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MICROTILED PRISMATIC CUBE CORNER ARTICLES

FIELD OF THE INVENTION
This invention relates generally to retroreflective sheeting and related articles that
incorporate cube corner clements, with particular application to such srticles in which distinet cube
coTier arrays arg arranged imto a phirality of tiles to provide improved retrovetiective performance
telative 1o an. axticle that incerporates only one cube corper drray. The jnvention also relaies to

atticles and systems incofporating such cubge corner articles, and methods of making.and nsing
such articles..

BACKGROLUIND

Retroreflective cube corner articles afe known., Such articles incorporate cube corner
elements, ¢ach such cube cornet having three approximately mutually perpendicular facets of high
reflectivity. The teflective facets interact with light t(; cause oach cube comer element to redirect
incident light back in the general ditection from which it origfnated, regardless of the angle of
incidence of the ight, This functionality is useful in applications requiting enhanced visibility,
©.g. sireet and highway signs, traffic control barrels and cones for placement in and along
roadways, and vests ar other articles of clothing for persens who engage i work or otbér sctivities
around nighttime traffic. The reflectivity of the facets may be provided by total internel reflection,
o1 by & layer of metal or other reflective material coated onto the facet. Iiis also known to design
the cube corners so that the dihedral angles between the three séflective faceis deviate slightly
from perfect perpendicularity; so that the retroreflected light deviates slightly from the dircetion of
the incident Hight. Tn this way, more of the retrorefiected light is likely to be seeu by a petson
whose-eye subteads-a small but.nonzero angie felative to the direction of the-incident lipht.
Reference in this regard is mads to U.S, Patent 4,775,219 (Appeldorn &t o).

1t 18 Jmowm for a given enbe comer article to be fabricated using a tool having a structured
surfuce. The stuctored surface of the cube corner article may be made by microreplication from
the stroctered surface of the tool, The structured surface of the tool is thus an inverted version or
negative replica of the structured surface of the given cvbe corner article, Ag such, 1his tool also
includes groups of three approximately mutoally perpendicidar fucets, and whether or not the teol
itself provides any retroreflectivity of light, it can be considered 1o be & cube cosner article.

1t is also known to provide cube coradr articles with a tiled configuration, in which distinet
cube corner arrays are arranged in a pattemn of adjacent yegions or zories, referred to herein s tiles.
The filing typically nodifips the enirance and srientation performance of the article.
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Commeroially available retroveflective cube corner sheeting uses tiles having, in plan view, the
shepe of long strips of rectangnlar areas {inclusive of squares), a minimum characteristic
dimension of witich & on the order of 0.150 inches (3.8 mm) or more. The orientaiion of cube
corner clements is different between any iwo adjacent tiles.

Three known retroreflective cnbe cormner articles fhat employ tilitig will now be discussed.

Figures 1, 1A, and 1B relate to a filed rétroreflective anticle discussed n U.S. Patent
5,936,770 (Nestegard et al)). Figure'1 depicts a magnified view of a portion of the structured
surface of 2 retroreflective cube comer sheeting 116 -which. i designed to exhibit improved
retroreflective performance at high entrance angles in exactly two primaty planes, and fo exhibit
substentinlly similar retvorefluctive performance at varyihg enfronce angles in each of the fivo
ptimary plames. Thestructured surfice inéludes a plurality of alternating zones which comprise an
artay of cube corner glements 112, The cube corner-clements 112 are disposed s opfically
apposing matched pairs in anammay.on one side of the sheeting, Each cube corner element 112 has
the shipe of a trihedral prism with thice exposed planar fices 122, The dibedial angle between the
faces 122 is about 90°, but can deviate slightly from 90° as discussed in the ‘219 Appeldorn patent.
The cube corner clomenis 112 pteferably huve a canted geometry as disclosed in U.S. Putent
4,588,258 (Hoopman). -Sugh canfing defines a single primary plane of improved retroreficctive
performance at high eafrance angles and a single secondary plane of improved reiroreflective
performance at high entrance angles. The axes. of the cube comer elements canbe canted in a.
“packward” or “negutive” direction as discussed in U.8. Patent 5,565,151 (Nilsen), oxina
“forward” or “positive” difection ag discussed jnithe 258 Hoopman patent.

The struciured surface of the sheefing 110 includes u plurality of alternating zones (“tiles”)
of cube corner arrays disposed at approximately ninety degree orientations. Sheeting 110 may
thus be charactctized in that it includes a first zone 106 Including an array of cube corner elenients
disposed in 2 first orientation on the sheefing and a second zooe 108 of cnbe cotner clements
disposed in a second arientation on.the sheeting to define a-first pritnary plane of improved
retrofcflective performance at high enirance angles and a second primary plane of improved
refroreflective performanee at bigh entrance angies-which is perpendicular to the firs! pleme.

The first zane 106 extends substentially parailel with a longitdinal edge of sheeting 110,
‘The first zone 106 inclndes an array of cube corner elements 112 formed by three nmnally
interscefing seir of grooves eluding two secondary. groove sels 126, 128, and a primary groove
set 130, The individual cube corner elements 112 in the areay are formed such that their optical
axes ate-canted ina plene peipendicnlar to the primayy groove 138. The cube cotner atray in first.
zong 106 thus exhibits a primary plane of improved retroreflective petformance which extends
perpendicular to the primary groove 130, aud perpendicutarto the longitudinal eilge of the
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sheeting 1%0. The individuel cube.cornerelements are carited throogh an angle-of approximately
%15 degrees with respect {o an axis nornal 1o the base of the cube corner element to define base
triangle included angles of 55.5 degrees, 55.5 degrees, and 69 degrees. The second zone 108.
extends snhstantially pacallel to the fiist zone 106 along the length of the sheeting, shid indlndes an
array of cube corner elements 112 substantially identical to the amray disposed in-the first zone 106,
except that the smay in the second zone is disposed af @ nincty degreo orientation velaiive to the
grray in first zone-106. It is said that advantages may be obtained by canting opposing cube comer
eleménts throngh an angle between about: 7 degrecs and about 135 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 comner atrmay in
aceordance with the 258 Hoopman patent. Such a cube comerarsy exhibis o single pringipat
plane which exhibits improved retrorcflestive performance at high entrance angles, represented by
the plane extending through the two broadest lobes of thie isobrightness contours, and a secondary
plane, which exhibits improved retrorefiective performance at high entrance angles, represented by
the-plane which extends through the two shorter lobes of the isobrightness contours, Accordingly,
ghesting manufictured to bave such.a single cube corner aray has & single preferred orlcatation.
The eimbediment of FIG, 1 is said fo overcome this Hmitation by providing two planes which
exhibit improved retroreflective performance at high enirance angles. As disclosed in PCY
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 plames of eniranes angularity. The-two
preferred planes of entrance angularity dre not necessarily perpendicular to each other,

FIG. 1B is an isobrightness contour graph of retroreflective brightness readings taken from
u sample of dual orientation shiceting in accordanee with FIG. 1. A description of retroreflective
testing geometrics and measurémerd angles is supplied in ASTM 1-808-93b, Standdrd Practice
Jor Describing Retroreflection (7 more emrent vergion of which is designated ASTM-E-808-01
(20093), and pertinent angles-and other geometrical factors are also disenssed below in connéotion
with FIG: 4. Themeasurements of FIG. 1B were taken at o fixed ohsetvation angle of 0.33
degrees and a fixed presentation angle of 90 degrees. The entrance atgle was varied between 0
and BO-degracs aid the sheeting was rotated through a 360 degree range of orieniation ahgles. In
FIG. 1B, entrance angles are represented by concentric eircles, while orientation atigles are
represented by numerals extending radially around the graph. Theconcentrie isobrightness
cortoyzs ‘epresent the relative refroteflectance of thie retroreflected light; fie maxinum
retroreflestance is represented by the centerpoint an the graph and concentric isobrightness
contours representing five percent reduetions in retroreflectance relative to the maximum,

meatwred.in candelas/hmfmeted,
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Referting 10 BIG: 1B, the retroreffective sheetitig of FIQ. 1 exhibits exactly fourbroad

"lobes-of iraproved retroreflective performance at high entrance angles, These fouf lobgs veour at

90 degree intervals beginning stazeio degree orientation angle.(s.g. at 0, 90, 180, and 270 degrees
otientation angle). Thesa four lobes.define iwo primary planes of improved retroreflective
performance at high entrance angles: the first plane extends throughthe plate of the sheeting ata
0-180 orientation and the second plane extends through the sheeting ata 90-270 orientation. The
shesting ia also said to exhibit substaniially similar reivoreflective performange across verying
entrance angles within these two plancs. In use, the sheefing may be oriented in either of two
different grientations-to'cuable the sheeting o provide optimal refroreflective performance.

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

Figure 2 is 4 schematic plan view of another cube cormer reiroreflective éhccﬁﬁg 276 that
employs tiling. The filed sheeting 270 way sold in commerce by the Stimsonite Corporation of
Niles, IL; under the frade name STIMSONITE High Performence Grade Reflective Stieeting (Lot
1203W, Product Number 8432170), The filed sheeting 270 employs a plurality of tiled arrays of
baclkward canted cube cormer element matched pairs. The struetired surfice of the shesting 270
inciudes a phurality of groups ofcube comer slement matched paic srinys positioned af a pluratity
of distinct orientations relative to a bongiindinal edge 272 of the-sheeting 270, The cube comer:
arrays are orienicd such that the primary grooves of the arrays lie in planes that are positioned at
orientations of 0 degrees, 30 degrees, 60 degrees, and 90 degrees telntiveto longitdinal-cdge 272.
of gheat 270,

For further details of the tiled sheeting 278, as well a5 descriptions of other tiled.
retrofeflective atticles, the reader.is directed to U.S. Patent 5,822,121 (Smith et al),

Flgure 38 a tiled cube corner article 316 dizcussed in paten? application poblication US
2011/0013281 (Mimura et al). The enbe corner article 310 has a structored surface in which
favets thereof form first cube.corner avrays 313-1 and second eube corner arrays 313-2 arranged
info slternating stelp tilos 312-1, 312-2, réspectively.. The structured surface defines.a reference
plane, shown as the x-y plane of a Crrtssian x-y-z coordinate system, The first cube corner arrays
313-1 have cube corners 314-1 and 315-1. THess cube corners are canied, That s, the opticsl axis
(pomictimes reforred fo agthe symmetry axis) of each cube corner is tlted with respect to the
normal axis of the plane, Le., with respeet to the z-axis. The second cobe coriter arrays 313-2 have
cube corners 314-2 4nd 315-2, whicl: are also canted. The projections of the aptical axes of the
various cube sorners on the x-y plans ure shown in the figure as optical axés 3141, 315d-1,
3144-2, and 3154-2 for the cube corners 314-1, 315-1, 314-2, 315-2, respoctively:
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The Mimura reference describes dn embodiment in which cubé corners 314-1 and 315-1
have base trizngles whose ordersd interior angles orbase angles are (54.918°, 66,659, 58.423°),
und n which cubg comers 314-2 and 315-2 have base triangles whose ordered interior-angles ere
{54.918°, 58:423°, 66.659°). Further discussion of base triangles and theirordered angles is
provided below. A given ong of the cube corners.314-1 and an adjacent ane of the cube corners
5.1 form.2 maiched pair of cube corners, because the cube comer 3i4-1, if rotated 180 degrees:
gbout the z-axis, produces a cube corner that has the sime cube geomotey-and the same cube
prientation as the eube corner 315-1. A given one of the cube cornars 314-2 and an adjacent one
of the cube corners 315-2 2lso form a matehed pair of cube corners, Tor the same reason.
However, any given cibe corner wittiin the array 313-1 does not have the sanie cube geomciry as,
and does not form 2 matched pair with, any cube corner within the array 313-2.

BRIEF SUMMARY

We have develaped a family of cube corner articles in which the structured surface
includes different cubé comer armays that ate combined in a tiled configuration. Design fedtives of
the different-cube corner prrays, optionally in combination with design features of their respective
tiles, are selected to provide one ot more beneficial prodnct characteristics, such as improved
arientation wiiformity for reiroreflected lighit, improved apparent spatial rmiformity of the

structured surface, fewer fragmented cube-corner slements (or increased sutfaoe coverage of non-

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

manufacture, while being able to realize one, some, orall of these beneficial characteristics in thin
flexible cubie corner shiceting having a high overall retroreflectivity, if desired. Ease of
manufctare hes at least two'possible uspects, One aspect relates to the speed at whicha
retroreflecitve cube-cotner filin can be monufactured, which can beincreased by designing the
eube corner arrays formest or all of the tiles to have one.groove setpurallel to the downweb
direotion of the film web (and preferably-also to an sdge.of the respective tile), so that curable
matetial can be forced into the structored surface of the tool mors sesily and rapidly. A second
sspect relates 10 veduced cost and increased simplicity in the manufacture of the cube cotner tool,
which can be realized by the use of cube corner arrg;;s capable of being cut with only one set of
three.or fewer cutting lools, such that the cube geometry for one arfity is ;ehe sare a3 tho cube

geometry in a differently oriented array, and/or is a permutation of, the cube geomefry ina
(ifferently oriented anay,

We disclose herein, inter alin, cube comner urticles suoh as retroreflective sheeting that
utitize muitiple sube.corner arruys in 1 tiled configuration, cach tile contsining one airay of canted

cube corner elements. The tiles may ba long and narrow, i.c., cxtended, and the array in sach of ot
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least two or three adjacent tiles, or even in most tiles or every iile of the article, may include at least
one lengihwise 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 pitch to avoid or reduce ineffective fragmented cube corners, and vettical surfaces, along the
tife edge. Each array may have a plane of cant and a primary plane of entrance angularity, and the
primary platies of entrance angularity for the muultiple tiles may be more evenly distributed.in

- azimuthal angle than the planes of cant.

A first 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
cornel atrays 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 corer 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 first, second, and third:tiles each includes onetile edge parallel to
the in-plane axis. Each of the first, second, and third cube corner arrays includes one given groove
parallel to the in-plane axis. The first, second, and third primary planes of enfrance angularity have
unique orientations with respect (o 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 elongafed parallel to the in-plane axis. For each
of the first, second, and third tiles, the given groove tmay be one of a plurality 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 to 1 mm, or from 0.5
mm to 1 mm. The plurality of tiles may include additional tiles othe than the Tirst, second, and third
tiles, the additional tiles having corresponding additional cube corner arrays, and all of the additional
cnbe corner arrays may include one given groove parallel to.the in-plane axis.

Cube corners in each of the first, second, and third cube cortier arrays may be canted and
characterized by a basetriangle having an ordered set of base angles, and the ordered sets of base
angles for the first and second cube cotner 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 cther. 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
aliernatively be equal to each other. The plurality of tiles may then further include a fourth tile
defined by a fourth cube corner array, and the fourth cube corner array may have a fourth primary
plane of entrance angularity that is not parallel to any of the first, second, or third primary planes of

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



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

Allof 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
unique orientations relative to the in-plane axis. The cube corner arrays associated with the at least 4
unique orientations may each include one lengthwise groove parallel to 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 or being permutations of each other, The primary planes of enfrance
angularity may also define at Jeast 5 unique orientations relative fo the in-plane axis. The cube comer
arrays associated with the at.least 5 unique orientations may- be characterized by respective ordered
sets of base angles, every two of such ordered sets of base angles either being squal to each other or
being permutations of each-other. The primary planes of entrance angularity may also define at least
6 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 permutations 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 cornets on the second
tile near the boundary may collectively form & composite groove, the composife groove being parallel
to the in-plane axis. The composite groove may have a composite groove angle that differs from a
groove angle of the given groove of the first cube corner array and that afso differs from a groove
angle of the given groovs of the second cube corner array.

The structured surface may provide-a uniformity index at a 30 degree entrance angle of at
lenst 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 af least.5.

A second aspect of the present invention provides an article having a structered surface, the
structured surface including a plurality of cube comer arrays atranged into a corresponding plurality
of tiles comprising first, secand, and third tiles. defined by respective first, second, and third cube
corner arrays, the first, second and third cube corner afrays having af least one respective first, second,
and third primary plane of enfrance angularity each oriented differently relafive 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 has a given groove set
whose groaves extend parallel to the in-plane axis, and the cube corner array for ¢ach of the plurality
of tiles has associatéd therewitl: a plane of cant . The first, second, and third primary planes of
entrance angularity have unique orientations with respect to any other primary planc of entrance
angularity of the first, second, and third cube corner arrays. 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.



The unique ones of the primary planes of entrance angularity roay bave a mintmum angilar
separation PhiMini and the unigoe ones of the plages of cant may have a minimum angular separation
Phitin2, and PhiMinl may be graater than PhiMin?, or PhiMinl may be at least 2 times PhiMin2, The
unique ones of the primary planes of enitrance angularity have a maximum angolar separation PhiMax], and
tho unigque-ones of the planes of cant may bave'a maximum angular sepasation PhiMax?, and PhiMax] may
be less than PhiMax2. An angnlar distribution metrio PRIADM1 (describéd below) for the uniqus ones of
the primery planes of enbrance angularity may be greater thau the cotresponding angular distribution metric
PhiADM2 (also-described below) for the unique ones of the planes of cant,

The plurality of tiles may sech be elongated paralic] to the in-plane axis, The tiles may kave
tegpective widths thaf are in 4 range from 0,2 mm to:§ mm, or from 0.2 mam to 1 num, or from 0.5 ram to T
inm. The given groove set for each tile may be a lengthwise proove set for such tite. ‘The structured surface
may have N unique primary planes of entrance angularity agsociatedrespectively with N unique ones of the
cube corter arvays, and N may be'd, 5,-or 6. The plurality of tiles may.include a first, second, snd third file
comptising respective first, second, and third arrays of canted cube corners, and the first, sscond, and third
arays may have associnted therewith respeetive firat, seeond, and third plases of cant no two of which are
parallel to sach other, For cach of the first, second, and third arrayy, the given groove.set may be a
Iengthwies groove set that defines a lengthwise groove pitch, and each of the first, seoond, and third tiles
ruay have 2 width equal to an integer multiple of the respectiva Iengthwise groove pitch.

The structured surface may provide auniformity index at a 30 degres enfranco sugle of at least 4, or
‘nt heast 5, or -6t Jeast 6. The sirachured surface may provide a uniformity index af a 40 degres entrance angle '
of at least 2, or at least 3, or at laast 4, or at least 5.

-4 third espect of the present favention provides ‘an article having a stmctured surface that defines o
refetence plane having an in-plane axis, the structured surface being segmented into & plurality-of tiles, the
sizuctured surface incleding a first, second, and third tile comprising raspective first, seoond, and third arrays
of canted cibe cotners. The firgt, second, and thivd arrays fiave associnted therowith at least ane respective
first, secoud, and third plene of cant no two of which ave parallel to each other, and furthey associated
therewith ot least one respective first, secand, and third primary plane of entrance sugtlarity each oriented
differently relative to one anoflier and each orlented differently relative to the in-plane axis. Each of the first,
gecond, and third arrays may have 2 groove set whose grooves extend parallel to an edpe of its respective
tife. Cube corners in the first, second, and thied arrays ara characterized by base triangles having respective
first, second, and third ordeted sets of base angles, and the-first and secand ordeted sets of base angles may
b equal to sach other, sud the first and {hird ardered sels of base angles may be pernnitations 51 each other.
The first, sccond; and third primary planes of enfrance angrilarity have unique orieatations with respect to
gy othier primary plane of entfance angulaiity of the-first, second, and third cube corner arrays,

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

' intersect each other to form cobe corners. The afficle mey #leo inclade & fourth tile comprising & fourth array
éf canted ¢iibe comers, and the fourth array
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gy have associated therewith a fourth plane of canit that is ot paralie] to eny of the first, second,
or third-planes of cant, The fourth.avray may be charscterized by 2 buse fdangle huving » fourth
ordered sct of baseangles, and the fourth ordered set of base angles may be the-same as the third:
ordered set of base angles. The structured surface may provide o uniformity todex ata 30 degree
entrance angle-of at least 4, or at least 5, or at least 6. The struclured surface may provide a
uniformily index ata 40 degree enfyance sngle of at least-2, or at least 3, or at Ieest 4, or at feast 5.

Related methods, systems, sand articles are also disoussed,

These and other aspeets of the present application will be.apparent from the detailed
descriplion below. Iit no event, however, should the aboyve summaries.be consirued as limitations

on the claimed subject matter, which subjoct mafter is defined sololy by the attached claims, as
may besmended duting prosecution,

BRIEFDESCRIPTION OF DRAWINGS

FIS3. 1 i3 a front or plan view of the struciured surface of atiled refrorefiective sheeting
that is known;

FIG. 1A is 2n iscbrighiness graph showing the retroreflective performance for ong of the
tube.corner axrays or-Hles fom the sheeting of FIG, 1;

FIG, 1B is-in isobiighiness graph showing the redtoreflective performance for the sheeting
of FIG. {;

'FIG. 2 is a schematic plan view of another tiled retrorefloctive shooting that is known;

FIG. 3 is a multidircetional zlement gronp disclesed in a published patent application;

FIG. 4 is o perspective view of a retrorefleciive article, depicting certain parameiors
felating to illumination end observation geoimetty;

FIG. 516 a schematic front or plan view of an arrangemént inwhich three cube corner
arrays of different oriéntations can be combined;

FIG. 6.i8 n'schemaiic front or plan view of a structured surfice camprising thras distinot
cobe corner axrays such as thoge of RIG. 5, arranged into three corresponding tiles;

FiG. 6A°1k a schematic side or elsvational view.of the cube corner arficle of FIG, 6;

FIG. 7A. 3 a schematic front or plan view of 4 retrareflective article having thres lamina
on'which respective different cube comer arrays arc of-can be formed, and FIG. 7B is a schomatic
iide or elevationsl view of the same retroreflective article;

FIG. 8 is 2 schematic front or plan view of two extended lamina, showing how grooves in
& groove set can be parellel or substantially parallel 4o a major edge-of the Jaming;

FIG. 9 i a schematio perspective view of @ tiled tetroreflective artiole being viewed by an
noservel)
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FIG. 10 is a schematic front or plan view of a retroreflective article comprisiug a phrality
of clongated tiles;

FIG. 11A isa graph showing modcled total light retumm (TLR) versus orientation angle for
a single array of canted eube corners;

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

FIG. 12 isa graph showing modefed TLR versus orientation angle for another tiled
retroreflective arficle having three canted cubs corner arrays of different orientation;

FIG, 13 is-u schematic fop or plan view of individual cubs corner elements, to demonstrate
conecepis such as cube geometry; cube prientafion, planc of cant, and primary plane ofenitance.
angulatity;

FIG, 14 s 2 schematic top of plan view of a tiled cube corer article that has six distinet
arrays of canted cnbe comers;

T1G. 15 is a schematic top orplan view of represoniative individeal cobe corner elements
from the cube comer atrays of FIG. 14, the fipure niso showing planes of cant and primary planes
of entrance angulavity;

FIQ. 16 isa schematic representation of the planes 6f cant snd the primary planes of
entrance angularity for the cube corner arrays of FIG. 14;

FIG. 17 #a e greph of modeled TLR at variciss. entrance angles for the teitorefective arfiele
of FIG, 14, assuming the article 7s composed of a material of sefractive index 1.586;

'FIG, 18 isa-modeled graph similarto that of FIG. 17, but wherein the article is assumed to
Yie cornposed of amaterial of refractive index 1.5;

FIG. 1B isa maltidiecetiond} element gronp disclosed in & published patent application;

FIG. 19 is n graph from the ahove-mentioned published patent application relating {0 an
optical simulation of fhe'multidirectional clément group of FIG. 3;

FIG, 20's a graph of modeled TLR at various entrance angles for the structured sutface of
FI@. 3, aszenning tho ariicle is composed of a material of refractiveindex 1.586; and

FiG. 21 s a graph in which data fiorn FIGS. 17 and 20 is replotted as a uniformity index:
a8 & fimetion of entrance angle,

In the fipures, like reference numerals degignate like slements.

DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS
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We have developed a family of cube comer articles that can provide a number of
benefivial product characteristics, depending upon how many and which of the disclosed design
features wre used in fhe artiele or in i(s menutacture.

Before discussing the design features in more detail, we fitst-tum to FIG. 4 {o review
certain paramneters relating-fo-ilhiminetion and observation geometry of retroveflective objects. In
the figure, an arlicle 450 has a fiont suxface 430. The article 450 may bo a rétroreflective sheet or
other retroreflective oi)ject which may have a structured surface (0.2, at a back or rear side of the
objectyto provide the retroreflectivity. The arficle is assumed to lig generallyin a reference plane.
A Carteslan %-y:z coordinate system iz shown in the figure, and the reference plane is assameéd to
correspond to the x-y planc. Note that if a given arilcle is eurved, bent, or otherwisé not flat, a

portion of the artidle that is small enough 1o approximate a plane may be considered in isolation.

The article 486 #nd reference plane also define a surface nonnal axis 448, this axis being
porpendicutar-fo the reference plane and thus parallel o the z-axis. We-can also defing:a particular
in-plane sxis 445, sometimes referred tovs a datum mark, 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 selectedid be &
particntar direstion of interest in the plane of the article 450, e.g., a dowhweb direction, the groove
direction for a particuler groove set, or-en edge of the article or of & tile of the artiele.

The article 450 i iMuminated by 4 light source 416, and & detector 466 mensures the
brighiness or intensity of the lght reflected by the article 450. The light source 416 and detector
466 are showan at arhitrary positions reldtive to the article 450. An illumination axis extending
from the Bight souce 416 to-the axticle 450 makes an angle B with respect to the normal axis 448,
Theg illumination axis and the normal axis 448 definc an entrance plane which ig perpentlicular to
the x-y plane and makes an 2ngle © with respect fo the in-plane axis 465, An observation axis
extending from the detector 466 to the aificle- 450 makes an angle o wiih respect to the
ilfumiriation axis, The ohservation axis and the illumination axis define a plane, and this plane
takes an anpley. with respect 1o°the illumination plane. These angles are referradto ps follows:

o.—ohservation angle;
ff ~ entrance angle;
'yj—-preseniation angle; and
- orientation angle.
These angles, an other angles discussed herein, are expressed inunits of degrees of dre unless
otherwise noted.

The reflective brightness, altemativeély referred to as the wéfleciance, the retrorefleciance,

or simply the brightness, of an article such as article 450 is designated Ry and is in generala

~11 -



1

15

20

75

30

35

WO 2014/151368 POTIUS2014/025584

fanetion of all four angles o, f, v; and m. The reflective brightuess is the reflerted hmiinous
infensity of the articl¢ divided by the normal Ulurginance and by thé surface area of the axticle (or
portion thercof being tesied), and is sxpressad in units of candelas per lux per squate mefer and
abbreviated ediluxem®) or cd/lx/ m”. If the velues of e, B, v, and © are lefl unspesified, it is typieal
to agsume an observation angle « of 0.2 degrecs, un enirance angle p of -4 degrees, o presentation
enigle.y of zero, and an orientation angle @ of zero. The tofsl light retun (TLR) of an article such
83 article 450 refers tothe product of the percent-or fractional agtive area of the cube comer and
rayintensity. Unless otherwise specified, the TLR is calealated by integrating all light reflected by
the article into a hemisphere whose base coincides with the font surface of the-article (see front
surface 430 in FIC. 4), every direction vector within the ‘hemisphere having: a ron-negative z
component with reference tg the coordinate system of FIG. 4. The hemisphere defines a full range
of observetion angle a-and 4 full range of presentation angle y. Tn some cases, however, the TLR
may be caleulated based on light reflected into only a portion of the hemisphets, .., a portion.
corresponding to a detector that subfends a cone whose halfanple is 4 degrees in observation angle
0. The TLK. is thus in genera & function of only the entrance angle B and the orientation angle o.
An wobrightness contour graph, slso referred to as an igointensity plot, for an article sugh us article
450 is a graph such as-those of FIGS. 1A of 1B in which the reflective performance of 1he article
(which is usnally represented by the TLR, but if desived may instead by represented by the
retroreflectance Ry at fora particular presentation angle v (typically zero degrees) and observation
angle o (fypicaily 0.2 degiees)) s plotted in the form of contour linés as u function of entrance
angle.} and orientation angle @.

A primary plane of entrance angularity for an article such as article 450 refers to an
eniranoe plane (defined e.g, interms of orientation angle &) in which the isobrightness contour
graph cxhibiis lobes of maximum exient. For example, the graph of FIG. 1A sbove hus one
privtery plane of entrance angularity comesponiding to orientation sugles 90, 270, snd the praph of
FIQ. 1B above has two primary planes of entrance angularity, ane corresﬁonding 1o orientation
angles 90, 270, the other corresponding to.orientation angies 0, 180.. In cases where there is only
one primary plane of entinnce angularity, such a plans can also bereferred 1o 85 8 dominant plane.
of eitrance angolatity. Thus, for example, the primary plane. of entrarice angplarity in FIG. 1A is
also.a dotainant plane of entrance angularity, because theré is no other primary plane of entrance

angulazity; m secondary plane of enttance angularity (corresponding to orientation angles 0, 180}

has Tabes of lesser exient thanthose of the primary plane of enivance angularity.,

The uniformify index {*Ur™) of an erbicte such: as article 450 is & messure of how much the
TLI. of ihe articls changes a8 a function of thc orientation angle n. For purposes of this document,
the Ul is calculated by evaluating the TLR in predefined incroments such a5 10 degrees or 15
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degrees aver the full range of orientation anple . The minimum, maximum, end average of all
such TLR velues aro determined. The Ul'is then calenlated to equal the average TLER valuo
divided by the difference bstween the muxirmum and mininium TLR vafoes, The Ulis onlya
function of entrance wagle B.

We return now to ony discussion of design features of tiled cube corner articles which we
have foumd ¢an be used in unique combinations io provide a numberof bensficial product
chatacleristics. As noted above, temerons cube corner arficles having tiléd configurations have
been previovisly disclosed. Many such srticles have also been manufactianed, zold, and used in
commercd, As such, n large number of users have found them to.be satisfactory for their intended
PUIRUSE.

Despite the widespread aceeptance of tiled cube corner products in the marketplace
peneratly, we have considered whether any challenges or hurdles cxist to the even wider adoption
of such articles. Chellenges and hurdles we identifiedl were not necessorily recognized by others as
“nroblems™ agsociated with tiled cube comer articles. In the course of this work we afso became
aware of advaniages or bontefits that could be abiained throvugh the use of unique combinations of
desiga fentores, as expleined elsewhere herein, but-again these advantages or benefits were not
necessanily asseiated with any paticular “problems™ recognized by ofhers,

One challenge we identified was the degree of non-imiformity of the isointensity plot with
Tespectto orienfution angle, For example, forthe tiled cube corner sheeting sssociated with the
ispintensity plot of FIG. 1B, the entrance angulerity in the veriical and horizontal entravce plancs
(correspontding fypically to 0 and 90 orientation) is-vety similar. In other orientations, however,
such as at.an angle 45 degrees from horizonitel, very differept entrimse angularity is obiwined.

Such tiled sheeting exhibifs non-uniform refroreflective performance over the full rangs 010 180
degrees in ofientation angle, particutarly i comparison to-sheeting thet utilizes a layer of glass
beads mther then cobe corner elements to provide retroreflection. Beaded retzorefleslive sheeting
instill used in many applications, and one challenge to consider in order that more tited cube
comner shecting can replace beaded sheeting is obtaining bettsr uniformity in refrorvefiective
performances as a functioh of orienfation-angle. Due to the cifcutar symmetry of glass beads,
beaded sheeting typically has high yniformity in its retroreflective performance aver the full range
of orientation anglds.

Another challenge, parficularly if one considers using tiled-cube corner articles in.
applications that curreirily use beaded retroreflective sheeting, relates to-thu apparent spaiial
mniformity of the article, Beaded sheeting typically has a high degres of spatia] aniformity; that is,
even at relatively close viewing distances, snch sheeting typically exhibits little or no sigrificant

differencés in visuel appearance at different places across the surfads of the shecting. Howover,
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tiled cube corner articles such as that nsseciated with PIG. 1B have a visual appearance that i
noticeatily spatially nov-uniform (siriped) when viewed from distances closer than roughly 10 fo
20 foet (3 to 6 meters). Snch spatial non-uniformity is mot considered vbjectionable or problematic
in many applications, but we have cbaerved that it may pose a challenge or hurdie to the wider
application.of tiled cube.comer arficles. The closer viewing distances, 1.6, closer than.roughly 10
to 20 feet (3 to 6 mefers), can commonly oceur when a buyer of beaded sheeting evaluates the
sheeting in conmection with a purchase.decision, ¢, where the sheeting is to be used in motor
vehicle Yicense plates. The visual non-uniformity at the closer distances is due in part to the width
or other characterisiic minimuim transverse dimension of the individual tiles. Most tiled cube
cormer producits have & tile width of at least 0. 150 inches (3.8 mm), and more typically 0.375

“inches (9.5 mm). Smaller dimensions and narrawer tiles, ¢.g., widths of 0,040 inches (I nimt) or

Tess, cun ke used fo kelp provide an appeargice that s more vigually yniferm, However, such

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

(EDM) 10 eut a siruciused suiface tool into individual strips, and laying the strips into place
alonggide each pther using conventional lay-u1) techniques to prodyce a tiled cube corner tool. The'
cruss-sectional aspect ratio (fhe height or thickness divided by the width) of such individual
narsow sirips can.schiove values of about 1 or less, and as a result, the individual strips cen
tesemble and behave like a wire. As such, they can tend to cur] or bend, and eonsequently can be
difficult-to hold in close repistration with other neoow sixips or tiles during the lay-up process,

Another chalienge, which also.coniributes to vizual non-uniformity of the tiled cube comer
ariicle, relates fo ihe degres to which the orientations of grooves in adiscent tiles differ. An
exfreme difference.in the orientations of grooves in adjacent tiles can amplify the perceived
difference in visual appearance between such tiles as noticed by a human observer. In contrast,
providing grooves within neighboring files that have the same or similar orientations, e.g,, paralfel
v edges of the files and 1o a peciicular in-plane axis, can reduce the difference in vismal appearance
between tiles, thus increasing the visual uniformity, and decreasing the visnal non-uniformity, of
e tifed article,

Another challenge fs refated to the manner in which individual tiles arc out (whether by
EDM or uny other suitable technique) i preparation for lay-up of the tifed tool, which manner of

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

Refor 0.8, to the tiles or zones 106 in FIG. 1. In those tiles, sténctures located adjacent. fo she
extended edges of the iles possess less than all three fully iniact facets of acube corner, in
comaparlson to other cube corners in the array, Such strugtures are referred to herein as fragmended,
cubo corner elements, The missing facets (or portions fhﬁl‘cﬁ_ﬁ) gause such stmetures'to be whelly

or partially ineffective in comparison to the infact (non-fagmented) cube corners in the acray.
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Cuifing some or many of the tiles in a way that results in numerous fragmented cube comer
clements, i.c., structares-that are the same as cube corner slements elsewhere inthe amay except
that a portion of the cube corner element is severed at the edge ofthe tile and ig thus. missing from
the tile, is undesirdble fof two rensons. Fist, the fragmented cube corners detreet from the
reirorefleetive brightness of the tiled article, in proportion to the fraction or percentage of'the
oversHl surface azea of the filed article thei is pocupied by the fragmenfed cube comess. Second,
vertical or near-vertical walls are created in the fragnionted cubé comer ¢letments along the edge of
the tie. 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 respedt to visual non-udiformity, alse has an impact onanother challenge, which
xrelates to sase of manufacture, Thus, we have found that designing the tiled article such Hiat most
or all of the: tiles have one groove set aligned with a particular in-plane direction, and carrying out:
the manufactaring so-that that in-plane direction is parallel fo the direction of flow of a curable
material (such ag a fowible polymier orpolymeric precursor) into a cube corner cavity tobl that
possesses the tiled geomeiry (such ag a ¢ylinder or drum with an appropriately configured outer
surface), the curable material cen relizbly and completely fill or replicate the structure with high
fidelity more ¢dsily, end therefore also at faster line speeds, than would otherwise be the case. The
flow direotion of the curable material can be defined by the direction of relative molion hetween
fha too] and the fluid source, ¢.g., n costing die or a rolling bank of fluid material, this direction
also preferably being the dewn-web directon of the. manufactured.cube corner sheeting or ofher
atticle. The in-plane direction is also preferably purallel fo at least onic edge of most-oralt of the
tiles in the article,

The digelosed tilod sube corer articles need not.nontain product characicristics desigried
to address every one ofihe challenges mentioned sbove or elsewhere hereing instead, they may
contain only some such characteristios. Some of the chavactesistios ave-gynerpistic. For exemple,
ifthe tiled nrticle iy designed so that most or-afl of the tiles have one groove set aligned with a
particulat in-plage direction, the visual uniforniity can also be increased, and the praduct may He
manufactured eagier and faster, Furthermoere, if the article is algo designed so that the in-plane
direction s aligned withi 'an edge of most or all of-the tiles, then by making the widths of the tiles
equal to infeger multiples of the pilch of the grooves that are aligned with the tile edge, end by
making the ouier groove vertices for each tile coincide with the tile edges, the formetion of
fingmented cube comers along those edges can be avoided or minimized,

Thus, cube corner taoling fabyication ean be carried out fo resolve some or all-of the.
above-mentioned challenges,
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Tn one appraach, s single type of cube geometry can beused to produce threc different
types of tiles whose arrays have-ihree: different cube orientations respectively. Reference in this
regerd s madeo the arrangement 510 of FIG. 5. By cube geomeiry, we refer o the
characterization of & cube corner, oy a matched pair of cube corners, or an array of'such cube
corners, in terms of the ordered angles of & base triangle associated with the cube carner(s), as
tisonssed further below. The arrangement 514 of FIG: 5 has three cube corner-grmys: 5131, 513
2,and 513-3. Ineach one of thess arrays, the cube corners are formed or defined by three
intersecting sets of peralle] grooves, In atray-513-1, grooves 517-1, which areali parallel to a

groove direciion 5174, interseot with grooves 518-1, which are all parallgl to groove direstion

518A, and also intersect with grooves 519-1, which ars all parallel to groove direction 519A. In
the depicted embodiment, the groove directions and pifches are selecied to form matched pairs-of
forward canted cubes, with grodve directions 8184, 517.A forming an angle of 56 degrecs, groove
directions 8174, 5194 forming an sngle 0f 56 degrees, and groove directions 5194, 518A forming
an anglé of 68 dogreck. The cube.cornersin this arvay thus have a cube geometry of (56, 56, 68).
These inlersection anglcs should be considered ag Hltusirative bul tiot imiting. Moreover, the
optical mxes of the cubes are cauted in a plune (or set-of parallel planes) referred to as a planc of
eant, which in this case is perpendicular to the groove direction 517A. When this cubc geometry is
implmmntcd.in a tiansparent material of refractive index 1.59, such as polycarbonate, the result is
an isointensity plot 502A. The.isointensity plot exhibits a primary plane of entrance angularity
503A; inthe present cage; this plane. coinoides with the plane of caut for the aray-513-1,

Tn the array 513-2, prooves 517-2, which are all patallel to a groove direction 5178,
infersect with grooves 518-2, which are all parailel to groove direction 5188, and also inteisect
with grooves 519-2, which-are all parailel to groove.direction §19B. The groove directions and
pitches are again selecied to form matched pairs of forward ganted cubes; with groove dircctions
518B; 517B forming an sngle of 56 degrees, groove disections S17B, 5198 forming en anglé of 56
flegreaé, and groove directions 5198, 5188 forming an angle of 63 degrees. The:cube comers in
thig array: thuws have a cube geometry of (56, 56, 68), i.e., thesate cube geomatry s that of nrray.
§13-1, but in 2 different orientation as exhibited by the relative azimuthal rotation betweer arrays

513-1, 513-2, The optical axés of the cubes in array-513-2 arg canted in a plane (or set of parallel

phmes) referred to as a plane of eant, whish in this eese is perpendicular to the groave direotion
517B. When this cube.goometry i implemented in. the same transparent material of refractive.
index 1.58, the result is-mr Isointensity plot 5028, The isointensity plot exdiibits a primary plane of
entrance angnlasily S03B, which coincides with the plane of cent for the amay 513-2.

In the atray 513-3, grooves.517-3, which are all patallel to u groove direction 517C,
intersect with prooves 518-3, which are all parallel. o groove direction 518C, and also infersect
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with grooves 519-3, which.are all paraliel to groove direction 519C. The groove direstions and
pitches are agaim setected fo form matched pais of forward canted cubes, with groove direstions
818C, 517C forming an angle of 56 degrees, groove directions's 17C, 519¢€ farming an engle of
56 doprecs, and groove directions 519C, 518C forming an angle of 68 degrees. The cube cormets
in this artay thus have a cube geometry of (56, 56, 68), i.e., the saine cube geometry as that of
arrays 513-% and 513-2, but in a different orientation as exhibited by the relative azimuthal rotation
between arrays 5131, 513-2, 513-3, The optical axes of the oubss in amay 513-3 are canted in g
plone (orset of parellcl planes) referred to #s a plane of cant, which in this case iz pependicnlario
the groove diretion §17C. ‘When, this cube geometry is fuiplemented in the deme transparent
miaterial of refractive index 1.59, the result is an isointensity plot 362C. The iscintensity plot
exhibits a primary plane of entrance angularity 503C, whick cointides with the plane of cant for
the array 513-3.

By forming all three armys 513-1, 513-2, 513-3 with the same oube geomeiry, but in
different oriemtations, the same groove angles are present in all of the arrays, In this regard, a
groove refers 1o an extended open space formed between inclined surfaces, the meclined surfaces
substantially defining two intersecting planes, the two planes intersecting alonyg « fine that
corresponds o a veriex (e-g. base or botfom) of the groove. ‘The.dibedral angle between the two
plenés i fhe included-angle of the groove, or “groave angle”. Minor deviations from perfect
planarity with.repard o 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 manyfacturing tplerances
and/or due fo nterntioual variability for purposcs of providing second order design featires. Any
such minor deviations would typicatly be so small as to not'benoficeable from direct visual
ingpection of an image o scale drawing of the pertinent surfaces or Fnes, An inverled or negative .
regition of a structnicd surface containing a proove has an extended solid space corresponding to
the extended open space of the groove, and such an extended solid space or “inverted groove™ may
also broadly be considered to fall within the scope of the term “groove” so that, for generality,
gracves and features thereof can be discussed regardiess of whethor a positive. siruoturs or hogative
{inverted) siructure iz under consideration. Sinee the same sefs.of groove angles, within the
murgins of exror discussed herein, are present in all of'the arrays of FIG. 5 (in fact.only two unigue.
groova anglas are present in each array), the artays ¢am all be manufiictured in the first instance,
2;g., fiy-cut or roled on a.master subatimic of copper or other suitable material, wifh a single set of
diamond tobls or other suitable cutting toofs. This is advantageous for simplifying the
manufacturing provess (o.g, minimizing the nuymber of diamend tooling setups) and reducing
inventory.
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The three arrays of FIG. 5 ate orieited in & specific manncr sa that cach aray inchudeg a
groove or groove set whose groove direction is parallel to a particular fixed in-plane axis, even
though'the arrays, and their respective primary planes of entrance engularity, are orented in
different directions, Iri this regard, we sdsume the arrays 513-1, 513-2, 513-3 all lie ih, or extend
trarallel to, an x-y plane of & Catiesian x-y-z coordinate system asshown in FIG. 5. The armays and
fhe coordinate system haye been arranped such thaf the y-axis, which can be considered a fixed in-
plane axis, is parallel to the groove direction 517A of grooves 517-1 in atray 513-1, and parallel fo
the groove direction 519B of grooves 519-2 in array $13-2, and paralle] fo the groove direction

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

three arrays, as well as the primary planes of entrance angularity of the three-arrays, are sl
oriented in different directions,

Numerous modifications can be made to the arrays of FIG, 5. For example, the groove
pitches, groove depths, and cnbe heights forthe respective proove sets and cube cormets 1o the
three anays are assumed to be the same; however, this need not be the case, end the groove pitch,
groove depth, and cube height of one array may be chaiiged relative to one of both of thic other
arrays, all while mainiaining the same cube geomstries such 2s (56, 56, 68), and the same
tespective planes of cant and the same 1espective primary planes of entrance angularity. The cube
corners in one array may thus be lerger (e.g. taller and/or wider) thanoube corners in-another aimay
and may also be the same size or.gmaller (e,g. shorter and/or narrower)-than cube corners in still
anothor atray. Inother embodiments, different cube geometriss can be used in one amay relative
te une ot both of the other artays, while still mainiaining the condition that one groove or groove
set-in each array has a groove direction parallel o the desipnated in-plade direction such us the y-

akis, Thedifferent cube geometries muy have positive or negative degrees of cant; furthermore,

the plane of cant of a given cube amay tay or may not coincide with the primary plane of entrance
ungularity, wnd the primary plane of entrance angularity may be a dominant plane of entrance
angylaity, or ane of'a plurality of primaty planes of entrunce angularity. Although only 3 distinot
ewbe comer arrays are shown I FIG, §, o greater number of distinct eube avrays, 6., 4; 5, or 6 of
more, may be used in alternative embodiments. Cube corner arrays may be said fobe distinet if
their constituent cubs corners differ in anymaterial way, €.8., in cubg geometry, in cube
orientation, sand/or in cube size. ‘The 3 ormore distinct cube corher arraysanay also appearin a
repoating sequence of tiles such that each atray appears multiple times in the filed articls, Also,
untike the'arrays shown in FIG, 5, the cube corners in oxie, sotae, or.all of the amays need not be-
defined by exactly three intersecting seis of paraflel grooves, and the cube.comers may thus have
bares In plan view that are not simple frirngular shapes (even though the geometry of the cube
corner can still be defined in fermg of 4 base teiangle associated witl snch a:cube comner).
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Reference in this regard is mnde to U.S. patents 5,557,836 (Smith ot al), 5,914,813 (Smith etal),
6,083,607 (Mimura ef-al.), 6,390,629 (Mimoara'et al.), anid 6,540,367 (Beuson et al.), and PCT
publication WO 20047061489 (), end Japanese patent publication IP 11-305017 (Mimura ctal.),
For geuetality, cach of the srrays shown in FIG. 5 may bo considered o be circumscribed
by & tile of any mbittacy shape, The diamond-shaped profiles shown in the figure are one such
possible tile shape, In meuy applications, elongated strip~-shaped profiles are of particular
usefuldess ond bencfit as tile shapes. In.general, howsver, any suitable tile shape can be used, A

“ile" 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 comer mray, in tum, refersto a
repeating patter of cube corners, the repeating pattern having only substantially one type of cube
ommer, or oae type of matched pair ef-cube corners, where “subsiantially™ takes info ncb_nu‘nf. that
minor deviations fom sameness between cube corness o cube corner pairs may be preaent due fo
vnintended variability within manufacturing tolevances and/or due to-intentional variability for

puposss of providing secand order design features. Any such minor déviations would typically be

so small as fo not be noficesbls from direct visual inspection of an image or scale drawing of the
cnbe corer aray..

The structared surface of 8 tiled cube corner article 610 is shown in FIG, 6. The stractured
surface includes three distinet cube comer arrays such:as those of FIG. 5, aranged into three
corresponding tiles, Isbeled A, B, and C. Tor sitaplcity of discugsion and brevity, we sssume that
files A, B, and € include the cube corner arrays 513-1, 5132, and 513-3, tespectively, from FIG.
5. Chatacteristics of those arrays have been discnssed above and will not Be repeated here, and
Tilta reference numerals designate ke elements as between FIOS, 5 and 6. The various.
modifications of the cube corner arrays discussad above arc also assumed to apply equally to this
tited axticle 614, and variations thereof. The orientations of tlic vatious grooves in the armys are
assined to be the famerolative to the in-plane y-axis, such that the enay for each of the tiles has
one groove-or groove sel whose groove direction is parellel to the in-plane direction, Dospite this,
the files have primary plancs of entrance angularity, see planes 5034, 5038, and 503C, which
hawve differend u’riqntaﬁons in azimuthal angle so that the tiled article us a whole tan have more
uniforsii retrorefiective performance over the full range of oriertatton angles, parﬁcuIﬁrly at high
enfrance engle, ¢.g,, enfrance angles of 30 degrees (or viore), 40 degrees (or more), or 5O degrees
{or mose),

Ench of the tiles A, B, C has opposed tile edges that are parallel 1o the y-axis, and thus also
parailel to the groove direction for ong of the groove sotsixits fespeciive mrray, These tile edges
define a filewidfh WA for tile A, WH for tile B, and W for tils C. The widths can be teilored as
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desived; but preferably thicy are relatively narrow, ¢.g. 0.2 o 5 muy, or less than 1 mm, or from 0.2
{01 mm, fo provide for.a mote spatiaily wniform appeararice at modemte to short viewing:
distances. The widths WA, WB, WC can, but need not, be equal to cach other, The widths WA,
WB, WC-are also proferably selected tobe equal to an integer number of cube corness across the
width of the file. Stated differcatly, (he widibhs WA, WB, W are preferably selecied to be equal
to a integer multiple of the lengthwise groove pitch for the respective tile - i.e,, WA js 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 tnultiple may be the samie
from tile fo tile, or different. Yo any of theae cases, fragmentsd cube cormers can be reduced or
eliminated by ensuring that # groove vertex: of the lengthwise grooves substantially coincides with
cach edge of the respective tile. This reduction in fragmented cube corners can be furttier
enlanced by making the tilo edges along which thie lengthwise grooves Tun fo be s long ag
possible, or, at leastlonger than the otheredges of the tile (not shown in the fragmentary view of
BIG. 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 cascs there may be valitl reasons for
designing the tiles fo not be elongated (e.g. square), or even to be elongated along an in-plane
direction differant from the y-uxis, such as along the x-axis inFIG, 6. A “lengthwise” EFO0VE OF
groove sef of 2 given tile may-thus tefer to a groove or groove sot that is at least nominally aligned
with a major axis, & minor axis, or any edge of the tile,

The cubo corner arficle 616 may have only the tiles A, B, € shown inFIG. 6, or it may
have additional files, e.g. in a repeating putiemn A, B, C, A, B, C, ..., ot in otherrepeating or non-
tepeafing pattemns, including patterny that include cube comer arrays having the Same cube
geometry as that of files A, B, C, and/or cube corner arrays having differont cube geometries
sgmpared to those of tiles A, B, C.

The article 610wy be & cube coiner tool, and the tiles A, B, C may be sirips of a magter
or replica taof fhot have beon placed side-by-side in the process of laying-up = tiled tool. The
sirips may be cat feom the master or replica tool by EDM or another suitable precisian‘, cuitig
technique. Tn orderto provide sitips whose width is on the grder.of I mm or less, e.g. in a range
frora roughly 0.2 'to Lmm, we have found it pariicularly helpful, for purposes of handiing the
pieces and laying them vy with-minimal cucling, bending, or-warping, to employ ships or files in
the form of laminse. A'lamina in this repard refers to a thin plate of motal or other suitable
uaterial that has opposed major surfaces.and a working surface connecting the oppesed major.
surfaces, the-working surface being faceted or-structared in such 2 way as 1o define the cnbe coroer
artay for a particolar tile; Syiteble materials typically include copper, brass, or allpys thereof, or
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othermaterials that preferably ave machinable with miniimal burring, Laminac heve inercased
stroctural integrity, and regist warping or.cmling, due to their physical height being much greater
than their 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 block to define a tiled structured sorface. Laminac may #lso be machined in groups,
g by forming grooves across & plurality of working surfaces while the laminas are held together.
in a blook, and then selecting laminag from different such blocks to forin-a new group of Jaminae
that define the desired tiled structured sutface.

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

partially by facets of enbe comets from an adjacent ile. Tn 1his side view, cube corner ficots 614a,

614b are fdentified in the tile A. In the central portion 6ftile A, pairs of these facets form grooves
617, which correspend fo grooves 517-1 in F1G: 5. Similarly, cube corner feccts 6244, 624b are
idemified in the il B. Inth¢central portion of tile’B, pairs of these facets form grooves 619,
which correspond te grooves 519-2 in FIG. 5. Cube corner faceis 634a, 634D arc identificd in the
tile C. In the confral portion of tile C, pairs of these facets form grooves 618, which correspond 1o
grooves 518-3 in FIG. 5. Note, however, that at the boundary at which sdges of tiles A and B
meel, 8 single composite proove 617619 s formed. The compaosite groove 617619 is defined by
facets G14a of a row of cubs corners on tils A near the boundary and facets 624b of a row of cube
coriters on iile 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. Similatly, at the boundary
at which edges of tiles B and C meet, a.single composite groove G19618 iy formed. The composite
groove 619618 iz defined by facels 624a of a row of cube corners on tile B near the boundary and
facets 634b of a row of cube comers on dile Caear the same boundary. The compound groove
19618 extends along a groove direction that is paraliel to the groove direction. of grooves 619 and
{118, and thos alse parallel to grooves 617 end to composite groove 617619, as well as to tho y-
#xis.. The compound grooves 617619 and 619618 can.also-be seen in-ihe front or plan view of
FIG. 6, but they are not labeled in that figure.

Depending on the cnbe geometry nsed in the varioys atrays, & given composite groove:
may have 2 groove angle {hat is the same as, or-different from, the groove-anglesfor the groove
sets whose grooves ate patslle] to the composite groove un thetwe adjacent tiles between which
the composite groove ¥s formed, For example, if we assume the tiles A, B, and Cin FIG, 6
confain cube comer arrays from FIG. 5 whose cubie. geometries are (36, 56, 68), then the groove

angle 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 nominally 62.938, and forthermore, the grooye angle for
composite groove 617619 is nominally 73885 and the groove angle for composite groove 619618
is nominally 62.938. Thus, fhe groove angle for the composite groove §17619 differs fom those
of grooves 617 and 619, but the compasite groove 619618 is the same as those of grooves 619 and
618.

A group of laminae that may correspond to the-cube comer article 610 of FIG. 6, or to
other tiled cube comer articles disclosed herein, is shown schematicalty in FIGS. 7A and 7B.
Three individuat lsminae 703, 702, 703 are clamped or otherwise held or gronped togetherto form
a cube corner arficle 718. Figure 7A is a front or'plan view of the atticle 710, and FIG. 7B isa
side or elevational view of the article 710. A. Cartosian x-y-z coordinate system is provided in
these figures for reference, the conrdinate system also being consistent with FIGS. 5 und 6, at least
to the extent the structared surface les in or exiends paralls]to the x-y plane. Grooves and cube
gommess (ot shown in FIGS. 7A and 7B for simplicity of iMustration) are provided in the-working
sarfaces of'tha lamiure to define anoverall structured surface 711 of the article 710, the structured
purface 711 buing segmented into a structured suxface 7114 in the working surface of lamina 701,
a structured sorface 7118 in the working sarface of the lamina 702, and-a structured surface 74XC
in the working surface of the larine 703, The structared surfaces 7i1A, 74118, 711C sach
contains a single cube comer airay and defincs a distinet tile of the structured surface. The.files
are each clongated along the y-axis, with a length I, greater than my one of their respective widths
WA, WB, WC.. Bach tile also has opposed elongated tile edges that arg patatlel to the (in-plane)
y-axis, In an exemplary embodiment, the structured surface 711A confains cube comer ammy 513-
1, the siructared surface 7118 contéing cube corner array 513-2, and the structared surface 711C
cortains cube corner arrwy 513-3, but changes and modifications can be made 45 discussed
glsewhere horein.  The groove directions 517A, 5171, 5178 from FIGS. 5and 6 are thus
superimposed on the working surfaces of the tespective lamiriag 701, 7412, 763; and the worldng
surface of each: lamine contains a groove.set whoge groove direction s perallel to the opposed
edges of fhe Tespective tie.

In the side or elevational view of FIG. 71, the-end surfaces of the laminae 701, 702, 703
can be-seen, and the lisight H of the Jaminae is shown. As-mentioned above, the height of a given
lamina ismuch greater than its width to provide the lamina with increased structural integrity
relative to, for example, = steip cot out of a typical nickel tooling. The eross-sectional agpeet ratio,
e.g., B/WA for lamina 793, H/WB for lamina 702, and H/WC for lamina 703, cen be tailored a5
desired but is preferably at least 5, ox at least 10, ox at least 20. The widths WA, WB, WC may
also.be teilored a3 desired, but typically they may all be in'rrange from 0.2 o 5 mm, or fiom 0.2
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t0 1 m; in one particulsr embodiment they may 2l equal 0.635 mm (0,025 inghes), but ofher
dimensions can algo be iiscd,

The plan view aspect ratio of the lamina or tiles can also be tailored as desired. This
aspect ratio is L/WA for lamina 701, and L/WB for Tamina 782, and L/WC for laming 703, The
letigth dimension L s assumed'to be pamliel to the lengthwise groove directions for mostor all of
the tiles in the article. This aspectratio can beat least 10, at least 50, at least 100, or at least 150,
but other valugs, inclading even values between 0 and 1, can also be used. In this regard, ng
mentioned above, a “lengihwise™ groove or groove set refers to a groove or grooveset that 1s at
least nominally aligned with s major axis, 2 minor axis, or any edge of its asseciated tile or lamina,

In FIG. 8, e-portion-ofa iiled cube corner article 810 js shown schematically, Oaly two
tiles of the-article 8§10 are shown, which tiles may correspond.to respective individual laminge as
in FIG. 7A. Thus, laminae 801 and 802 have regpective working sotfaces 811A, 81IB inwhich
respective cube comer arrays are formed in accordance with the teachings herein, only one groove
set from these antays being shown in-the figare for cach lamine for reduced clufier in the figure,
The laminae have respestive elongated opposed adges 801, 801b and 802a, 802 as shawn,
which can also be congidered tobe elongaied tile edges. Thess edges Ye at the intersection of the
wotking sarfaces of the laminee with the major (side) suefaces thersaf

Figure 8 demonstrates thatmirior deviations-from exact patalielism, whether dusto
unintended variability within manufactiring tolerances and/or to intentional vagiability for
puiposes.of providing second order design fealures, may be present in one or more of the laminae
or tilgs, and suchminor deviations do not negate the design chamcteristios discussed herein. Thus,
the structured surface of each lamina §01, 802 can be said. to have one lengfhwise groove, orset of
lengthwise groeves, whoae groove direction is paraltel o anedge of the laming ortile. Tnlamina,
801, such & groove sot is the set of grooves 817: in'lﬁming 802, such a groove sctis the sek of
Eiooves 319, The grooves 819, which have a gioove pitch 2, are drawn 1o be exactly paralte] to
the edges §02a, 802b, In contrast, the grooves 817, which have a groove pitch pi, are drawn te
inelude a miner devietion from cxact paraflelism. The grooves-817 deviate {in 'the iliustmied casc)
by-un amount equal o the groove piich (p1) ovei the entire length L. of the lamina or tife. Suchea
deviation, although non-idey), still provides for many cube corners adjacent fo the edge that retain
some funetionality, even though they are fragmented. In the depisted embodiment, more
fimetionality 3s preserved for such cabie comers Foeated near the top and bottom end of the lanyisia
801. In the case 0fa fypical lamina whose length L. is 100 muorend with a groove pitch pl of 0.2
or 0,1 mm, thig corresponds to an angular deviation between either cdge 801a, §31b-and the.
groove direction of abont 0,11 or 0.057 degrees respectively, or sbout 0.1 degree or less.
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BEven in the case of exact paral,le!ism, similar minor trenslational deviations mAY OCCUE in
the placement of the groove vertex relative to the edge of the lamina-ox tile, For example, in the
laming 802, the lefimost grovve vertex of the grooves 819 s drawn to precisely coineide with the
edge §02a, and fhe rightmest groove vertex is drawn 10 precisely cofncide with'the edge 802b.
Minor deviations from such coincidence, e.g.,. typicsl deviations of less than 30% or 20%-or 10%
of the pitch.of the Teagthwiss groaves, may oceur withont negating the design characteristics
diseussed herein. Swch mimor deviations may also cause the ratio WB/pl to deviate very stightly
from an exact infeger, ¢.8. by less than 0.2 or less them 0.1, Inthe case of inexactregistration of a
groove vertex with the edge of the lamiua or tile, the edge may be:characterized by a very narrow
flat or beveled edge, or by & very narrow stilp of fragmented cube corners.

We include FIG. 9 to demonstrate the effect of the width W, or milnimum fransverse
dimension, of the tiles, and the viewing distance D,-on. the apparont spatial uniforsity ofthe
article. A:person P observes or evaluates & cube corner article 910, such as a retroreflective
sheeting; from a distance . The articie 910 has a structured surface 911 which lies in ot extends
parallel to the x-y-plane. The strustured surface includes distinet cube corner arrays arranged into
& plurality of tiles, including tiles 912. The tiles may extend parallel to an in-planeuxis such as.the
y-axis, and may have o cheracteristic widii W, 'The degree to which the person P ohrerves or
notices the Individual tiles hasa direet effect on the apparent spatial uniformity of the arficle. As
explrined above, spatial uniformity is enhanced by providing grooves of the same or similar

orientation between adjacent Hles, andfor by reducing the chameteristic minimon transverse

diinension of the tiles (width W), Reducing the widih W of the tiles reduces the angle subtended
by the individusl tiles at a given viewing distance D, which tends to increase the apperent spatial

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

3 fo 6 meters (10 to 20 feet), it is desirable to provide atile width W ofless than 1 m, orina
tange from 0.2 & 1 mm, Forming cube comer arrays.on lamina as described above can helpto
aohiove puch pmall widths in many practicsl emnbodiments,

Multiple steges of tiling can be used to tabricate a tiled cube comer article, p.asticulaﬂy
with regard {o refrovefloctive cube commer sheeting which nay be very wide and very long. An
example of such a cubs comer article s shown as articls 1010 in FIG. 10, The article 1010 hasa
sfouctured-sutface 1011 that inchides distinct cube-corner arrays arranged into a plurality of tiles
1012 as discussed herein, Theiles are ench elongatod along an in-plans direction, shown here as
the y-direction. The y-directionmay correspond to & down-wob direction of fabrication of the
arlicle 1050, and most or all of the files may have one lengthwise groove or groove set whose
groove dicection is parellel fo the y-direction,
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The tiles 1012 may be made by forming cube conmer arrays in 8 plurality of lamina or
othier suitable strips or pieces of fooling, and then srranging different.oncs of those piecesinfo 2
group or bundle to form an injtial tiled surface. Such a.group is shown i a reptangilac-shaped
gecton 18118 of the structured smface 1011, Tn order to make articles whose structited sorface is
meant fo be farger than such a scofion, e.g., tetroreflective sheeting made on apolymer filin
mamifacturing line, ruliiple replicas of the section may be made and laid-up alongsidé such other,
The result of such a process provides the article 1010 with adjacent sections 1011A through
16115, -each of whick may-have the same arrangement of individual tiles 1032 a5 shown in seetion
1011B. At the boundaries between sections, cribe corner atmys sre typically interrupted by a'gmall
gap or discontinudty, even if the'same tirpe of cube corner arrmay is present on-opposite sides of the
howdary.

The refrareflective performance of a single cube corner array, as a function of orlentation
angle, is eompared {o that of au exemplary tiled cubs corner article in FIGS. 11A and 11B, Figure
11A plots the modeled or caleutated tofal ight retarn (TLR) of the singlc cabs-corner anay. The
array-is aesumed 1o be formed from three groove sets that intersect sach other at angles of 57, 57,
and 66 degress, Cube corners in the arraythus have cube geometries of (37, 57, 66). These cubes
ars forward.canted, and have a primary plane of enirance angolarity i the plane of cant, The TLR.
for this array, assuming the nacticle is made of a transparefit material of refractive index 1.5, was
caloulated a8 & fimetion of orientation angle and entrance angle, and the resulis plotied in FIG.
11A. In‘the graph, the various cwrves are labeled with Tummbers equal fo the enlrance 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 enitance angle of 10.degrees, and so forth. Inspection of the graph reveals that the
gingle array provides fairly uniform retrorefleciance as 4. function of orientation arigle for entrance
anglcs of 0 and 10 degrees, For greater enttance angles, parficularly. entrance angles of20 degrees
and mote, non-miformities become increasingly apparent,

The retroreflective performance of a tiled cube corner article similar in some ways {0 the
cube vorner atray of FIG. [1A 13 shownin FIG, .11B. Tihe tiled article vsed three distinet cube
porner sxmys arranged into three cortesponding tiles-as shown in FIGS. 5-and 6 gbove. Thas, the
gube corner amays-in the three tiles wero of different orientations; and sach confained a lengthwise
groove get whose groove disection'wes parallel to an in-plane axis, but the cube comar arrays alt
wilized cube covirors of the same ¢ube geomeltry (57, 57, 66) as the single cube comer amray of
FIG, 1A, The TUR for the tiled article, again assuming a transparent material of refractive index
1.5, was calculated as & fanction of orientation angle and enirance angle, and the resulis ploited i
FIG. 11B. Justas inFIG, 11 A, the vartous curves in FIG, 113 are again labeled with numbers
cquel to the entrance angle in degress. By comparing the graphs of these two figured, one-can'see
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a.greatly improved erlentation uniformity at cntrance angles of both.20 and 30 degreey, and
somewhat inproved orishtation wniformity ut even higher entrance sngles.
Antither tiled cube corner erticle was considered. This article was similar to that of FIG,

11B insofar as it was assumed fo contain exactly-three-cube comer arrays asranged into elpngated

tiles of equat width, and for each array, ane of the three groove sets was oriented such that its

groove direction was paratlel 1o the in-plane axis of elongation. However, {lie threc groove sets of
sach asray were made to inferseot at different angles, sucl that the three arrays contuined canted
cube corners of g différent cube geomelry than that of FIG. 11B, namely, a ¢cobe geomeiry of (50,
62.1, 67.9). Bach of the threc amays conlained canted ¢ubes of this geometry, but thecube corners
in thie arrays had differont orientations die i the different azimuthal orientetions of the three cube
comer armeys. The (50, 62.1, 67.9) cube geomeiry is associated with a base triangle that is scalens
rather then isoscoles, The TLR for the modified tiled cube corner article was calculated as a

fanction of otientation angle'and enfrance angle, again assyming o tnsparent matérial of

‘efiantive index L5, and the results sre plotted in FIG. 12. Jusf as in FIGS. 11A and 11B, 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 refative to the filed article of FIG, 118, at
least insofar as af an-entrance angle of 40 degrees, the TLR in FIG. 12 is more uniform over the
full 0 to 90 degree range of orientation angles.

The results for FIGS. 114, 11B, and 12 assume cube corner arficles inade of a.transparent
material of refractive index 1.5, and having stractured surfaces as explained above. hicreasing the

refiactive index gencrally broadens the width of the zongs of improved entrance angplarity. For

cxample, the horizontal zone of improved entratsce angularity in FIG. 1A will bevome wider (i.e.,
in the vertical direction its width will increase) with incressing refractive index. Tiling three
difforent pyicntations will hence tend fo becotne mote uniforms with togpect to orieniation as the
refiactive index inoreases, In gencral, the design features discussed herein can be applied fo cube
corner articles of aniy suitable refractive index, Furthermore; {hay can be applied to cube cother
attictes regardless of the reflection mechenism rofied wpon in the mrays, b.e, whether the fecets of
ihe gube corners-are enated with a reflective metal {e.g., alumimum, silver, nickel,-oralloys
thereof) or other suiluble materisl, or whether the facets of the cube corners arg wneonted (o.g.
gxposed o air 6r vacuum) and reflect light veing the phenomenon of total iernal reflection {(TIR),
Thus far in the descripfion, the.cube geometries. of various enbe cornet lements, and
matchied pairs and amrays thereof, have been mentioned and discussed,  In commection with FIG.
13, for clarity, we provide a more methodics] discussion of cube comars and their geometry aid
orientation. Tlws, we present in dho figure 2 plan view of a hypothetical cube corner article 1314
having 6 hypothetical structored surface 1311, which Jies in or extends parallel fo the x-y plane of
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a Ciirtesian x-y-z coordinate system. Forpurpuses of compatison and discossion, the surface 1311
is shown to contain-differeni indvddual cube comers 1324, 1336, 1340, 1350, 1360, and 1370, In
practice, any given one of these cube comers would typically be present on the structured. surface
of & given tile in the context of a single cube corher array formed from three intersecting sets of

parallel grooves, the array also confaining other identical orsimilar cobe corners, inclnding a cube

corner {lat forms & matched pair with the given individual cube comer of interest in FIG, 13.

Each cube corner in the fignre isbounded by three non-dihedral edges (which ina cube
comier array may coincide with gioove vertices), the non-dihedral edges forming a base triangle.
{In some cases, the cube corners in & given arrayanay 1ot have three non-ditiedral edges-that form
& recognizable base triangle; in such.cases, a base triangla can sfill be associated with such a cube
soinet, by considering the faces of the cube.corner fo be planes, and by then considering the
trinngle formed by the interseetion of those planes with a reference platic parailel o the plane of
the stugiured surface, e.g,, the x-y planc) We cheracierize the cube geometry-of the cube cotners
in ferms of the three intedor angles of the associated bage tyiangle, which can be referved to ss base
angles, Howevet, as-shown below, the order in which we oxpress those three besc angles can-be
significant. Thercfore, we adopt the convention for purposes of this docursent of Hsting the
interior aigles of the base triengle in a particular order, namely, we list the smatlest angle first, and
we then list the remaining angles in = clockwise fashion (wiien viewing the base triangle from a
given consistent plan view perspective, 6.8, the perspective of FIG. 13 with cube vortices
projecting into the plane of the Tigure) relutive to-such smaliest angle, Wa refer tothe rosiliing set
or group-of angles a5 an ordered set of base angles, or mare simply a5 an ordered set or as ordered,
angles, Ifthe bage friangle ig isosceles wilh &wo angles smaller then the third, we list the fiest two
(smeliest) base angles firstin the ordered set,. Using this convention, the ordered angles ofthe
base triangles associated with the cubs comérs shown in FIG. 13, e, the cube geometries of such
tigbe corners, are as follows;

cube corner 1320: (50.8,.58.73, 70,47);
cube corner 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 corfier 1370: (462, 66.9, 66.9).

Eacl of these cube corners.is canted, i.e., its optical axis isnot orthogonal to the plane-of
the stractured surface. The opfical axis {s thus tilted Telative to the z-axds, and isnot parallel to the
z-8xis, The canted geometry defines a plane of cant for-the cube comer (and for the aray of which

it may-be a park), the plane of cant cuntaining the optical axis of the cube comér and the normal
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direction of the structared surface, 1.6, the z-axis. The plane of cast-can be identified for each

cube corner in FIG. 13 with séference to the bold black sxrow, which-represents the projection of

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

is shown to have a bold black arrow representing the projection of its optical axis; a-plane
perpendicular 6 the x-y plane and contgining the bold black arrow tepresenis the plane of cant of
such cube.corner 1320. The cube corners 1320, 1330, 1346, and 1350 may be said to be sideways
canted because the plane of cant is not perpendicular to any side of the base triengle. The cube.

orner 1360 may be said to be forward canted. The cabe comer 1370 may be said v be backward.

canied,

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

part) with a primary plane of entrence angulerity, as discussed above. The primary plane(s) of

entrance engolarily have been caleulated for each of the cubs corners shown in FIG. 13, and the
direction of such plane(s) is indicated in F1G. 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 ne primary plane of entrance angularity, and in cach of thege cages this plane is not
parallel o the plane of cant for the cube corner. Cube corner 1360 has only one primary plane of
entrance anpularity, and it is parallel to the plane of cant. Cube comer 1378 has two primary
planes of entrance angalarity, netther of which is parallel td the plans-ofcant,

Cube comers 1320, 1330, und 13490 all have the sume cube geomeiry, becange their sefs of
ordered base angles are equal 1o each other. Of'these ¢ubs comers, cube corners 1320 and 1330
also have the same cube otientation, despite the fact that they have different cube sizes and
different cube heights. Cube corners 1320 and 1340 have the same cube sizes and heights, but
diffetent cube orientations, sincs their respective planes of cant are not paralisl to cach other,

Cube sorners 1320 and 1360 have different cube geometries, with different scts of ordered
base angles, but they may haveé the same orientation if-their respective planes of cant aze parallel to
each other.

Cube corners 1320 and 1350 have the same cube sizes and heights, but different cubs
geomstries, Bven though each of fhese cibe corners has one base angle of 508 degrees; and
anuther base angle of 58,73 dlegrees, and another base angle of 70.47 degrees, i.e., even though
every base angle in the base friangle of one cithe corner element can tlso be found in the base

triangle of the other cube coiner clement, they nevertheless have different cube-geemstties. The

lifferent cube geomefries can be seen by nspection of the figure, 25 well ay by comparing thelr

rospeetive sefs of ordered base angles, which do notmatch. Note that if onewere lo rotate the
cube comrier 132 azinuthally (#bout the z-axis) such thatits plane of cant was pataliel to the plane

of cint for-cube corncr 1380, the respective primary planes of entrance.angularity for fliese cube
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cortiers would not bé paratlel fo each other, The cube geometry (50.8; 58.73, 70.47) of cube
corricr 1320 is thus different from the cube geometry {50.8, 70.47, 58.73) of cube corner 1350,

The unique relationship between the cube comers 1320, 1350 can be expressed by noting
thas the ordered sel of base angles for one cube corner (or an arrey of such cube comers) is a
permutation, of the ordered 8ot of base angles for the other-cube corer (or srray of such other cube
corners). For example, the ordered set (50.8, 70.47, 58.73) is & permufation of the ordered set
{50.8, 58.73, 70.47), becmge thege ordored sefs contain the same angles but ina different order --
while adhering to our description of the ferm “‘ordered-set™ us set forth sbove. Azrays of cube
corners having this relationship, st Ieast when they are Tormed by flwee intersecting sets of parallel
grooves, have the saoe groove angles and cen be formed with a single set of cudting tools. Stated
differenily, three diamond culting 1bols oan be used to form the thtee sets of purailel grooves
needed to form anarray of cubes like cube corner 1320, and those same three diamond cutling
tools (when used in a different order) can be used 10 form the thres seis of paraicl grooves needed
to form an array of cubes like cube corner 1354, even though cube corner 1350 has a different
cube geometry than cube comer 1324, Taking advantage of this relationship, we can provide as
wmeny s 6 distinet cube comer arrays in separate-tiles of 4 cubg corner artiufc,_ cach arvay having a
different orientation, and each array having a lengfbiwise groove whose groove direction is parallel
10 & given in-plane axis, and all of these arrays being capable of fabrication with & single set of
{hreg graove cuiting tools, Such an embodiment. is depicted in FIG, 14,

In FIG. 14, a cube comer articls 1410 is shown i achematic top or plan visw, The article
1410 may be a refroreflective sheeting or a tool associated with its manufacture. The article- 1410
Tas & structured suface 1411 with 6 distinet cube comer arrays acranged ihfo s 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
gach tile has opposeid-clongated edges that arc also parallel to the y-axis. In aliernative
embodinents, the tiles necd noi be elongated along the y-axis, and/or need not hiave edges paralicl
1o the y-axig, Hach tile bas one atray of canted cube corner slements formed by three intersecting
sefs of parallel grooves. For caclitile, one of its-three sets.of grooves-is a sct of lengihwise
groaves whose groove direction is parallel to the y-axis. Esch tile also has a'tils width (measuwed
in the x-direction) that is equal to an infcger multiple of a lengthwise groove pitch of its lengthwise
gropves, such that fragmemted cobe corners are substantially absent af the clongated edges of the
tiles, The tile widths are not nniform. Ties A and T¢ have tile widths fhat see equal o sach other
but greater than the iile widths of tiles B, C, ¥, and ¥, which are also.cqual o each other.

For reforence pusposes-in fhe figure, one enlarged matched pair of cube comers is shown
on the right hand side of each file. Tn every instance, the enlarged matched pair is representative of

the matched pairs of cube corner elements in its nssociated cube corner apny, Tlrick black arrows
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are included in each enlarged maiched pair to indicate the projections of the optical axes of the.
cube comess in the x-y plane, in similar fashion to RIG, 13, These thick black arrows #hivs pravide
an indieation of the direction of the plane of cant for cach sy, Also in keeping with FIG. 12,
dashed lines are superimposed on each enlarged inatched pair of FIG. 14 to indicate the direction
of the primary plane of entrance angulatity for the:matched pair and ils associated aray..

The cube somers of tiles A,.B, and C all have cube geometries of (49, 61, 70). The cube
corners of tiles D, E, and F all have cube geometries of (49, 70, 61). 'Thus; the ordered set of base
ungles for the cube cornets of any one oftiles A, B, or Cris b permutation-of the ordered set of base
ungles for the cube comets of any one of tiles D, K, -and F, and vice versa. Furthermore, one sot of
three diemond cutting tocls cen be used to form the-three sets of parallcl grooves ngeded to forny
‘the amay of cubes for SyETy one oftiles A, B, C, D, &, and ¥,

Compound grooves, althaugh not labeled in FIG, 14, can be readily seen in the figure.

One eompoumd groove appesrs at the boundary of tiles A and B, another appgars at the boundary
of tiles B and C, another appears at the boundary of tiles C and I, anofhier appears at the boundary
of tiles I and E, and another apjyears at the boundary of tiles ¥ and ¥, In each case, these
compound grooves are paratiel to the y-axis, und parallel 1o the groave direction of a groove set in
vach tile adfacent 1o the given compound groove. Furthermors; in each cage, the compound groove
has a groove angle that is different from the groove angle of lengthwise grooves in each of the two
itles thiat bound the given compound groove.

Numerpus modifications can be made to the cube enmer article 1410, The widths end
shapes of the tiles can be changed. The tiles can be rearranged in different orders. One or tore of
the tiles that are present in the article 1410 can be removed, and one or more tiles liaving different
cube corner aitays, including one or more conted cube corner amays ag well as one or more non-
canted culie chrner arruys, can be fnsened or otherwise added. In such a modification, at lcast twa
tiles may have cube pomer arrays whose cube geomeirios are the same but whose orieniations are

differenit, end at least two files may have cubes whose sets efhase angles are relatcd by a

perrmuation, Different angles of intersection for the sets of paraliel grooves, wuid different

corresponding base angles for the cube corners, ¢an be ased. The groove depths for greovesina
glven groove set may ulf be the same, or they may a1l be different from sach other, or some may be
the same and soms different, Aliernatively or in addition, the groove depth(s) used in a first
groove sef may bethe same-as, or different from, the groove depth(s) used ina second grovve set:
that interseets the first groove set,

In FIG: 15, one cube corner from euch of the tiles A, B, C, D, E, F of FIG. 14 is
reproduced and enlerged, while maintaining its geometry and iis orientation with respect to the in-

plane y-axis. Forsunplicily, the-cube cornet from tile A of FIQ, 14 is labeled A in FIG. 15, the
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cube.carner from tile B of FIG, 14 is labeled B i FICE. 15, and so forth. In this figure, the thick
black arrows representing the projection of fhe optical axes in the x-y plane, 25 well as the dashed

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

14,

n FIG, 16, the planes of cant and the primary planes of ¢ntranceo angularity for alLof the
tiles A, B, C, D, E; F of FIG. 14, and tus also for aif of the cube cornems A, B, €, B, B, F of FIG,
15, are shown superitopgsed-on each othel in refation to the x- atd y-axes, these axes having their
sanme meaning as in FIGS, 14 and 15, For each cobe cornes array {and corresponding file), the
solid ling in FIG. 16 represents the plene of cont and its orieniation with respectio the x- and y-
uxes, and 1be deshed Hue in FIG., 16 represents the primary plaie of entiunce angalerity and its
otientafion with réspect to the same x~- and y-axes. These sold and dashed fincy are Iabeled for
simplicity with the leiters A, B, C, D, E, F to corvespond with the same labeling vsedin FIGS. 14
and 15, For example, the tile A in FIG, 14 andthe cobe A in FIG. 15 have a plane of cant
represented by the solid Yine A in FIG. 16, and o primary plane of enfrance angularity represented
by the dashed e A in FIG, 16, The various planes of cant and primary planes of entrance;
engularity in FIG. 16 are thug representative of the tiled cube comer uxticle 1414 and its.
constituent components (files). The length oFthe solid and dashed lines in FIG. 16 is arbitrary, but
the solid Hnes arg drawn to have a uniform length that iz greater-than the uniform length of the
dashed Tines, 50 the reader can more easily distinguish one from the other, Inspection of FIG. 16
teveels that the aiticle 1410 is configured such that iis constituent primary planes of entrance
angularity are more evenly distribnted in azimuthal angle than ils constituent planes of cant.

For anaiticle made by simply combining two of the articles 1410, duplicato planes of cant
and duplicate jrimaty planes of entrance angularity would appearin a reprosentation like that of
FIG. 16. To avoid double countltig such planes, we may specify more generally that the tiled cube
comer axticle is configured such that unique ones of the primary phnes of entrance angularity for
th plurility of tiles are more evenly distributed in axirnathal angle than unique ones of the planes
of cant, To quantify the concept of “more evenly distributed in azimathial angle”, wé may dofine
an augle PhiMin] as the minimuin anguler separation between wnigoe ones of the privasry planes
of entrdnce angularity, and we may define PhiMinZ a8 the minimum engular scparation bebwoen
unique nnes of the plenes of cant. In FIG. 16, PhibMin1 is 18.00 degrees; and PhiMin2 is 223
degroes. “'We may dlso define an angle PhiMax 1 as the maximum sngulai scparation between
ynique ones of the primary planes of enttapce arigularity, and PhiMax2 as the maximum angular
sepatation of unique ones of the planes of cant. T FIG 16, PhiMax1 is 52.00 degrees, and
P]ﬁMax?. 18 58,77 degizes. We may firther define an angle PhiAve] as the average angular

separafion between unigne ones of the primaty planes of entrance angularity, 2ad we may define
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PhiAyg? as the average angular separation between unique ones of the planes of cant. In FIG. 16,
PhiAvgt and PhiAvgZ axe the same; each being equal to 30.00 degrees. We may define.an angnlar
distribution. mefric (‘PhiADM"} equal to PhiAvg/(PhiMax.— PhiMin). Ta FIG. 16, {he angylar
distribution muofric for the primary planes of entrance angularity is PhiADM]I = 0.882, and the

angulae distribotion metric for the planes of cant is PhiiADM2 = 0,531, Thus, 1o quantify the

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

o PhiMind > Phibin2

¢ PhiMinl > 2 * PhiMin2

». PhiMax] < PhilMax2

» PhiADM]1 > PhiADM2

Beveral cube corner articles based on that shown in FIG. 14 were modeled. Tn & first cage,
the model assunied the same cube geometrics discussed above, i.e., (49, 61, 70) fortiles A, B, and
C, and (49, 70, 61) for tles D, B, and F. The modcl further assumed the mibe corners had a
second order design featyre 1o disperse light -slightly from the divection of incident ight, ns
discussed ahove with reference fo the *219 Appeldorn patent. The second order design feature was
to assome the proove angles were very slightly different from thoge that would produce dihedral
angles batween the cube comer facets of exuctly 90 degrees, the difference in groove angle
amounting ta cube corner facets that devisted by 2 minutes of are (0,033 degrees) relatlve to their
nominal orientations thet produce exact orthogonality, The mode! initially calculated the total
Light mtuea (TLR) for cach of the § cubs corner arrays individually, assuming the cube corer.
article was-coniposed of clear polycarbonate of refractive index 1.586, and assuming the cube
corners were exposed to air and seflected light by total interniel reflection, ‘The TLR. was
calculated a8 n funition of orientation anglo for a sequence of different enfrance smgles. "The
model theh cafeulated, for eagh.combination of erientation angle and entrance angle, a weighied
average of the TLRs for the 6 arrays. Weight values of 15% were used for the arreys of tiles B, C,
E, and F, and ‘weight values-of 20% were used for the arrays of tifes A, and . These weight
values are in proportion to the relative widths, and rélafive surface areas, of the respéctive tiles in.
the tiled article 1410.

The résulfing caloulated retrorefleotive performance of the tiled retroreflective article is
shown in the Isointensity plot of FIG. 17. In tlie figure, the magnitude of the enfeitated TLR is in
the mdial dircefion, and vriendstion angle s in the azimuthal divection, Curves are plotted for
entrance angles from 0 1670 degizes in 10 degyee increments, with curve 1760 representinga 0
degree entrance angle, curve 1710 repregenting o 14 degree entrance angle, curve X724

representing a 20 deggree entrance angle, and so forth, A seqoiid tited cube corner article was then
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modeled. The aricle was assumed 1o be the same as that of FIG. 17, except that the refiactive
index was sssumed to be 1,50 rather than 1.586. With this modificetion, the TLE of the tiled
artigles was calenlated in the same way as described abovein connection with FIG, 17. The
resulting caloulated retroreflestive performance is shown in the isointensity plot of FIG, 18, which
has the sarrie format 25 F1G. 17, Cnrves are plotied for enirdnce angles from 0 fo 60 degrees in 10
degree increments, with curve 1800 representing 2.0 degree en&au&s angle, curve 1810
representing a 10 degree entrance angle, curve 1820 representing 2 20 degree entrance angle, and
sa forth. Some diffesonces.can be scen between theée eurves and the correspanding curves of FIG.
17, Such differgnces are demonsirafive of the effect of a change in refracfive index of the cube
comer article. -

For comparison putposes, we also investigated the cube comer ariicle shown in FIG. 3
shove and discyssed in the “281 Mimore publication. Figure 19 is-a reprodiction of »-figure in the
#2381 Mimoura publication relating to the embodiment in wlitch cobe corners 314-1 and 335-1 bave
ordered base angles of (54,918, 66,659, 58.423), and cubc comers 314-2 and 318-2 have ordered
base angles of (54.018, 58.423, 66.659), this cmbodiment heirg referred to hereafier as the
Mimorg embodiment, ‘The graph.of FIG, 19 is said to be the retroreflective performance of this
embotiment, ag saleulated using A optical simulation. The glaph shows the performence at.
entrance engles of 5 degrees (cutve 1905), 13 degrees (curve 1915), and 30 degrees {curve 1938),
with date points plotted in orientstion angle increments of 15 degracs.

We attewapted to duplicate the resulis of Mimuza in order o determine the retroreflective
petformance of the Mimura embodiment at eritrance angles greater than 30 degrees. One obstacle
in this effort was = lack oF information in the *281 Mimura publication regarding the refractive

index that was assnmed for the embodiment. Using our own opiical modeling softwate, we

antered the cube comer geomegrical information for the Mimura emboediment into our softwars,
sy generafed iscintensity plots of the TLR -of the embedimicntat a 5, 15, and 30 degree enitance
nngle for a munber of different refiactive indices. We then identified the refractive index that
produced u curves that most tlossly matched those of FIG. 19, pactionfarly curve 1930 at the 30
degres entranee wngle.. This procedure indicated to ne the refractive index wus equal to-or
approximately 1.586. Figute 20 shows an isointensity plot which uses the TLR caleulated by cur
opiical modelipg software for the Mimura embodiment, assuming the 1.586 miractive index, The.
graph shows the performance at entrance angles of 5 degrees (curve 2085), 15 degrees (curve
2015), 30 degrees (curve 2038), 40 degiees {curve 2040), and 50 degrees (curve 2450), with dgia
points plofted in origntation angle increments of 15 degrees just ag in FIG. 19. Curve 2038.canbe
seen i closely approximate the curve 1930 in FIG. 19.. Inspection of FIG. 20, partienlarly eurves
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2040 end 2050 thereof, reveals that uniformity as a function of orientation angle rapidly degrades
for the Mimura embodithent at icressed enirance angles.

‘The uniformity index UT discussed sbove was calculuted for the Mirnura embodiment,
assmming the 1.586 sefractive index, and for the embodiment of BIG, 17 (see also FIGS. 14, 15,
and 16), wlich has the seme refractive index. The resulis ars shown in TIG. 21, In that figars,
curve 2101 §s the Ul for the Mimurz embodiment, and curve 2102 is for the emboiment of FIG.
17.

Exemplary materiuls for forming setroreflective cube comer articles indlude, but are not
limited to, thermoplestic polymers such as, for example, poly(casbonate),
poly(mothylmethacrylate), poly(ethylencterephihalate), aliphatic polyurcthanes, as well as-ethylene
copalymers and ionomess thereof, and mixtures thercof. Cube corner sheeting may be prepared by
casting directly onfo a film, such as described in U.S, Patent 5,691,846 (Benson, J1. et al.).
Polymters for radiation cured cube cornets inclnde crosslinked aerylates such ag multifonctional
acrylates or epoxics, acrylated urethanes blended with mono-amd multifonctional monomers, and.
nitragen-cottaining polymers, such as those described in U.S. Patent 7,862,187 (Thakkar-etal),
incorporated herein by reference. Furfher, cube comers such ag thoss previously described may be
cast on to plasticized polyvinyl chlodide film for more flexible cast cube corner shepting. These
polymers are desirable for one or more reasons including thermal stability, environments] stability,
clarity, exceflent release fromthe tooling or mold, and the ability 1o apply a refleciive coating 1o
the cube corner facets,

A specularly roflective coating or reflective Tayer may be placed on the facets of the cube
cozner elemenis (e, ona back side of a cube coruer Tilm) to promote retroreflection. Suilable
reflestive coatings inchide metailic coatings such as aluminum, silver, nickel, oralloys thereof,
which ¢an be applied by known techniques.such-as vapor deposition or chemical deposition. A
reflective nyer may also be or comprise & muliilayer opticel film. A primer layer may be applied
to'the cube comer ficets to promote adherence of the reflective coating or layer. In cases where no
reflective contihg—nr layeris used on the cube comer facets, they may be exposed to air or vacunm,
and a sealing, film 1y be vsed to provide sealed cells or pockeds that mainiain the air interface and
keep out water, diit, and the like. Exemplary seal films for retroreflective articles are disclosed in
U.S. Patent 7,611,251 {Thakkar et al). In other embodiments, a pressure sensitive adhesive layer
comprising banicr maferials may be disposed on the cube carners, such as disclosed, for example,
in patent application publication US 2013/0034682 (Free etel).

Prismatio retroreflective sheeting can be imanufactured g an intepral material, e.g., by
embossing a preformed sheet with a siruciured surface contairing cube comer array(s), or by

casting a fhuid matesial info a suitable mold. Alternatively, retroreflective sheoting can be
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“manufactured.as e layered product by cesting the cube corner élements agpinat a preformed film or

by laminating a preformed film to preformed cube corner elements, The cube comer clements can
bs formed on u palycarbunate film approximately 0.5 sn thick having an index of refraction of
mbout 1,59. Useful materials for making retroveflective sheeting are materials that sre _
dimensionally stable, durable, weatherable, and readily formable into the desired confipuration.
Generally any opticafly transmissive material that is formablg, typically under heat and pressure,
can'be used, The sheeting can also inclnde colorants, dyes, 17V absotbets or separate UV
ghsorbing layers, and other addilives a3 desired.

“Unless otherwise indicated, alt numbers expressing quantities, measutement of properties,
aud so forth used in the specification and claims are to be understood as being modified by the
term “abont”. Accordingly, unless indicated to the contrary, the mumeticsl parameiers set-forth in
the specification and claims are approximations that can vary depending on the desited propertics
sought-to be obtained by those skilled in the art utilizing the teachings of the present application,
Not as an attempt to Hmit the application of the dostrine of cqnivalents to the scope of the clajms,
gach numerical parameter should at least be consirued in light of the number' of reporied
significant digits and by applying ordinaty ronnding techniques. Notwithstanding that the
numerical ranges and patameters seiting forth the broad scope of the invention are approximations,
to the cxtend any numerical values arg set forth in specific examples described herein, they are
scported as precisoly as roasonably possible. Any numerice! valae, however, may well cortain
errors associated with testing or measurement limitations, Similarly, terins such as “equal™,
“parallel”, “coingide”, and the like whenused herein should be understood 1o cncompass
embodimenis inwhich deviations from exact equality, parallelism, cotncidence, ele., are within
manufachiriang tolerances, or otherwice deviate fromn such oxestress due to second order design
feataves ag-diseussed elyewhore herein,

Variaus modifications and alterations ofthis-invention-will be appareat to those skilled in
the art without departing from fhe spirit and scope of this invention, and it should be understood
that this invention is not Kmited to the illustrative embodiments set forth hetein. The reader should
asswmg that features of one disclosed embodiment carn also be applied fo all other disclosed
embodiments unless otherwise indicated, T ghould slst be understood that all U.S. patonts, patent
epplication publications, and other patent and non-patent documents referied to hersin are
incorporated by reference, 1o the extent they do not contradict the foregoing disclosnre.

This document discloses numerous embodiments, including but not limited to ihe
following items?
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Ttem | is.an article having a structured surface that defines a reference plane having an in-plane
axis, the struciured surface including a plurafity of cube cormer arrays arranged into a phurality of
tiles, the-article comprising;
first, second, and third tiles defined by reapective fist, gecond, and third cube coraer arriys,
“the first, second, and third cube-comer arvays having respective fist, seoond, and third
primary plancs of enitance angularity, each oriented differently relative to the in-plane axis;
whorein the first, second, and third tiles cach includes one tile edge paraliel to the in-plane
axis; and
wherein. eash of the first, second, and third cube corner arrays includes one given groove
paratlet o the in-plane axis.

Ttem 2 i 1he article of iiem 1, where the first, second, and third tiles are each elongated parallsl to
the in-planc axis.

Ytem 3 is the article of item }, wherein for each of the first, second, and third files, the given groove
iy orie of 2 plurality of lengthwive grooves that define-a lengthwise groove pitch, and each of the
first, second, and third iles has & width equal to an fnteger imiltiple of the respeative lengtwise
Eroove pich

Ttem 4 is the axticle-of item 3, wherein the widths of the first, second, omd third tiles are eachin &

rauge from 8.2 mm to 5 min, or from (.2 mm to 1 mm, o from 0.5 mw to 1 mm.

Ttem 5 is the article of item 1, whetein the plorality of tiles includes additional {iles other than the
first, second, end third tiles, the additional 1ies having corresponding additional eube comor -

arrys, all of the addifional cube comer arrays including, one given groove paratlel to the in-plane
axis.

Ttéern 6 15 the article of item I, whereineube corners in each of the fitst, second, énd third cube
comer arays are canted and characterized by a base triangle having an ordered set of hase angles,
and whetein the ordered sefs of besé ungles for the first and secont cube comer attitys areequal 1o

cach other, -and the orderéd sets. of base angles for the Grest and third cube coradr arrays afe
peromations of each afher,

tem 7 i the srtigle of item 1, wherein cube corners in cach of the first, second, and thid cube.

cormer.atrays-ate canted and characierized by abase triangle having an ordered set of bage angles,
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and wherein the ordered séts of bage angles for the fivst, second, and third oube corner srrays sre
cqual to eacl ather,

Ham 8 35 the article of item 7, wherein the plurality of tiles further includes a fourth tile defined by:
a fousth eube comer arrdy, the fourth cube comer array having a fourth primary plane:of entrance
angularity-thei is not parallel fo eny of the first, setond, or third primery planes of enifrance
angularity, and wherein eube comers in the fourth cube corner aray are.canted and characteiized

by a base triengle baving an ordered set of base angles that is a permutation of the ordered set of
bage angles for the first cube comer. ammy.

Rem 9 15 the-axticle of Hem 8, wherein the fourth file is elongated paraliel to the in-plane aiis, #nd
the fourth cube corner amray includes one lengthwise groove parallel to the inplane axis,

Ttem 10 is fhe article of ftem 1, whetein all of the cube cotner arrays in the plurality of eube corner
wrays have respective primacy plancs of entrance angularity, e primary planes of entrance
angulerity defining at Jeast 4 unique orientations relative $o the in-plane axis,

Item 11 ks the article ofitem 10, wherein the cube corner armys associated with the at least 4
unique orientations each inchudes one lengthwise groove paralfél to the in-planie axis and are
charzeterized by respective ordered sefs of base angles, every two of such ordered sets of base
angles either being equal to éach otheror being permutations of each other.

Hem 12 is the article of item 10, wherein the primary planes of entrance angularity define at least 5
uniqoe orientations relative 40, the in-plane axis.

Ttem 13 is the article of ifem 12, wherein the cube corner arrays associated with fhe af least 5
mnigue oriendations are characistized by respective ordered scis of base angles, every two-of such

ordered sets of buse angles either being equal to cach other or being permutationy of esch other.

Hom ¥4 is the article of item 12, wherein the primary planes of entrance angnlarity define atleast &
uniqus orientations telative to thedn-plane axis,

Tem 15 38 the article of item 14, whereln the cube corner atrays associsted with the at least 6
nuique orisntations are characterized by vespective ordered sots of hase angles, every two of kuch
ordered sets of base angles either being eqial to each other o being permutations of each other.

-37 -



10

15

20

25

30

35

WO 2014/151368 PCTIUS2014/025584

Itemn 16.1s the article of ifem I, wherein the first and second tiles have tile edges that meet along &
boundaty, and wherein fagets of s row of cube corners on the first tile near the boundary snd facots
of 2 row of cube comers on the second tile near the boundary collectively form a composite
gtoove, the compusite groove being peratlel to-the in-plans axis:

Ttern 17 is the arfick of item: 16, wherein the composite groove has a composile groove angle that
differs fromia groove angle of the given groove of the fivst cybe comer array and that also.differs

from a graove angle of the given groove of the second cube comer array,

Tterm 18 is the article of item.1, wherein the-stractured surface provides a uniformity index at a 30
degres entrance angle of'at leest 4, ar at least 5, orat least 6.

Item 19'is the article of item 1, wherein the structured surfacs provides anniformity index ata 40
degree entrance angle of o Jeast 2, or atleast 3, ox’'ai least 4, or at least 5.

Ttem 20 is an article having 2 stuctured surface that includes a plaratity of cabe-corner arays
arranged mtn a corresponding phrality ofiiles, the structured surface dofining a reference plane
having an in-plane axis, the cube corner army for each of the plaality of iles having a given
grogve set-whose grooves extend parallel to the in-plane axis, the cube cammer-array, for each of the
pluality. of tiles having ussociated therewith a plane of cant and a primary plane of enfrance
angularity, and wherein unique ones of the primary planes of entrance angularity for the plorality
of tiles-aro more eventy distributed in azimuthal angle than unique ones of the planes of cant.

Trem 21 s the artiele of ifem 20, wherein the unique ones of the ,pﬁmaty planes of éntranec

angularity have a minimum angular separation PhiMinl and the unique ones of the planes of cant
have a mininom angular seperafion PhiMin2, snd whercin PhiMin1 is greater thon PhiNin2.

Yiem 22 is the article of item 21, wherein Philviin] is at leasi 2 times PhiMin?.

Item 23 js the article of itém 20, wherein the tiles have respective widths that are in a range from
{.Z manto 'S oo,

Tewm 24 is the article of iiem 20, wherein the given groove set for each tils is a lengthwise groove.
set for such tile,
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Teeni 25 is the article of ifens 20, whetein the struetured surface has N unique peimary planes of

entrance angularify agsociated respectively with N unique ones of the cube comer amrays, and
whersin M s 4, 5, o1 6.

Ytem 26 ix-the article of ifem 20, whetein the plurality of tiles ficludes a firsi, second, and third tile

eompriving respective first, second, and third arrays of canted cube corners, the first, second, and
third arrays having associated therewith respective first, second, and third planes of cant no two of
which are parallel 1o each ofher,

Ttem 27 is the article of itern 26, wherein fot each of the first, second, and third arrays, the given
groove set is a lengthwike groove set that defines o lengthwise groove piich, and each of the first,

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

Ttem 28 is the anticle of Htem 20, whergin the structured sirface provides # uniformity index at«a 30
degree enttance angle of at least 4, or ot least 5, or af least 6,

Ttem 29 is the article.of item 20, wherein the steuctured surface provides 2 uniformity index at a 40
depree entrance angle of'at least 2, or at least 3, or ai least 4, or at least 5,

Tiem 30 is"the arlicle of item 20, whetein the pluratity’ of tiles ate each clohgated parallel to the in-

plane axis.,

Ytemn 31 is an article having a steuctuted surfuce, the structured sutface being segmented into a
plurality of tiles, the artiole comprising:

a fivat, second, and third tile comprising respective first, secand, and third arrays of'canted
oubi cotners, the fivst, second, and thivd avrays having associated therewith respeotive fivst,
second, and third pianes of cant uo two of which are parallel fo cach otbier;

wherein cube-corners in the fitst, seoond, and third arrays are characterizid by base triangles
‘having respeotive Tirst, second, and third erdercd sets of base angles;

wherein the first and second-ordered séts of base angles are equal to each other; and

wherein the first and thitd ordered setsof base angles ate permutations of each other,
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Ttem 32 is the articlo of item 31, whereln each oF the. firs1, second, and third arrays has a groove set
whose prooves extend parallel to an edge of iis respective tile,

Ttom 33 is the article.of item 31, wherein each of the first, second, and third arrays is defined by
three sefs of parallel graoves that intersect sach other to form cube comers.

Rem 34 is the article of item 31, further comprising:
a fourth tile compriging # fourth array of canted cube comers, the fontih artay having

rssociaicd therewith s fourth plane of cant that is ot parallel 1o any of the first, second, or
third plancs of cant.

Ttem'35 55 (he article of item 34, whetein the fourth array-is chatacterized by a-base triangle having

a-fourth ordered set of hase angles, the fourth ordered set of base angles being the same as the third
ordered set of base angles.

Jiem 36.1s the article ofitem 31, wherein the structured surfuce provides @ uniformity index at a 30

degren enftance angle of at Ieast 4, or at least 5, or at least 6,

Ytemn 3718 the article of item 31, wherein the structured surface provides a uniformity index at 2 40
degree cotrence angle of at least 2, of at Teast 3, or at loast 4, or at Ieast' 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 comner-
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 corner arrays coimprises 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 3 mm, or from 0.2 mm to 1 mm, or from 0.5 mum fo 1 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 whereijn the
ordered sets of base angles for the first and second cube corner arrays are equal to cach 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 corner array having a fourth primary plane of entrance angularity that is
not parallel 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 triangie 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 comer 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 comer 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 PhiMini 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 set 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 teturn 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 éach of the first, second, and third arrays has a groove set whose grooves extend
parallel to an edge of its respective tile;

wherein

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 comer arrays.

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

paratlel 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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