
801. In the case ofa fypical lamina whose length L. is 100 morand with a groove pitch pl of 0.2
or 0,1 mm, thig corresponds to an angular deviation between either edge 801a, §31b-and the.
groove direction of abont 0,11 or 0.057 degrecs respectively, or about 0.1 degroe or less.
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Hven in the case of exact paral,le!ism, similar minor transldtional devistions mAY OCCUE in
the placement of the groove vertex relative to the edge of the lamina-or tile, For example, in the
lamina 802, the lefimost groove vertex of the grooves 819 is drawn o grecisely coineide with the
edpe 802a, and the rightmest groove vertex is drawn 10 precisely eotncifle with'the edge 802b.
Mnor deviations from such coincidence, e.g., typiesl deviations of less than 30% or 20%-or 10%
of the pitch.of the fenpthwiss grooves, may occur withont negating ihe design characteristics
discussed herein, Such mitor deviations tay also cause the ratio WB/pl to deviate very slightly
from anexact integer, o.g. by less than 0.2 or less tham 0,1, Inthe case of inexsctregistration of a
groove vartek with the edge of the lamiuna or tile, the edge may be characterized by a very narow
flat of beveled odge, or by & very-narrow stiip of fragmented cube comners.

We include FIG. 9 to demonstraie the effect of the width W, or minimnm transverse
dimension, of the tiles, and the viewing distance D,-on the apparont spatial uniforsity ofthe
article. A:persoi B observes or gvaluates & cube corner ariicle 910, such as a retroreflective
sheeting; from & distance 1. ‘The siticle 910 has a structured surface 911 which lies in ot extends
parallel t0 the x-y-plane. The strustured surface inclndes distinet cabe cornor arrays arranged into
s plurality of tiles, including tiles 912. The tiles may extend parallel to an in-plane-axis such as.the
y-axis, and may have a cheracteristic widii W, 'The degree to which the person' P oheerves or
notices the individual tiles hasa direct effect on the apparent spatial iniformity of the article. As
explained above, spatial uniformity is enhanced by providing grooves of the same or similar
orientation between adjacent tiles, adfor by rediicing: the characteristic minfmom fransverse
diimension of the tilss (width W), Reducing the widih. W of the tiles reduces the angle subtended
by the individual tiles at a given viewing distance D, which tends to increase thie apparent spatial

-uniformity. In order to provide good spatial uniformity at viewing distances I closer than roughly

3 to 6 meters (10 to 20 feet), it is desirable to provide e tile width W of less then ] mm, orina
range from 0.2 to 1 mm. Ferming cube corier arrays.on laminn as described sbove can helpto
aohieve rach small widths in many practical embodiments,

Multiple steges of tiling can be nsed to tabricate 2 tiled cube comer article, p.asticulaﬂy
with regard {o reteoreflective cube commer sheeting which tnay be very wide and very long. An
example of such 2 cube comer article is shown ug erticlo 1010 in FIG, 10, The article 1010 has a
sfruntired suiface 1011 tliat inckides distinct cubs.corner arrays arranged into a plurality of tiles
1012 as discussed herein, Theiles are ench elongated along an in-plans direetion, shown here as
the y-direction, The y-directionmay correspond. to a down-web direction, of fabrication of the
arlicle 1080, aud most or a1l of the tiles may have one lengthwise groove or groove set whose
groove dicection is parallel fo the y-direction,
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The tiles 1012 may be made by forming cube conter arays in g plarality of laming or
other suitable strips pr picces of fooling, and then drranging different.ones of those piecesinfo 2
group ot bundle to form an injtial tiled surfaco. Such a.group is shown in & reptangilar-shaped
gection 10118 of the stroctured swrface 1011, Tn order to make articles whose stractired sorface is
meant fo be larger than such a sechion, e.g., retroreflective sheeting made on apolymer film
manfacturing line, muliiple replicas of the section may be made and laid-up alongsidé euch other,
The resnlt of such a process provides the article 1010 with adjacent sections 10114 through
10115, each of whick may-have the same arrangement of individual tiles 1032 a5 shown in seetion
1011B. At the boundaries hetween sections, cube vorner arrayy are typicalty interrupted by a small
gap or discontinuity, even if thesame type of cube corner armay is present on-opposite sides of the
bowmudaty.

The refroreflective performance of a single cube corner array, as a flinction of orlentation
angle, is compared to that of an exemplary tiled cube corner article in FIGS. 114 and 11B, Bigure
11A plots the modeled or calevluted total light retarn (TLR) of the single eube-corner amay, The
array-is asspmed 10 be formed from three groove sets that infersect each other at angles of 57, 57,
and 66 degrees, Cube corners in the artaythus have cube geometries of (57, 57, 66). These cubes
arp forward canted, and have a primary plane of entrance angularity in the plane of cait, The TLR.
for this array, assuming the acticle is made of a transparetit material of refractive index 1.5, was
caloulated as a-fimetion of orientation angle and entrance angle, and the resulfs plotted in FIG.
11A. Inthe graph, the various curves are labeled with rummbers equal fo the entrance angle In
degrecs. Thus, curve 0 in FIG. [1a is for an énfrance angle of 0 degrees, curve 10 in the-same
figure is for'an enirance angle of 10.degrees, and so forth. Ispection of the graph reveals that the
single array provides fairly uniform retrorefleciance as a-function of orlentation arigle for entrance
angles of 0 and 10 degrees, For greater entrance angles, parficularly entrance angles of20 degrees
and more, nan-mniformities become increasingly apparent,

The retroreflective performance of a Hiled cube corner erticle similar in some ways {0 the
cube corner afray of FIG. [1A 43 shownin FIG, .11B. 'The tiled article used thice distinet cabe
corner simys arranged into three coresponding tiles as.shown in FIGS. 5-and 6 above. Thus, the
gube comner arraysin the three tiles were of different orientations, and each contained s lengthwise
groove get whose groove direction was parallel fo an in-plana axis, bt the enbe comar arrays alt
wlilized cube coriers of the same ¢ube geomelry (57,57, 46} as the single cube comer array of
FIG. 114, The TLR for the tiled ariicle, again assuming & transparent material of sefractive index
1.5, was calculated as a fanction of orientation angle and entrance angle, and the resulis ploited i
FIG. 11B. Justas inFIG, 13 A, the various curves fu FIG. 11B are again labeled with numbers
equal to the entrance angle in dogress. By comparing the graphs of these two figured, onc-can'see
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u-greatly improved orlentetion uniformity at.cotrance angles of both20 and 30 degrees, and
somewrhat improved oriehtation vniformity ut even higher entrence angles.
Anvther tiled cube corner erticle was considered. This article was similur to that of FIG,

11B insofar as it was assumed fo contain exactly three-cube correr arrays arranged inio elpngated

‘tiles of equal width, and for each army, ane of the three groove sets was oriented such that its

groove direction was paratlel 1o the in=plene axis of elongation. However, the three graove sgts of
each aitay were made to inferseot at different angles, sucl that the three arrays contuined canted
cube corners of 5 différent cube geomeiry than that of F1G: 11B, namely, a cobs geometry of (50,
62.1, 67.9). ‘Each of the three amays conlained canied cubes of this geometry, but the cube corners
in tlie arrays had different orientations die i the different ezimuthal ovientations of the three cube
corner arrays. The (50, 62.1, 67.9) cube geometry is associated with a base triangle that is scalens
rather fhan isoscoles, The TLR for the modified tiled cube comer article was calenlated as 8

function of otienation angle'and enfrancs angle, again assuming 4 trmsparent material of

tofrantive index 1.5, and the results sre plotted in FIG. 12. Tust as in FIGS. 11A and 1B, the.

varions curves in FIG. 12 are labeled with numbers equal fo the enirance angle in degrees. In this
embodiment, orieniation wniformity is finther improved relative to the filed article of FIG, 118, at
least insofar as 4t an-entrance angle of 40 degrees, the TR in FIG, 12 is more uniform over the
full 0 to 90 degree range of orientation angles.

The results for FIGS. 11A, 11B, and 12 assume cube corner articles inade of a.transparent
material of refractive index 1.5, and having structured surfaces as explained above. hicreasing the

réefiactive index generally broadens the width of the zonegs of improved entrance angolarity. For

cxample, the horizonlal zone of improved entrance angularity in FIG: 1A will become wider (i.e.,
in the vertical direction iis width will increase) with incressing refractive index. Tiling three
different ovicntations will hence tend fo becote more uniform with tegpect to ovientation ag the
refiactive index inoreases, In general, the design features disoussed herein can be applied to cube
corner articles of atiy suitable refractive index, Furthermors, they can be applied to cube cother
arlicles separdless of the reflection mechanism rofied upon in the mays, i.e., whether the fecefs of
the eube corness-are eoated with a reflective metal (e.g., aluminum, silver, nickel, or alloys
thereof} or other suilzble materisl, or whether the facets of the cube corners are uncoated (g
expesed {o air or vacuum) and refleot light neing the phenomenon of total idernal reflection (TIR).
Thus far in the descripfion, the.cube geometries of vrriovs enbe cornet clements, and
matehied pairs and amrays thereof, have been mentioned and discussed, In commection with FIC
13, for clarlty, we provide a more methodical discussion of eibe comers and their geometry aiid
orientation. Thas, we present dn the figare 2 plan view of a hypothetical cube corner asticle 1310
having s hypothetical structored surface 1311, which les in or exiends purallel fo the x-y plane of
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8 Crtesian x-y-z coordinate system. Forpurposes of compatison and discyssion, the surface 1311

js shown to eontain different individual cube comers 1324, 1330, 1346, 1350, 1366, and 1376. In

practice, any given one of these cube comers would typically be present on the structured surface
of u given tile in the context of a single cube corner amray formed from three Intersecting sefs 6f

parallel groaves, the array also confaining other identical or similar cube corners, including a cube

comer {hat forms & matched pair with the given individual cube comer of inderest in FIG, 13.

Each cube corner in the figure isbounded by three non-dihedral edges (which in a cube
comier gmay may coincide with gioove verlices), the non-dihedral edges forming a base triangle.
{In some cases, the cube corners in 4 given armay ey 10f have three non-diliedral edges-that form
a recognizable base triangle; in such cases, 2 base triangle cdn still be associated with such a cube
ooiner, by considering the faces of the cube.comer to be planes, and by thin considering the
trisngle formed by the intersection of those planes with a reference plasic paraliel io the plane of
the strugtured surface, ¢.g., the x-y plane.) We characierize the cube geometry-of the cube corners
in ferms o€ the three inferior augles of the associated bage triangle, which can be referved to ss base
angles. Howevet, as-shown below, the order in which we express those three base angles can.be
significant, Thercfore, we adopt the convention for purposes of thiy document of Histing the
intetior angles of the bess triangle in a patticular order, nemely, we list the smallest angle first, and
we then list the romsining angles in a clockwise fashion {wlhen viewing 1he base trangle from a
given consistent plan view pérspective, o.g,, the perspective of FIG. 13 with cube vertices
projecting into the plane of the Tigure) relutive to-such smaliest angle, We refer to-the- rosiliing set
or gronp-of angles es an ordered set ofbase angles, or mors simply a5 an ordered set or as ordered,
angles, Ifthe bage ttiangle ig isosceles will ewo angles smaller then the third, we list the fiest two
(smeliest) base angles first in the ardered sot.. Using this convention, the ordered angles ofthe
base triangles associated with the cube cornérs shown in FIG: 13, ie, the cube gcometries of such
cisbe corners, are.as follows;

cube corner 1320: (50.8,.58.73, 70.47);
cube corer 1330: (50.8, 58.73, 70.47);.
obbe corner 1340; (50.8, 58.73, 7047
cube comer 1350; {50.8, 70:47,58.73);
cube comer 1360: (54.616, 54.616, 70.768); and
cube corher 1370: (46.2, 60.9, 669).

‘Eacly of these cube corners.is canted, i.e., its optical axis is not orthogonal to the plane-of
the structured surface. The opfical axis {s thus tilted Telative to the z-axis, and is nof parat{el to the
z-axis, The canded geometry defines a plane of cant for-the cubg corner (and for the aray of which

it may be a part), the plane of vant containing the optical axis of the cuboe eomer and the normal
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direetion of the siructured surfacs, 1.6, the z-axis. The plane of cani-can be identified for cach

cube corner fn FIG, 13 with séference to the bold black axrow, which tepresents the projection of

the optical axis of 2 given cube comer on the x-y plane. Thus, for example, the cube corner 1320

#s shown to have a bold black arrow representing the projection of its optical axis; aplane
perpendicular (¢ the x-y plane and contdining the bold black arrow represents the plane of cant of
such cube.comer 1320. The cube corners 1320, 1330, 1346, and 1350 may be said to be sideways
canted because the plane of cant is not perpendicular ta any side of the base triengle. The cube.

corner 1360 may be said to be forward canted. The cube comer 1370 may be said to be backwsird.

canted,

The canted geometry also provides each sube corner (and the array of which it may be.a

parf) witha primary plane of entrence angnlarity, ag discussed above. The primary plane(s) of

entrnce angularily have been caleulated for each of the cube corners shown in FIG. 13, and the
direction of such plane(s) is indicated in FIG, 13 by a dashed line or lines superimposed on the
corresponding cube comer. Thus, for example, cube corners 1320, 1330, 1340, and 1350 cach
have only one primary plane of enfrance angularity, and in each of these cases this plane is not
parallel fo the plane of cant for the cube gorner. Cube corner 1360 has only one primary plane of
entranee anpularity, and it is parallel to the plane of cant. Cube comer 1370 has two primary
planies of entrance angularity, neither of whichis parallel to the plane of cant.

Cube corners 1320, 1330, und 1340 all have the sume cube geometry, becange their sefs of
ordered base angles are equal 1o, each other. Ofthese cube comers, cube corners 1326 and 1330
also heve the same cube orientation, despite the fact that they have different cube sizes and
different cube heights. Cube corners 1320 and 1340 have the same cubc sizes and heights, bat
difftent oulie.otientations, since their respective planes. of cant arenot paruliel to cack other,

Cube somers 1320 and 1360 have different cube geometries, with different sois of ordercd
bage angles, but they may havé the same orientation if their respective planes of cant aze parallel to
each other.

Cube comers 1320 and 1350 have.the same cube sizes and heights, but different cube
geomstries, Even though each of these cobe corners bus one base angle of 50:8 degrees; and
anotherbase angle of 58,73 degrees, and anpther base angle of 70.47 degrees, i.e., even though
every base angle in the beas friangle of one cithe corner element can glso be found in the base
triangle of the other cube comer elemicnt, they nevertheless have different cube-geowsiries. The

-different cubs geometries can be seen by inspection of the figure, a5 well as by comparing their

respeetive sets of ordered base angles, which do not.match. Note that if onewere jo rotate the
cube corrior 132 azimnrhally (#bout the z-axis) such that ity planc of cant was paratiel to the plane

of cant for-cube corncr 1380, the respective primary planes of entrance angularity for fliese cube

-28 ~



10

15

20

25

30

35

WO 2014/151368 PCT/US2014/025584

cortiers would not bé parallel o each other, Tho cube geometry (50.8, 58.73, 70.47) of cube
corner 1320 is thus different from the cube geometry (50.8, 70.47, 58.73) of cube corner 1350,

The unique relationship betweenhe cube corners 1320, 1330 can be expressed by noting
that the ordered set of base angles for one cube corner (or an array of such cubs comersyisa
permutation, of the ordered set of base angles for the other-cube comer (or srray of such other cube
cornems). For exemple, the ordered set (50.8, 70.47, 58.73) is u permufation of the ordercd set
(50.8, 58.73, 70.47), beeouge thege ordorod sefs contain the same mgles but ina different order --
while adhering {0 our description of the term “ordered get” as set forth above. Arrays of cube
corners having this r¢lationship, at Ieast when they are formed by fluee intersecting sets of parallel
grooves, have the game pgroove angles and cen be formed with a single set of dutting tools. Stated
differently, three diamond cuiting 10cls can be used fo form the three sets of parallel grooves
needed to form anarray of cubey like cube corner 1320, and those same three, diamond cutling
tools (when used in a different order) cunbe used 1o form the three sets of paralle] grooves needed
to form an‘array of cubes like cube corner 1350, everi thongh cube corner 1350 has a different
cube geometry than cobe comer 1320, Taking advantage of this relationship, we can provide as
many 48 6 distinet cube comer arrays in separate-tiles of # oube corner artini-c? cach array having a
different orientation, and each array having a lengfiwise groove whose groove direstion is paraliel
10 & given in-plane axiy, and all of these arrays being capable of fabrication with & single set of
{hre¢ graove cutting tools, Such en embodiment is depicted in FIG, 14,

In FIG. 14, 2 cube comer articls 1410 is shown in achematic top or plan visw, The articls
1410 may be a retroreflective sheeting or a taol associated with its mannfacture. The article1410-
has a structored sueface 1411 with 6 distinet cube commer arrays arranged ihto & stack of 6 adjacent
tiles, the tiles fabeled A, B, €, D, E,'F. The tiles are olongated parallel io an in-plane y-axis, and
each file' has opposeilclongated edges that arc also parallcl to the y-axis. Tn slternative
embodimenis, the files necd noi be elongated along thie y-axis, and/or need not have edges paraliel
to the y-axis, Bach tile bas one atray of canted cube corner elements formed by three intersecting
scis.of paralle] grooves. For eaclitile, gne of its-three sets.of grooves is a sct of lengthwise
grooves whose groove direstion is parallel to the y-axis. Each tile also has a tils width (measwred
in the x-direction) thet is equal to an integer muitiple of a lengthwise greove pitch of its lengthwise
gropvey, such that fragmemted cobe corners are substantially absent ot the clongated edges of the
tilss. The tils widths are not vniform. Tiles A and Tr have tile widths that sre equal to sach other
but greater than the 1ile widths of tiles B, C, ¥, and ¥, which are alse.cqual o each other,

For reference pusposes-in fhe figure, one enlarged matched pair of cube corners i3 shown
on the right hand side of each file. Tn every instance, the enlaiged maiched palr is representative of

he matched pairs of eube corner elements in its sssociated cube cornr anmy. Thick black srrows
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are inicluded in each enlarged matched pair to indicate the projections of the optical-axes of the
cubs comess in the x-y plane, in similar fashion to BIG, 13, Thesc thick black arrows fhios pravide
an indication of the direction of the plane of cant for each amy. Also in keeping with FIC. 12,
dashed lines are superimposed o sach enlarged matched pair of FIG. 1410 indicate the direction
of thez primary plane of entrance angulasity for the:matched pair and iis essociated orray..

The cube comers of tiles A,.B, and C all have cube geometries of (49, 61,70). The cube
comers of tiles D, E, and F all have cube geometries of (49, 70, 61). Thus; the ordered set of bass
angles for the cube corners of any one of tiles A, B, or C'is s permatation of the ordered set of base
engles for the cube comets of sty one of tiles D,-E, and F, and vice versa. Furthermore, one getaf
three dismond cutting tocls can be used to form the-three sots of purallel grooves ngeded to forny
the array of cubes for evéry onc of tiles A, B, C, D, X, and ¥,

Compound grooves, although not Tabeled in FIG, 14, can be readily seen in the figure.

One eompound groove appears at the boumdary of tiles A and B, another appears at the boundary
of tiles B and C; another appears at the boundary of tiles C and D, anoflier appears at the boundary
of tiles I¥ and E, and another apjyears at the bonndary of tiles B and ¥, In each case, these
compound grooves are paratiel to the y-axis, und parailel 1o the groove divection of a groove set in
vach tils adjacent o the given compound groove. Furtharmors; in each cage, the compound groove
has » groove angle that is differemt from-the groove angle of lengthwise grooves fn each of the two
tiles thiat bound the given compound groove.

Numerous modifications can be made to the cube corner article 1410, The widths end
shapes of the tiles ean be changed. Thetiles can be rearranged in fiffercot orders. One or thore of
the tiles that are present in the article 1410 can be removed, and one or more tiles liaving different
cube corner attitys, including one or more canted cube corner arrays as well as one or more non-
canted crbie comer arruys, can be fnsened or otherwise added. Tn such a modification, 4t oasttwa
files may have cube pomer arrays whose cube geomeirios are the same byt whose orieniations are
differetit, and at least two files may have cubes whose sets ofhase angles are related by 2
permuiation. Differcnt angles of intersection for the gets of paraliel grooves, sxnd different
corresponding base augles for the cube corners, ¢an be used. The groove depths for groovesina
given groove set way ulf be the same, or they may ail be different from each other, orsome may be
the same and some different, Alternatively or in addition, the groove depth(s) nsed in a first
groove sel may be the same-as, or different from, the groove depth(s) used ina second grovve set:
that intersects the first proove set.

It FIG: 15, one cube comer from esch of the tiles A, B, CD, E, F of FIG. 14 is
reproduced and enlerged, while maintaining its geometry and iis orientation with respect to the in-

plane y-axis. Forsimplicily, ihe-cube cornet from tile A of FIG, 14 is Jabeled A in FIG, 15, the
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cube. carner from tile B of FIG, 14 is lsbeled B in FICGE. 15, and so forth, In this figure, the thick
black arrows representing the projection of the optical axes in the x-y plane, a5 well as the dashed

lines representing the primary plenss of entrange-angularity, canbe more easily seen than in FIG,

14,

Tn FIG, 16, the planes of cant and the primary planes of énfrance angularity for slLof the
tiles A, B, C, D, E; F of FIG. 14, and thus also for all of the cube cornes A, B, €, B, B, F of FIG,
15, are shown superitopgsed.on each other in relation to the x- ahd y-axes, these axes having their
same megning = in FIGS, 14 and 15, For each cobe corner arcay {and corresponding file), the
golid Jine in FIG. 16 represents the plane of cant and its orieniation with respectto the x- and y-
axes, and the dashed Hue in FIG, 16 reprosents the primaty plane of entiunce angelerity and its
otientrtion-with respect torthe same x- and y-axes: These solid and dashed lings atc Iabeled for
simplicity with the letters A, B, C, D, E, F to correspond with the same Iabeling vsed-in FIGS. 14
and 15, For exantple, the tile A in FIG, 14 and the cube A fn FIG. 15 have a plane of cant
represented by the solid line A in FIG. 16, and a primary plane of enfrance angularity represented
by the dashed hine A in FIG. 16, The various planes of canf and primary planes of smirance;
engularity in FIG. 16 are thug representative of the tiled cube comer axtisle 1418 and its.
constituent components (iles). The length oFthe solid and dashed lines in FIG. 16 is wrbitrary, but
the sblid Hines are drawn to have a uniform length that s greater than the uniform length of the
dashed Tines, 50 the seader can more easily distingulsh one from the otiier. Tnspection of FIG. 16
reveals that the aiticle 1410 is configured such that #s constiment primary planes of enirance
angulasity are more evenly distribufed in azimutbal angle than-ils constituent planes of cant.

Tor anarticle made by simply combining two of the articles 1410, duplicate planes of cant
and duplicate jrimaty planes of entrance angularity wouild appearin a reprogentation like thst of
FIG, 16. To avoid doublecoumtiig such planes, we may speﬁi'iy more gencrally that the tiled cabz
comeér axticle i3 configured such that unique ones of the primary planes of entrance angularity for
th plurility of tiles are more evenly distributed in aximuthal angle than unigue ones of the plancs
of cant, To quantify the concept of “more evenly -distributed in azimuthel angle”, wé may dofine
an angle Phidin] as the minimuin aaguler separation between wnigue ones of the prieary planes
of enirance angularity, and we may define PhiMinZ ab the minimum anglar separation between
upiane ones of the planes of cant. In FIG. 16, PhiMin1 is 18.00 degtees, and PhilMin2 is 223
degrces. “"We may dlso define an angle PhiMax 1 as the meximum angulat separation between
ynique ones of the primary plangs of enfrance angularity, and PhiMax2 as the maximum anguler
sepacation of unique ones of the planes of cant. In FICG. 16, PhiMax1 is 52.00 degrees, and
PhiMax2 is 58,77 degives, We may firther define an angle PhiAvgl as the average angular

separation between unigue ones of the prinaty planes of entrance angolarity, and we may define
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PhiAyg? as the everage angular separation between unique ones of the plancs of cant. In FIG. 16,
PhiAvgt and PhiAvg2 are the same; each being equal to 30.00 degrees. We may define an angnlar
distribution mefric (“PhiADM"} equal to PhiAvg/(PhiMax. — PhiMie). In FIG. 16, the angylur
distribution metrio for the primary planes of entrance angularity is PhiADMI = 0.882, and the

anguler digtribution meiric for the planes of cant is PhiADM2 = 0,531, Tbus, to quantify the

concept of “more evenly disiributed in ezimuthal angle”, we may specify any one, or-some (any
combination of any two or more),. or all of the following relationships:

s  PhiMinl > PhiMin2

s PhiMini >2 * PhiMin2

. PhiMax] < PhilMax?

» PhiADM]1 > PRiADM2

Several cubi corner articles based on that shown i FIG. 14 were modeled. In & first case,

the model assunied the same cube geometrics discussed above, ie., (49, 61, 70) fortiles A, B, and
C, and (49, 70, 61) for tlles D, B, and ¥. The model further assumed the cube corners had a
second order: degign featyre to disperse light-slighfly from the direction of incident ght, rs
discussed ahove with reference fo the *219 Appeldorm patent. The second order design feature was
1o assome the provve angles were very slightly different from those that would produee dibedral
angles between the cube comer facets of cxactly 90 degrees, the.difforence in groove angle
smounting ta cube corner facets that devisted by 2 minutes of #re (0,033 degrees) relatlve to their
norainal arientations thet produce exact orthogonality, The model initinlly catonlated the total
light mtum (TLR) for cach of the 6 cubs comer arrays individually, assuming the cube corner.
arficle was-coniposed of ctear pulycarbonate of refractive index 1.586, and assuming the cube

‘corners were exposed to air and seflected light by total intetnel reflection, ‘The TLR was

calculated a5 » funition of orientation angle for a sequence of different enirance smgles. “The
model then cafeulated, for cagh.combination of erientation migle and entrance angle, a weighted
average of the TLRs for the 6 arrays. Weight values of 15% were used for the arrays of tiles B, C,
E, and F, and ‘weight values-of 20% werte used for the arrays of tifes A, and . These weight
values are in propoztion to the relative widthe, and rélafive surfaceareas, of the respéctive tiles in.
the tiled article 1410.

The résulting caloulated retroreflestive perforinance of the tiled retroreflective article is
shown in the isomtensity plot of FIG. 17. Tn tlie figure, the magnitude of the calenlated TLR is in
the mdial direction, and orientution angle i in the azimuthel direction, Curves are plotied for
entrance angles from 01670 degrees in 10 degres increments, with curve 1700 representingn 0
degree entrance angle, curve 1710 represonting a i1 degree entrance angle, covve X726

wepresenting a 20 degres entrance angle, sud so forth. A second tiled cube cotner article was then
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modeled. The articls was assumed 1o be the same ag that of FIG. 17, except that the refractive
index was assumed to b 1,50 rather then 1.586. With this modificefion, the TLE of the tiled
artitle was talonlaied in the same way as described abovein connection with FIG, 17. The
resulting caleulaiad retroreflective performance is shown in the isointensity plot of FIG, 18, which
has the sarie format 28 FIG. 17, Curves dre plotied Tor enfrance angles from 0 fo 60 dogrees in 10
degree increments, with cusve 1800 representing a.0 degree ent;:aues angle, curve 1816
representing a 10 degree entrance angle, curve 1820 representing 2 20 degree entrance angle, and
sa forth. Some differcnces. caz be scen between t_he-se curves and the corresponding cnrves of FIG.
17, Such differgnces are demonsirative of the effect of a change in refracfive index of the cube
¢otner article. -

For cempasison porposes, we algo investigated the dube comer article shown in FIG, 3
shove and discyssed in the “281 Mimore publication. Figure 19 is-a reprodietion of »-figore in the
#281 Mimnura publivation relating to the embodiment in wiitch cube corners 314-1 and 3315-1 bave
ordered base angles of (54,918, 66,659, 58.423), and cubc corners 314-2 and 315-2 huve ordered
base angles of (54.018, 58423, 66.659), this cmbodiment heing referred to hereafier a3 the
Mimorg embodiment, The graph.of FIG, 19 is said to be tha retrareflective performance of this
emboiiment, ag calculated vsing A opticsl simulation. The gfaph shaws the performence-at.
entrance engles of 5 degrees {cutve 1905), 15 degrees (curve 1915), and 30 degrees {ourve 1936),
with dats points plotted in orientstion angle increments of 15 degrees.

We attempted o duplicate the resulis of Mimura in order to determine the retroreflective
performance of the Mimura embodiment at entrance angles greater than 30 degrees. One obstacte
in this effort was = lack of information in the *281 Mimura publication regarding the refiactive

‘index that was assumed for the embodiment. Using our owt apiical modeling software, we

antered the pube comer geomegyical information for the Mimura embediment info ovr software,
il generated isginlensity plots of the TLR of the emboedinientat 5 5, 15, and 30 degree entrance
angle for a munber of different refiactive indices. We then identified the refractive index that
produced v curves that most tlossly matched those of FIG. 19, partionlarly curve 1930 at the 30
degres entrance wngle.. This procedure indicated to ne the refrective index wus equal to-or
approximately 1.586. Figute 20 showe an isointensity plot which nses the TLR caleulated by our
opiteal modelipg software for the Mimura embodiment, assuming the 1.586 refractive index, The.
graph shows the performance at entrance angles of 5 degrees {entve 2085), 15 degrees (curve
2015), 30 degrees (curve 2038), 40 degrees {curve 2840), and 50 dogress (corve 2030), with dgta
points plofied in origntation angle increments of 15 degrees just as in FIG, 19. Cuirve 2038.can be
geen td closely approximate the curve 1930 in EIG. 19. Inspeetion of FIG. 20, partionlarly curves
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2040 and 2059 thereof, reveals that uniformity as a function of orientation angle rapidly degrades
for the Mimura emboditnent at icressed enirance angles.

The uniformity index UT discussed shove was calcututed for the Mimura enmbodiment,
assnming the 1.586 refractive index, and for the embodiment:0f FIG. 17 (see also FIGS. 14, 15,
and 16), which has the stme refractive index. The results are shown inFIG, 21, In that figure,
curve 2101 §s the Ul for the Mimurz embodiment, and ¢curve 2102 is for the embodiment of FIG.
17.

Bxemplary-materials for forming retroreflective cube comer artisles in¢hude, but are not
limited to, thermoplastic polymers such as, for example, poly(carbonate),
poly(methylmethacrylate), poly(ethylencterephibialate), aliphatic polyurcthanes, as well as-ethylene
copalymers and fonomeds thereof, and mixtures thercof. Cube eorner sheeting may be prepared by
cagting diectly onto a film, such ag described in U.S. Patent 5,691,846 (Benson, Jr. et al).
Polymers for radiation cured cube corners inclnde crosslinked nerylates such ag-multifunctional
acrylates or epoxics, acrylated urethanes Wended with meno-and muliifonctional monomers, and.
nitrogen-cotrtaining polymers, such as those described in U.S. Paient 7,862,187 (Thakkar-etal),
incorporated herein by reference. Furher, cube comers such ag those previously described may be
cast ow fo plasticized polyvinyl chioride film for more flexible ciast cube corner sheeting. These
polymers are desirable for one or more reagans including thermal stability, environmental stability,
clarlly, exceflent relfease fromthe tooling or mold, and the ability {o apply a refleciive coating 1o
the cube corner facets,

A specularly roflective coating or reflective Tayer may be plated on the facets of the cube.
cozner elements (v:g, on 2 back side of a cuber corner film) to promole refroreflection. Suilable
reflective coatings inchnde metallic coatings such ag alvuminum, silver, nickel, oralloys thereod,
which éan be applied by known techniques.such-as vapor deposition or chemical deposition. A
yeflective Jayer may also be or comprise a muliilayer optical film. A primer layer may be applicd
to'the cube comer facets to promote adhsrence of the reflective cosfing or layer. In cases where no
reflective coaﬁ'ng_-nr fayeris used on the cube corner facets, they may be exposed to air or vacuum,
and a gealing film may be used toprovide sealed cells or pockefs that mainizin the air interfuce and
keep aut water, dift, and the like. ‘Exemplary seal films for yefroreflective articles are disclosed in
U.8. Patent 7,611,251 (Fhalkkar et al). In other embodiments, a pressure sensitive adhesive ldyer
comprising barvier materials may be disposed on the cube corsers, such as disclosed, for example,
in patent application publication US 2013/0034682 (Free etal).

Prismatie retroreflective sheeting can be-manufactuted 46 m intepral materivl, e.g., by
embossing a preformed sheet with a struciured surface confaining cube comer array(s), or by

casting a fhyid material info a suitable mold. Aliernatively, retroreflective sheeting cam be
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manufactored.as a layered product by casting the cube corner clemenis against a prefoimed film or
by laminating a preformed film to preformed cube cometelements, The cube comer olements can
be formed on u palycarbonate film approximately 0.5 wnn thick haviog an index of refraction of
sbout 1,59. Useful saterials for making retroreflective sheoting are materials that are _
dimensionally stable, durable, woatherable, and readily formable nfo the desired confipuration.
Genorally any opticafly transmissive msterial that is formable, typically under heat and pressure,
can be used, The sheeting can alko incinde colorants, dyes, 17V absotbers or separate UV
dbsorbing layers, and other addifives a8 desived.

“Unless otherwise indicated, alt numbers expregsing quantities, measutement of propertics,
and so forth nsed in the specification and claims are to be understood as being modified by the
term “about”. Accordingly, unless indicated to the contrary, the mumerical parameters set-forth in
the specification and claims are approximations that an vary depending on the desired propertics
soughtto be obtained by those skilled in the art utilizing the teachings of the present application.
Not us an attempt to Hmit the application of the doctrine of cquivalents to the scope of the claims,
each numerical parameter should at least be consirued in light of the number of reporied
significant digits and by applying ordinary ronnding techmiques, Notwithstanding that the
numerice] ranges and.pa'rameta_rs setting forth the broad scope of the invention are approximations,
to the extend any numerical valaes are set forth in speeific exampley desoribed herein, they are
seported as precisoly as reasonably possible. Any numerical value, however, may well contain
errors associated with testing or measurement limitations, Similaily, terins such as “equal™,
“parallel”, “coingide”, and the like whenused herein shounld be understood to encompais
embediments in which deviations from exact equality, parallelism, coincidence, efc., are within
manufaciuring iolerances, or otherwise deviate from such exactness due io second order design
featares as-disenssed elyewhore herein,

‘Various modifications and alterations ofthis-invention-will be apparent to those skilled i
the art-without departing from fhe spirit and scope of this invention, and it should be understood
ihat tliis invention is not Kmited to the illustrative embodiments set forth herein, The reader should
assermng that features of one disclosed embodiment can also be applied to all other disclosed
embediments untess otherwise indicated, T ghould slst be understood that all U.S. patonis, patent
application publications, and other patent and non-patent documents referted to hersin are
incorporated by reference, fo the extent they o not contradict the foregoing disclosnre.

‘This. document digcloses numerous smbodiments, including but not limited to the
following Hems?
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Ttem 1 is.an article having a structured surface that defines a reference plons having an in-plane
axis, the stciured surface including a plurafity of cube comer arriys arranged into a phurality of
tiles, the-article comprising;
firat, second, and third tiles defined by respective fivst, gecand, and third cnbe corner arthys,
the first, second, and third cube-comer arrays having respective fist, second, and third
Jprimary plancs of enitance angalarity, each oriented differently relative to the in-plane axis;
whercin the first, second, and third tiles cach includes one fife edge parallel'to the in-plane
axis; and
whetein. each of the fitst, second, and third cube comer arrays includes one given groove
parellel to the in-plane axis.

‘Tiem 2 1. the article of item 1, where the first, second, and third tites are each olongated parallsl to
the in-plane axis.

Yem 3 is the article of item 1, wherein for each of the first, secoud, and third tlles, the given groove
iy oig of:a plurality of lengthwive grooves that define-a lengthwise groove pitch, and each of the
firat, second, and thied tiles has r width equal 10 an integer nmktiple of the respective lengthwise
Eroove pHch

Tiem 4 15 the extiole.of item 3, whetein the widths of the first, second, and third files are eaclin &
rauge from 0.2 mm to 5 min, or from (.2 mm to 1 mm, or-from 0.5 o to 1 mm.

Ttem 5 is the article of ltem 1, whetein the plurality of tiles includes additional tiles other than the
first, second, end third tiles, the additional ties having corresponding additional ctbe comer:

arsys, all of the additional cube comer arrays including one given groove parailel to the in-plane
axis.

Ttem 6 15 the article of tem I, whereincube corners in each ofthe fiist, sccond, énd third cobe
cormer arays are canted and characterized by a base triangle having an ordered set of base angles,
snd wheteln the ordered sefs of besé ungles for the first and second cube comer attitys are'eqoal to

cach other, -and he orderéd sets. of base angles for the first and third cube coradr atrays are
peronuiations of each ather,

Hem 7 is the acticle of item 1, wherein cube corners in cach of the first, second, and thicd cube.

cofner.airays ate canted and characterized by a.base triangle having an orderced sot of bage angles,
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and wherein the orderod sets of base angles for the first, second, and third cube corner arrays rre
etual i cacl other,

Hem 8 js the article of item 7, wherein the plurality of tiles further ncludes a fourth tile defined by:
a fourth enbé-comer aredy, the fourth cube comer array having a fourth primery plane:of entrance
angularity-that is not parallel to eny of the first, second, or third primery planes of enfrance
angulerity, and wherein eube comers in the fourth cube corner aray are canted and characterized

by a base iriangle having an ordered set of base angles that is apexmutation of the ordered set of
bago angles for the first cube comer. ammy.

Ttem 9 Is the.axticle of Hem 8, wherein the fourth #ile is elongated paraliel 1o the in-plane axis, and

the fourth cube corner array includes one lengthwise groove parallel to the inplane axis,

Ttem 10s the artiole of from 1, whetein all of the cube corner arays in the plurality of cubs corner
arrays have respective primacy planes of entrance angularity, the primary-planes of entrance
angulsrity. defining at least 4 unique crisatetions relative to the in-plane axig,

Item 11 is the article of itens 10, wherein the cube corner armys associated with the at least4
vnique orientations each includes one lepgthwise groove paralfél to the in-platie axis-and are
characterized by respeotive ordered sefs of base angles, every two of such ordered sets of base
anyies either being equal to éach otheror being permutations ofeach other,

Item 12 is the arficle of item 10, wherein the primary planes of entrance angularity define at least 5
umigue orfeniatlons relative fo.the in-plane axis.

Ttem 13 15 the article of ifem 12, wherein the cube corner arrays associated with fhe af least 5
mnigoe orientatinns are characistized by respective ordercd sets of base angies, every two-of such

ordered sefs of buse angles either being equal to each other or being permutations of each. othor,

Item 14 js the article of item 12, whierein the primary planes of entrance angolarity define at'least 6
uniqie orentations telative to thedn-plane axis,

Ttem 15 3¢ the artigle of itetn 14, whereln the cube corner arrays assotiated with the at least 6
nuique otisntations are oharacterized by vespective ordered oty of base anples, every two of Such
ordered sels of bage angles either being eqial to each other or being permutations of each other.
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Item 16 is the aiticle of ifem I, wherein the first and second tiles have tile edges that meet along a
boundary, and wherein fagets of s row of cube corners on the first tile near the boundary and facets
of a Tow oF cube comers an the second tile near the boandary collectively form a composite
groove, the composiie groove being porallel to:the in-plans axis.

Ttern 17 is the arfick of tem: 16, wherein the composite groove has & composile groove angle that
differs fromia groove angle of the given groove of the fitst cube comer array and that also. differs

from agroove angle of the given groove of the second cube comer array,

Tter 18 is the ariicle of Hem.1, wherein the-structured surface provides a uniformity index at a 30
degree entrance angle of'at leest 4, ar at least 5, orat least 6,

Item 19'is the article of item 1, wherein the structured surface provides auniformity index ata 40
degree entrance angle of ot Jeast 2, or atleast 3, ox'ai least 4, or at least S.

Ttem 20 is an artiele having a structured surface that includes a phavdlity of cabe-corner arays
arranged intn a corresponding phirality ofiiles, the struetured surface dofining a reference plane
having an in-plane axis, the cube corner arry for each of the plarality ofiles having a given
greove set-whose grooves extend paraliel to the in-plane axis, the cube carmer-aizay foreach of the
plurality.of tiles having ussociated therewith a plane of eant and a primary plane of entrance
angularity, and wherein unique ones of the primary planes of entrance sngularity for the plurality
of tiles-aro more evenly distributed in azimuthal angle than unique ones of the planes of cant.

Hem 21 is thie article of fem 20, wherein the unique ones of the ,pﬁmar_;fplanes of entranee
angularity hiave a mintmpm angular separation Philviinl and the unique ones of the planes of cant
have a mininsom angular separation PhiMin2, snd whercin PhiMin! is greater tham PhiVAn2.

Ttem 22 js the wrticle of item 21, wherein Phiin] is at leasi 2 times PhiMinZ.

Ttem 23 is the nrticle of itém 20, wheretn the tiles have respective widths that are in a range-from
0.2 mmio 5 mm,

Ttem 24 is the article of ilem 20, wherein the given grodve set for each tile s a lengthwise groove.

gel for such tile,
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Tteni 25 is the article of ifem 20, whetein the stroetured surface has N unique primary planes of

entrance angularity sgsociated respectively with N unique. ones of the cihe cormef amrays, and
whersin M iz 4, 5, or 6.

Ttem 26 dx the sriicle of ifem 20, whereln the plurality of tiles fveludes a firsf, second, and third tile
eomprising respective first, second, and third errays of canted cube corners, the first, second, and
third arrays having assoclated therewith respective first, second, and third planes of cant no two of
which ate paralled to each other,

Ttem 27 is the article ofitem, 26, wherein fot each of the first, second, and third strays, the given
groove set ig a lengthwike groove set that defines » lengthwise groove piich, and each of the first,

second, end third tiles fius » width equal to an inteper multiple of the respective lengthwise groove
pifch.

Tten 28 is the article of Hem 20, whergin the structured sirfiuce provides o uniformity index at a 30
degioe entrance angle of at least 4, or at least 5, or ot least 6,

Item 29 is the article.of tem 20, wherein the steuctured surface provides 2 uniformity index at a 40
degree entrance angle of'at least 2, or at least 3, or at least 4, or at least 5,

Yom 30 isthe arlicle of item 20, whereln the pluality’ of tiles are each clongated parallel to the in-

plane axis.,

Item 31 is an article having a steuctnred surface, the structured sucface being segmented info a
plorlity of tiles, the artiole comprising:

» first, second, and third tile comptising respective first, second, and thicd arrays ofcanted
eubi cotners, the fivst, second, and thied avrays baving associsted therewith respeotive fivst,
second, and third planes of cant no two of which ate parallel fo each othies;

wherein cube-corpers in the fitst, seoond, and third arrays are characterizéd by base triangles
having respecitve first, second, and third ordered sets of base angles;

whetein the first and second-orderad sets of base angles are equal to each other; and

wherein the fitst and thitd ordered setsof base angles are permations of each otber,
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Ttem 32 is the articlo of item 31, whereln each oF the first, second, and third arrays hes & groove get
whose grooves extend paraflel o an edge of iis respective tile.

Ttom 33 is the article.of ifem 31, wherein each of the fivst, second, and third artays is defined by
three sets of parailel graoves that intersect sach other to form cibe comers.

Rem 34 1s the article of item 31, further comprising:
a fourih tile comprising # fourth array of canted cube corners, the fontth array having

associated therewith s fourth plane of cant that iz not parallel 1o any of the first, second, or
third plaacs of cant.

Ttem 35 18 the article of item 34, wherein the fourth array is chatacterizedby a'base iangle having

2 fourth ordered set of base angles, the fourth ordeted set of base angles being the same as the third

ordered set of base angles.

Jiem 3655 the article ofitem 31, wherein the structured surfuce provides a uniformity index at a 30

degree enfrance angle of at Ieast 4, or at least 5, or at least 6,

Ttemn 3738 the article of item 31, wherein the structured surface provides a uniformity index at 2 40
degres cottance angle-uf at Jeast 2, ar at Teast 3, or at least 4, o st least' 5.
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CLAIMS

1. An article having a structured surface that defines a reference plane having an in-plane axis, the
structured surface comprising:
a plurality of cube corner arrays arranged into a plurality of tiles comprising first, second, and third tiles
defined by respective first, second, and third cube corner arrays, the first, second, and third cube corner
arrays having at least one respective first, second, and third primary plane of entrance angularity each
oriented differently relative to one another and each oriented differently relative to the in-plane axis;
wherein
the first, second, and third tiles each comprises one tile edge parallel to the in-plane axis,
each of the first, second, and third cube comer arrays comprises one given groove parallel to the in-
plane axis, and
the first, second, and third primary planes of entrance angularity have unique orientations with respect

to any other primary plane of entrance angularity of the first, second, and third cube corner arrays.

2. The article of claim 1, where the first, second, and third tiles are each elongated parallel to the in-plane

axis.

3. The article of claim 1, wherein for each of the first, second, and third tiles, the given groove is one of a
plurality of lengthwise grooves that define a lengthwise groove pitch, and each of the first, second, and

third tiles has a width equal to an integer multiple of the respective lengthwise groove pitch.

4, The article of claim 3, wherein the widihs of the first, second, and third tiles are each in a range from

0.2 mm to 5 mm, or from 0.2 mm to 1 mm, or from 0.5 mm fo [ mm.

5. The article of claim 1, wherein the plurality of tiles comprises additional tiles other than the first,
second, and third tiles, the additional tiles having corresponding additional cube cotner arrays, all of the

additional cube corner arrays comprising one given groove parallel to the in-plane axis.

6. The article of claim 1, wherein cube corners in each of the first, second, and third cube corner arrays
are canted and characterized by a base triangle having an ordered set of base angles, and wherein the
ordered sets of base angles for the first and second cube corner arrays are equal to each other, and the

ordered sets of base angles for the first and third cube corner arrays are permutations of each other.
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7. The article of claim 1, wherein cube corners in each of the first, second, and third cube corner arrays
are canted and characterized by a base triangle having an ordered set of base angles, and wherein the

ordered sets of base angles for the first, second, and third cube corner arrays are equal to each other.

8. The article of claim 7, wherein the plurality of tiles further comprises a fourth tile defined by a fourth
cube corner array, the fourth cube cornet array having a fourth primary plane of entrance angularity that is
not paraliel to any of the first, second, or third primary planes of entrance angularity, and wherein cube
corners in the fourth cube corner array are canted and characterized by a base triangle having an ordered

set of base angles that is a permutation of the ordered set of base angles for the first cube corner array.

9. The article of claim 8, wherein the fourth tile is elongated parallel to the in-plane axis, and the fourth

cube corner array comprises one lengthwise groove paraliel to the in-plane axis.

10. The article of claim 1, wherein all of the cube corner arrays in the plurality of cube comer arrays have
respective primary planes of entrance angularity, the primary planes of entrance angularity defining at

least 4 unique orientations relative to the in-plane axis.

11. The article of claim 10, wherein the cube corner arrays associated with the at least 4 unique
orientations each comprise one lengthwise groove parallel to the in-plane axis and are characterized by
respective ordered sets of base angles, every two of such ordered sets of base angles either being equal to

each other or being permutations of each other.
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12. The article of claim 1, wherein the first and second tiles have tile edges that meet along a boundary,
and wherein facets of a row of cube corners on the first tile near the boundary and facets of a row of cube
corners on the second tile near the boundary collectively form a composite groove, the composite groove

being parallel to the in-plane axis.

13. The article of claim 12, wherein the composite groove has a composite groove angle that différs from
a groove angle of the given groove of the first cube corner array and that also differs from a groove angle

of the given groove of the second cube corner array.

14, The article of claim 1, wherein the structured surface provides a uniformity index at a 30 degree
entrance angle of at least 4, or at least 5, or at least 6, wherein the uniformity index is an average total
light return of the structured surface divided by the difference between maximum and minimum total light

return of the structured surface.

15. An article having a structured surface, the structured surface comprising:

a plurality of cube corner arrays arranged into a corresponding plurality of tiles comprising first,
second, and third tiles defined by respective first, second, and third cube corner arrays, the first, second
and third cube corner arrays having at least one respective first, second, and third primary plane of
entrance angularity each oriented differently relative to one another and each oriented differently relative
to the in-plane axis, the structured surface defining a reference plane having an in-plane axis, the cube
corner array for each of the plurality of tiles having a given groove set whose grooves extend parallel to
the in-plane axis, the cube corner array for each of the plurality of tiles having associated therewith a
plane of cant, wherein the first, second, and third primary planes of entrance angularity have unique
orientations with respect to any other primary plane of entrance angularity of the first, second, and third
cube corner arrays, and wherein unique ones of the primary planes of entrance angularity for the plurality

of tiles are more evenly distributed in azimuthal angle than unique ones of the planes of cant.
16, The article of claim 15, wherein the unique ones of the primary planes of entrance angularity have a
minimum angular separation PhiMin1 and the unique ones of the planes.of cant have a minimum angular

separation PhiMin2, and wherein PhiMin] is greater than PhiMin2.

17. The article of claim 15, wherein PhiMin1 is at least 2 times PhiMin2.
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18. The article of claim 15, wherein the given groove set for each tile is a lengthwise groove set for such

tile.

19. The article of claim 15, wherein the structured surface has N unique primary planes of entrance

angularity associated respectively with N unique ones of the cube corner arrays, and wherein N is 4, 5, or
6. '

20. The article of claim 15, wherein the plurality of tiles comprises a first, second, and third tile
comprising respective first, second, and third arrays of canted cube corners, the first, second, and third
arrays having associated therewith at least one respective first, second, and third plane of cant no two of

which are parallel to each other.

21. The article of claim 20, wherein for each of the first, second, and third arrays, the given groove set is
a lengthwise groove sct that defines a lengthwise groove pitch, and each of the first, second, and third

tiles has a width equal to an integer multiple of the respective lengthwise groove pitch.

22. The article of claim 15, wherein the structured surface provides a uniformity index at a 30 degree
entrance angle of at least 4, or at least 5, or at least 6, wherein the uniformity index is an average total
light return of the structured surface divided by the difference between maximum and minimum total light

return of the structured surface.
23. The article of claim 15, wherein the plurality of tiles are each elongated parallel to the in-plane axis.

24. An article having a structured surface that defines a reference plane having an in-plane axis, the
structured surface being segmented into a plurality of tiles, the structured surface comprising:

a first, second, and third tile comprising respective first, second, and third arrays of canted cube
corners, the first, second, and third arrays having associated therewith at least one respective first,
second, and third plane of cant no two of which are parallel to each other, and further associated
therewith at least one respective first, second, and third primary plane of entrance angularity each
oriented differently relative to one another and each oriented differently relative to the in-plane
axis, wherein each of the first, second, and third arrays has a groove set whose grooves extend
parallel to an edge of its respective tile;

whereir

cube corners in the first, second, and third arrays are characterized by base triangles having respective
first, second, and third ordered sets of base angles,

the first and second ordered sets of base angles are equal to each other,
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the first and third ordered sets of base angles are permutations of each other, and
the first, second, and third primary planes of entrance angularity have unique orientations with respect

to any other primary plane of entrance angularity of the first, second, and third cube corner arrays.

25. The article of claim 24, wherein each of the first, second, and third arrays is defined by three sets of

parallel grooves that intersect each other to form cube corners,

26. The article of any one of claims 1, 15, and 24, wherein each of the first, second, and third primary

planes of entrance angularity are dominant planes of entrance angularity.
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