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MICROTILED PRrsVIA.TIC CUBE CORNER ARTICLES 

FIELD OF TDB INVENTION 

5 	This invention relates generally to retroreftective sheeting and related articles that 

incorporate cube corner elements, with particular application to such articles in which distinct cube 

corner arrays are arranged into aplurality of tiles to provide unproved rettereflective performance 

relative to an article that incorporates only one cube corner array. The invention also relates to 

articles and systems incorporating such cube corner articles, and methods of mnaking.andusing 

10 	such articles..  

BACKGROUND 

Retroreflective cube corner articles are imown. Such articles.  incorporate cube corner 

elements, each such cube corner having three approximately mutually perpendicular facets of high 

15 	reflectivity. The reflective facetsinteract with light to cause eacheube corner element to redirect 

incident light back in the general direction from which it originated, regardless of the angle of 

incidence of the light. This functionality is useful in applications requiring enhanced visibility, 

e.g. street and highway signs, traffic control barrels and cones for placement in and along 

roadways, and vests or other articles of clothing for persons who engage in Work or other activities 

20 	around nighttime traffic. The reflectivity of the facets may beprovided by total internal reflection, 

or by a layer of metal or other reflective material coated onto the facet. Itis also known to design 

the cube corners so that the dihedral angles between the three reflective facets deviate slightly 

from perfect perpenclicularity, so that the retroreflected light deviates slightly from the direction of 

the incident light. In this way, more of the retroreflected light is likely to be seen by apeman 

25 	whoseeye s-ubtendsa small butsonzero angle relative to the direction of the incident light. 

Reference in this regarilinmade to U.S, Patent 4,775,219 (Appeldorn et at). 

It is ltnovvn for a given cube corner prticte to be fabricated Using a tool having a structured 

surface. The &tinctured suribee of the cube corner article may be made by microreplication from 

the structured surface of the tool, The streamed surface of the tool is thus an inverted version or. 

30 	negative replica of the structured surface of the given cube corner article, As such, the tool also 

includes groups of three approximately mutually perpendicular facets, and whether or not the tool 

itself provides any retroreftectivity of light, it can be considered to be a cube corner article. 

it is also known to provide cube corner articles with a filed configuration, in which distinct 

cube corner arrays are arranged in a pattern of adjacent regions or zones, referred to herein as tiles, 

35 	The tiling typically modifies the entrance and orientation performance ofthe article. 
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Commercially availablerctroreflective cube corner sheeting uses tiles having, in plan view, the 

shape of long strips or rectangular areas (inclusive of squares), a minimum characteristic 

dimension of which is on the order of 0.150 inches (3.8 mm) or more. The orientation of oube 

corner elements is different between any two adjacent tiles. 

5 	Three known retroreflective cube corner articles that employ tiling will now be dismissed. 

Figures 1, 1A, and 1B relate to a tiled retroreflective article discussed in U.S. Patent 

5,936,770 (Nestegard et al.). Figurel depicts a magnified view of aportion of the Structured 

surface of a retromflective cube comer sheeting 110-which. is designed to exhibit Unproved 

retrorefleetiveperformance 'thigh entrance angles in exactly two priinaty planes, and to ribibit 

10 	snbstantially similar retroreflective performance at varying entrance angles in.each of the two 

primary planes. Thestructured surface includes a plurality of alternating zones which comprise an 

array of cube corner elements 112. The cube corner elements 112 aredisposed as optically 

opposing matched pairs in an arrayon one side'  f the sheeting. Each cube corner element 112 has 

the "shape of a trihedral prism witivditec exposed planar faces 122. The dihedral angle between the 

15 	faces 122 is about 90°, but can deviate slightly from 90° as discussed in the '219 Appeldom patent. 

The cube corner elements 112-  preferably have a canted geometry as disclosed in U.S. Patent 

4,588,258 (Ileopinan). Such canting defines a single primary plane of improved retroreflective 

performance at high entrance angle4and a single secondary plane of improved retrorefleetiVe 

performance at high entrance angles: The axes. of the cube comer elements can be canted in a. 

20 	"backward" or "negative" direction as discusned.in U.S. Patent 5,565,151 (Nilsen),Or in a 

"forward" or "positive" direction as discussed in the 4258 Hoopman patent 

The structuredsurfaceof the sheeting 110 includes a plurality of alternating zones ("tiles") 

of cube corner arrays &paged at approximately ninety-degree orientations. Sheeting 110 may 

thus be characterized in that it includes a first zone 106 including an array of cube corner elements 

25 	disposed in a first orientation on the sheeting and a second zone-108 of cube corner elements 

disposed in a second orientation aatho Sheeting to define afirst ptimary plane of improved 

retroreflective performance at`high entrance angles and a second primaryplane Of improved 

retroreftective performance at high entrance angles which is perpendicular to the fast plane. 

The lust zone 106 extends substantially parallel with a longitudinal edge of sheeting 110. 

30 	The first zone 106 includes an array of cube corner elements 112 formed by three mutually 

intersecting sets of grooves including two secondary groove sets 126, 128, and a primary groove 

set 130. The individiml euhe.comer elements 112 in the array are formed such that their optical 

axes are eantedin.a plane perpendicular to the primary 'groove 130. The cube corner array in first 

zone 106 thus exhibits aprimary plane of improved- retroreflective performance which extends 

35 	perpendicular to the primary groove 130, and perpendicular to the longitudinal edge of the 
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sheeting 110. The individual cubecornerelements are canted through art angle of approximately 

845 degrees with respect.  o an axis normal to the base of the cube comer element to define base 

triangle included angles of 55,5 degree; 55.5 degrees, and 69 degrees: The second zone 108. 

extends substantially parallel to the first zone 106nlong the length of the sheeting, and includes an 

5 	'array of cube corner elements 112 substantially identical to the array disposed bribe first zone 106, 

except thetthe may in the second zone is disposed at a ninety degree orientation relative to the 

array in first zona105. it is said that advantages may be obtained by eanting.opposing cube corner 

elementsthrough an angle between abott7 degrees and about:15 degrees (see e.g. the '258 

Hoopman patent), but that varying degrees of eantingand varying cube sizes can be used. 

10 	Figure 1A depicts the retroreflective characteristics of a single cube corner array in 

accordance with the '258 iloopman patent. Such a cube corner arrayexhibits it singleprincipal 

plane which exhibits improved retroreflective performance at nigh entrance angles, represented by 

the plane extending through the two broadest lithe& of the isobrightness contours,.and a secondary 

plrmetwhiCh exhibits improved retroreflective performance at high entrance angles, represented by 

15 	theplanewhich extends through the two.shortm lobes of the isobrightness contours, Accordingly,, 

sheeting manufactured to have such.a single cube corner array has a single preferred orientation. 

Thecrabodiment of PIG. 1 is saidto overcome this limitation by providing two planes which 

exhibit improved retroreflective performance at high entrance angles. As disclosed in PCT 

Publication WO•96/42025,(Smith et al.), backward canted cubes may be configured (e.g., base 

20 	angles of SO*, 65°, 65, to have two similar preferredplanes. of entrance angularity. Thetwif 

preferred planes denim= angularity are not necessarily perpendicular to each other. 

FIG. 113 is an isobrightness contour graph of retroreflective brightness readings takentrom 

a sample of dual orientation sheeting in accordance with FIG. 1. A description of retroreflective 

testing geometries and measurement angles is supplied in ASTNI E-808-93b, Standard Practice 

25 	for Describing Retroreflection (a more current version Of which is designated ASTM-51108.01 

k2009)), and pertinent anglesand other geometrical factors are also discussed below in connection 

with PIG. 4. 'Themessurements of FIG. lB were taken at a fixed observation angle of 0.33 

degrees and a lixed.presentation angle of 90 degrees. The entrance angle was Varied between 0 

and 80 degrees and the sheeting was rotated through a 360 degree range of orientation angles. M 

30 	FIG. lEcentrance angles are represented by concentric circles, while orientation angles are 

tepmsented by:numerals extending radially around the graph. The concentricisobrightness 

contourstepresenttherelative retroreflectiume of the retroreflected light; the maximum 

retrorefleetance is represented by the eenterp dint on the graph and concentric isobrightness 

contours representing five percent reductions in ictiorellectance relative to the maximum, 

35 	measuredin candelasritudineter2, 

- 3 - 
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Referring to FIG,: 1B, the retrorefleetive sheeting of MG. 1 exhibits exactly fourbroad 

lobesof improved retroreflective performanee at high entrance angles. These four lobes occur at 

90'degree intervalsinginning atta-zm degree orientation angle (e.g. at 0; 90, 180, and 270 degrees 

orientation angle). These four lobes.define two primary planes of improved retrarellectivo 

5 	performance at higltentranee angles: the first plane extends though-the plane of thesheeting at a 

0-180 orientation and-the secondplane extends through the sheeting ata 90-270 orientation. The. 

sheeting is also staid to exhibit substantiallysimilar retroreflective.perfOrnumee across varying 

entrance angles within these two planes. In use, the sheeting may be oriented in either of two 

different otientationstoenable the sheeting to provide optimal retro-reflective perfonnance. 

10 

	

	For further design details and variations of retroreflective articles such us that of FIG. 1, 

Thereader-is directed to the '770 Nestegard patent 

Figure 2.is a schematic plan view of another cube comer retroreflective Sheeting 270 that 

employs tiling. The tiled sheeting 270 was sold in commerce by the Stimeonite Corporation or 
Niles; IL; under The trade name STIMSONITE High Performance Grade Reflective Sheeting (Lot 

15 	1203W., Product Number 8432170). The filed sheeting 270 employs a plurality of tiled arrays of 

backward canted cube Griner element matahed.paira. The annotated surface of the sheeting 270 

includes a plurality of groups eleube comer element matched pair arrays positioned at a plurality 

of distinct orientations relative to abangitedital edge 272 of the. sheeting 270. The cube corner 

arrays are oriented such that the primary grooves of the arrays lie inplanes that are positioned at 

2Q. 	orientations of 0 degrees, 30 degrees, 60 degrees, and 9d degreestelativoto longituditatedge 272 

of sheet 270, 

For further details of the tiled sheeting 270, as well as descriptions of other tiled 

retroreflective articles, the reader's directed to U.S. Patent 5,822,121 (Smith et al.). 

Figure 3 is a tiled' cube corner article 310 discussed in patent application publication US 

25 	2011/0013281 (1Viimum et al). The cube corner article 310 has, a structured 'surface in which 

facets thereof form first cubezomer arrays 313-i and second cube corner arrays 313-2 arranged 

into alternating strip tiles 312-1, 312-2, respectively_. The structured surface. Walesa reference 

plan; shown as the x-y plane-01a Cartesian x-y-z coordinate system. The first cube corner arrays 

313-1 have cube corners 314-1 and 315-1. These cube comers are canted Thetis, the optical axis 

30 	(sometimes referred to asibe sytnmetry axis) of each cube corner is tilted. withrespect to the 

normal axis of the plane., i,e , with respect to the z-axis. The second cube corner arrays 313-2 have 

cube corners 314-2 and 3154, which are also Canted. The projections ofthe optical axes of the 

various cube corners on the ;try plane are shown in the figure as optical axes314d-1, 315d4, 

314(1-2, and 315d-2 for the cube corners 314-1, 3154,314-2, 315-2, respectively. 
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The Mimuntreference describes as embodiment in which cube comels.314-1 and 315-1 

have base triangles whose ordered interior angles. orbase angles are (54.918a, 66.659°,-58.423°), 

and in which cube corners 314-2 and 315-2 have base triangles whose ordered interior-angles are 

(54.9.18°, 58:423°, 66.659°). Further discussion of base triangles and their orderedangles is 

5 	provided below. A given one of the cube comers314-1 and an adjacent one of the cube corners 

315-1 form a matched pair of tube careers, because: the cube comer 314-1, if rotated 180 degrees-

about the z-airis,.prodtices a cube corner that has the same cube gcometryand the same cube 

orientation as the cite corner 315-1. A given one of the cube corners 314-2 and an adjacent one 

of the cube corners 315-2 also forma matched pair of cite corners, for the same reason. 

10 	litiwever„ any given cube comerwilliin the array 313-1 does not-have the same cube geometry as, 

and does not form a matched pair with, any cube corner within the array 313-2. 

BRIEF SUMMARY 

We have developcd.a family of cube corner- tirades in. which the structured surface 

15 	includes different cube comerarrays that ate combined in a tiled configuration. Design features of 

the different-cube corner arrays, optionally in combination with design.features of their respective 

tiles, are selected to provide one ormore beneficial productcharaoteristics, such as improved 

orietaatiOniiniformityfor rotroreflected light, improved apparent spatial uniformity of the 

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

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

manufacture, whilebeing able to realize on; some, or-all of these beneficial characteristics in thin 

flexible cube corner sheeting having a high overall retroreflectivity, if desired. Ease of 

manufacture has a-threat Mirpossihle aspects. One aspect relates to the speed atwhich a 

retroreflective cube comer filin can be manufactured, which can be:increased by.designing the 

25 	eubc.corner arrays formost or all of the tiles to have one -groove setparaliel to the downweb 

direction of the film web (and preferably-also to an.odge. of the respective tile), so that curable 

material can be forced into the structured surface of the tool more easily and rapidly. A second 

aspect relates -to reduced cost and-  increased simplicity in the manufacture of the cube corner tool, 

which can be realized by the use of cube corner arrays capable of being cut with only one set of 

30 	three or fewer cutting tools; such-that the cube geometry for one array is the same as the cube 

.geometry in a differently oriented array, and/or is a permutation of, the cube geometry in a 

differently oriented.  rray. 

We disclose herein, inter all; cube corner articles such as retroreflective sheeting'  hat 

utilize multiple- cube-comer arrays in a tiled-configuration, eachtileconittining one array of-canted 

35 	cube center elements. The tiles may belong and narrow, i.e., extended, and the array in each of at 



least two or three adjacent tiles, or even in most tiles or every tile of the article, may include at least 

one lengthwise groove that is parallel to an edge of the tile and parallel to a fixed in-plane axis, which 

axis may be a down-web direction of the article. Each tile may have a width that is narrow (e.g. 0.2 to 

5 man, or less- than 1 mm, or:from 0.2 to 1 mm), and equal to an integer multiple of a lengthwise 

groove pitch to avoid or reduce ineffective fragmented cube corners, and vertical surfaces, along the 

tile edge. Each array may have a plane of cant and a primary plane of entrance angularity, and the 

primary planes of entrance angularity for the multiple tiles may be more evenly distributed in 

azimuthal angle than the planes of cant. 

A first aspect of the present invention provides an article having a structured surface that 

defines a reference plane having art in-plane axis, the structured surface including a plurality of cube 

corner arrays arranged into a plurality of tiles including first, second, and third tiles. The first, second, 

and third tiles are defined by respective first, second, and third cube 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 first, second, and third.tiles each includes one tile edge parallel to 

the in-plane axis. Each of the first, second, and third cube corner arrays includes one given groove 

parallel to the in-plane axis. 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. 

The first, second, and third tiles may each be elongated parallel to the in-plane axis. For each 

of the first, second, and third tiles, the given groove may be one of a plurality of lengthwise grooves 

that define a lengthwise groove pitch, and each 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 other than the first, second, and third 

files, the additional tiles having corresponding additional cube corner arrays, and all of the additional 

cube corner arrays may include one given groove parallel to the in-plane axis. 

Cube corners in each of the first, second, and third cube corner arrays may be canted and 

characterized by a base triangle having an ordered set of base angles, and the ordered sets of base 

angles for the first and second cube corner arrays may be equal to each other, and the ordered sets of 

base angles for the first and third cube corner arrays may be permutations of each other. The concept 

of an ordered set of base angles is discussed further below. 

The ordered sets of base angles for the first, second, and third cube corner arrays may 

alternatively be equal to each other. The plurality of tiles may then-thither include a fourth the 

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 

6 



characterized by a base triangle having an ordered set of base angles that is a permutation of the 

ordered set of base angles for the first cube corner array. The fourth tile may be elongated parallel to 

the in-plane axis, and the fourth cube corner array may include one lengthwise groove parallel-to the 

in-plane axis. 

All of the cube corner arrays in the plurality of cube corner arrays may have respective 

primary planes of entrance angularity, 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 entrance 

angularity may also define at least 5 unique orientations relative to the in-plane axis. The cube corner 

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 equal to each other or 

being pemiutations 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 either 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 comers on the second 

tile near the boundary may collectively form a composite groove, the composite groove being parallel 

to the in-plane axis. The composite groove may have a composite groove angle that differs from a 

groove angle of the given groove of the first cube corner array and that also differs front a groove 

angle of the given groove of the second cube corner- array. 

The structured surface may provide a uniformity index at a 30 degree entrance angle of at 

least 4, or at least 5, or at least 6. The structured surface may provide a uniformity index at a 40 

degree entrance angle of at least 2, or at Mast 3, or at least 4, or at least 5. 

A second aspect of the presentinvention provides an article having a structured surface, the 

structured surface including .a plurality of cube comer arrays arranged into a corresponding plurality 

of files 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 defming 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 grooves extend parallel to the in-plane axis, and the cube corner array for each of the plurality 

of tiles has associated therewith a plane of cant . 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. 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. 

7 



The unique ones of the primary planes ofentranee angularity may haven minimum angular 

separation PhD/al and the unique ones of the planes of cant may have a minimum angular separation 

PhiMin2,_ and PhiMini may be greater than PhiMin2, or PMMinl maybe at least 2 times PhiMin2. The 

unique ones of the primary planes of entrance angularity have a maximum angular separation PhiMaxl, and 

the unique- ones of the planes of cant may haws maximum angular separation PhiMax2, and PhiMaxi may 

be leas Than PhfiVtax2. An angular distribution metric PhiADIvl I (described below) for the unique ones of 

the primary planes of entrance angularity may be greater than.  he corresponding angulardistribution metric 

PhiADM2.(alsodeseribed below) for the unique ones of tire:  planes of cant. 

The•plerality of tiles may each be elongatedparallel to the lutplane axis. The tiles may have 

respective widths that are in a range from0.2 mm toy nun, or from 0.2 nun to 1 mm, or from 0.5 rum to I 

nun. Thegiven groove set for eachtilemay he a lengthwise groove set for such tile. The structured surface 

may have N unique primary planes of entrance angularity associatecirespectivelyvvithN:unique cares of the 

cube corner arrays, and N may be 4, 5, or 6. The plurality of tiles may-include a first, second; and:third tile 

comprisiagrespeetive first, second, and third arrays of canted cube, corners, and the first,'second, and third 

arrays may have associated therewith respective first, second, and third-planes of cant no two of Which are 

parallelto each other. For each &the first,. second, and third arrays, the given groove.set may be a 

lengthwise-  groove set that defines a lengthwisegoeve pitch, and each of the first, second, and third tiles 

-may have a width equal to an integer multiple•ofthetespective longthwiee groeve pitch. 

The structured surface may provide &uniformity index at a 30 degree entrance angle of at least 4, or 

at least 5, oral least 6. The structured surface may provide la uniformity index at a 40 degree entrance angle 

of at least 2, or at least 3, or at least 4, or at least 5. 

A third aspect of the present inventiortprovides en article having a structured surface that defines a 

reference plane having an In-plane axis, the structured surface being segmented into a pluralityof tiles, the 

structured surface including a first, second, and third tile comprising respective first, second, and third arrays 

of canted cube corners. The first, second, and third arrays have associated therewith at least one:respective 

first, second, and third plane of cant no two of which are parallelto each other, and further associated 

therewithatleast 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. Each of the. first, 

-second; and third arrays may have a reeve net whose grooves extend.  arallel to an edge of its respective • 

tile; 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, and the•fust and second ordered sets of base angles may 

he equal to each other, and the first and third ordered sets of base angles maybe permutatMns Of each other, 

The first, seconds  and third primary planes of entrance angularity. havetnique orientations with respect to 

any otherinimary plane of patience angularity of the first, second, and third cube corner arrays. 

Eaoh of the first, second, and third arrays _maybe defined by three sets of parallel grooves ;that 

intersect each other to .form cube corners. The article may also include a fourth tile comprising a fourth array  

of carded:ebbe corners, and the fourth-array 

8 
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may have associated therewith a fourth plane of cant that is not parallel to any of the first, second, 

or third-planes of cant, The fourtharray maybe characterized by a base triangle having a fourth 

antlered set of baseanglos, 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 a uniformity index at a 30 degree 

5 	enhance angle-of at least 4, or at least 5, or at least 6. The structured surface may provide a 

uniformity index at a 40 degree entrance angle of atleast 2, or at least 3, or at least 4, or at least S. 

Related methods, systems, and.articles are also discussed, 

These and other aspects ofthe present application will be-apparent from the detailed 

description below. In no eventthowever, should the above summelies.be construed as limitations 

10 	on the daimed subject matter, which subject matter is defined solely by the attached claims, as 

may be amended during prosecution. 

BRIEFDESCRIPTION OF DRAWINGS 

FIQ.1 is 'a front or plan view of the structured surface of atiled retromilective sheeting 

15 	that is lmown; 

Eat. 'Ala an isobrightness graph showing the retroreflective performance for one of the 

Culie.conaer arrays ortiles fromthe sheeting of FIG. I.; 

FIG, 	is. anisehfightness graph showing the retroreflective performance-for the sheeting 

of FIG. I; 

20 	FIG, 2 is a athematieplan view of another tiled retroreflective sheeting that is known; 

FIG. -3 is a multidirectional clement. group disclosed in a published patent application; 

FIG. 4 is a perspective view of a retroreflective article, depicting certain parameters 

relating to illumination -and observation geometry; 

FIG. Sis a schematic:' front or plan view of an arrangement in 'which three cube corner 

25 	arrays of different orientations can be combined; 

FIG. 6is athematic front orplanview of a structured surface comprising three distinct 

cube corner arrays such as those of FIG. 5, arranged into three corresponding tiles; 

6Ais a schematic side or devotional view-of the cube corner article ofFIG. 6; 

FIG. 7A IS a schematic front or plan view of a retroreflective articiehavingthree lamina 

30 	onwhich respectivedifferent cube corner arrays are of-earlbe formed, and FIG. 7B is a schematic 

aide or elevationd viewofthe same retroreflective article; 

FIG.. 8 is a schematic front or plan view of two extended lamina, showing how grooves in 

a groove set can be parallel ef substantially parallel to a major edge ef the lamina; 

FIG. 9 is a schematic perspective- view of-a tiled retroreflective article being viewed by an 

35 	observer; 

- 9 - 
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FIG. 10 is a schematic font or plan view of a retroreflective erticlecompriaing aplumlity 

of elongated tiles;. 

FIG. 11A is a graph showing modeled total light return (TLR) Versus orientation angle for 

a single array of canted cube earners; 

5 	FIG. 103 is a graph showing modeled TLR versus orientation angle for a tiled 

retroreflective article having three canted cube corner arrays of different orientation, such as those 

of FIGS. 5 and 6; 

FIG. 12 is a graph showing modeled TLR versus orientation angle for another tiled 

retroreflective article having three canted cube canter arrays of different orientatiom 

10 	Ha 13 isa schematic top or plan view of individual cube corner elements, to demonstrate 

concepts such as cube geometry; cube orientation, plane of cant, and printery.  plane Olean-mice. 

angularity; 

FIG. 14 is a schematic top or plan view of atiied cube corner 'cle that has six distinct 

arrays accented cube comas; 

15 	FIG. 15 is a schematic top orplanview of representative individual cube earner elements 

from the cube corner arrays of FIG. 14, the figure also showing planes of cant andprimmy planes 

of -entrance angularity; 

FIG. L6 is a.sehematic representation of the planes Of cant and the primary planes of 

entrance angrilarity for the cube corner arrays of Fred 14; 

20 	FIG. 17 is a graph of modeled TER at various. entrance angles for the retrorefleetive article 

of FIG. 14, assuming the article is composed of a material of refractive index 586., 

FIG. 18 isamodeled,graph similarto that of FIG. 17, butavherein thearticle is assumed to 

be coinposed of aniaterial of refractive index 1.5; 

FIG. la is a multidirectional element group disclosed in a published patent application; 

25 	FIG. 19 is agraph from the above-mentioned published patent application relating to an 

optical simulation of themultidhectional element group of FIG. 3; 

FIG. 201s a graph of modeled TLR at various entrance angles forth° structured surface of 

FIG. 3 assuming the article is composed of a material of refractiveindes 1.586; and 

FIG. 21 is a grain) in which data from FIGS. 17 and.20 is replotted as a uniformity index 

30_ 	as a function of entrance angle. 

In the figures, like reference numerals designate like elements. 

DETAILED DESCRIPTION OF ILLUSTRATIVE EIVIBODUKENTS 

-10- 
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We have 'developed a family of cube corner articles that eau provide a number of 

beneficial product characteristics, depending upon how many and which ofthe disclosed design. 

features are used in the article or in ifs -manufacture. 

Before discussing the design features in more detail, we funtturn to FIG. 4 to review 

certain paratrieterstelatingtoillmannettion and observation geometry of retrcaeflective objects. In 

the figure, an article 450tas a front surface 430. The article 45.0 may be a retroreflectiv' e sheet .or 

other retroreflective object which may have a struotared.surfacefe.g, at a back or rear side of the 

object* provide the retroreflectivity. The article is assumed to lie generallyin a reference plane. 

A Cartesian ttirtz coordinate system is shown in the figure, and the reference plane is assumed to 

10 	correspond to the x-y plane. Note that if a given article' is curved, bent, or otherwise not flat, a 

portion of the article that is smallenough to approximate a plane may be considered in isolation. 

The article 450 end reference plane-  also define a surface normal axis 448, this axis being 

perpendicular to thereference plane and-thus patallel to the-z-axis. We-can also define a particular 

in-plane axis'  65, sometiines referred tom a datum mat The in-plane axis 465 is of course 

15 	perpendicular to the normal ails 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 seleetedtobe 

particular direction ofinterest in the plane of the article 450, e.g„ a downweb direction, the groove 

direction for a particular groove set, or-an edge of the article or of a tile of the. article. 

The article 450 is illuminated by a light source 211.6, and a detector 466 measures the 

20 	brightness or intemityof the light reflected by the article 450. The light source 416and detector 

466 are shown at arbitrary positions relative to the article 450. An illumination axis extending 

front the lightseume 416 to. the article 450 makes an angle D with respect to the normal axis 448. 

The illumination axis and the normal axis 448 define an entrance phmewhieh is perpendicular to 

the x-y plane and makes an angle w with respect to the in-plane axis 465. An observation axis 

25 	extending frora the detectot.466 to the article-450 makes an angle a with respect to the 

illumination axis, The observation axis and the illumination axis-define aplane,, and this plane 

makes an angle It with respect tethe illumination plane. These angles are referredto as -follows: 

a— observation angle; 

— entrance angle; 

30 	 y —presentation angle; and 

ra--- orientation angle. 

These angles, and other angles discussed herein, are expressed innnits of degrees of are unless 

otherwise noted. 

The reflective brightness, alternatively referred to as the reflectance, the reirpreflemanoe, 

35 	or shnply the brightness, of an article such as article 450 is designated RA and is in general a 
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function of all four angles a, 0,7, and ca. The reflective brightness is the reflected luminous 

intensity of the article divided by the nomadilluminanbe and by the surface area ofihe article (or 

Portion thereof being tested), and is expressed in units of candelas per luxper square meter and 

abbreviated cd/(lux•m2) or cdrha mz. If the-values of a, J3, y, and o are left unspecified, it is -typical 

5 	to assume an observation angle a of 0.2 degrees, an entrance angle p of -4 degrees, a presentation 

angle/ of zero, and an orientation angle co of zero. The total light return (TLR) of an article such 

as article 450 refers to the product of the percent-or fractional active area of the cube corner and 

rayintensity. Unless etherwisespeeified, the TLIk is calculutedby integrating all light reflected by 

The article into a hemisphere whose base coincides with the front surface of theartiele(see front 

10 	surface 430 in FIG. 4), every direction-vector within the hemisphere having- a non-negative z 

component with reference to the coordinate system of FIG_ 4. The hemisphere defines a full range 

of observation angle a and a full range of presentation angle 7. In some cases, however, the TLR 

may be calculated based on light reflected into only a portion of the hemisphere, e4, a portion 

corresponding to a deteetini that subtetids a done whose half angle is 4 degrees in observation angle 

15 	a. The TLR is thus in general a function of onlythe entrance angle ft and the orientation angle co. 

An isobrightness contour 'graph, also referred to as an isointemsity plot for an article such es article 

450 isa graph such as-those f FIGS. 1A or 113 in which the reflective performance of the article 

(which is usually represented by theTLIt, but if desirednaay instead by represented by the 

retroreflectance Ri atfora particular presentation angle y (typically zero degrees) and observation 

20 	angle a (typically 0.2 degrees)) is plotted in the form of contour lines as a function of entrance 

angled and orientation angle 0. 

A primary plane of entrance angularity for an article such as article 450 refers to an 

etaranceplane (defined e.g. interns of orientation angle co) in which the isobrightness contour 

graph exhibits lobes of maximum extent. For example, the graph of F113. IA above has one 

25 	primary -plane of entrance angularity conespotding-to orientation angles 00, 270, and the graph of 

FIG, 113 above has two primary planes of entrance angularity, one corresponding to orientation 

angles90, 270, the other con‘sponding to orientation angles 0,180,. In cases where there is only 

one primary plane of entrance angularity, such a plane can also be-referred to as a doniinent plane 

of entrance anguluritY. Thus, for example,.the primary planoof entrance angularity In FIG. lA is 

30 	also a dominant plane of entrance angularity, because there is no other primary plane of entrance 

-angularity; a secondary plane of entrance angularity (corresponding to orientation angles 0, 180) 

has lobes of lesser extent than:these of theprimary plane of ennance angularity., 

The -uniformity index ("UT) of an article such as article 450 is a measure of -how much the 

TLR. bfihe article changes as a function of the orientation angle to. F.or purposes of this .document, 

35 	the UI is calculated brevaluatingte Train predefined increments such as 10 ,degrees or 15 
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degrees over the full range of orientation angle to. The minimum, max mum, and average of all.  

such MR. values are determined. The IJI is then calculated to equal the average TLR value 

divided by the difference between the maximum and minimum TLRvalnes. The tills only a 

function of entranoo angle D. 

5 

	

	We return now to our discussion-of design feattires of tiled cube earner articles which we 

have found can be used in unique combinations to provide a nomberof beneficial product 

characteristics. As noted above, numerous cube corner articles having tiled configurations have 

been previtaisly disclosed. Many such articles have also been manufactured, solci, and used in 

commerce. As-such, a large number of users have found them to-be satisfactory for theirintended 

10 purpose. 

Despite the widespread -acceptance Of tiled cube corner prodilets in the marketplace 

generally, we have considered whether any challenges'  r hurdles exist to the even wider adoption 

of such articles. Challenges Ind hurdles w.eidentified weremot necessarily recognized by others as 

"problems"-  associated with tiled cube corner articles. In the course of this tiraricive also became 

15 	aware of advantages or bene0ts that could be obtained' through the use of unique combinations of 

design features, as explained elsewhere herein, butagain these advantages or benefits were not 

necessarily associated with any particular "problems" recognized by others. 

One Challenge we identified was the degree of non-uniformity of the isaintrmsityplot with  

respeetM orientation angle. For example, forthe tiled cube corner sheeting-associated with the 

20 	isointensity plot of FIG. 1R, the entrance angularity in the vertical and horizontatentrance planes 

(corresponding typically'to 0 and 90 orientation) is very similar. In other orientations, however, 

such as titan angle 45 degrees from horizontal, very different entrance augularityis obtained. 

Such tiled sheeting exhibits non-uniforniretroreflective performance aver the full:tango 0 to 180 

degrees in orientation angle, particularly incomparisot to sheeting that utilizes a. layer ofglass 

25 	beads rather than cube corner elements to provide retroreflection. Beaded retrorefleotive sheeting 

instill used in many applications; and one challenge to consider in order that more tiled cube 

corner sheeting can replace beaded sheeting is obtaining better uniformity inretrareftective 

performance as a function of orienfation-angle. Due to the circular symmetry of glass beads, 

beaded Sheeting typically has high uniformity in its retrorefleative performanmaover the full range 

30 	of orientation angles. 

Another challenge; particularly if Ono considers using tiled-cube earner articles in 

applications that currently use beaded retroreflective sheeting, relates tothe.apparent spatial 

uniformity of the article. Beaded sheeting typically has a high degree of spatial uniformity; that is, 

even at relatively close-viewing distances, such sheeting typically exhibits little or no significant 

35 	differences invisual appearance at different places across:the surface of the-sheeting. However, 
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tiled cube corner:articles such as that associated with PIG. lB have a visual appearance that is 

noticeably spatially nonuniform (striped) when viewed from distances closer than roughly 10 to 

20 feet,  3 to 6 meters). Such spatialmon-uniformity is not considered objectionable or problematic 

in many applications, but we have observed that it may pose a challenge or hurdle to the wider 

5 	application of tiled enbecomer articles. The closer viewing distances, i.e., closer thansouglily ID 

to 20 feet (3 to 6 meters), can commonly occur when a buyer of beaded sheeting evaluates the 

sheeting.  n connection with apurchase-decision, eg. where the sheeting is to be used in motor 

vehicle license plates. Thevisual non-uniformity at the closer distances is duo in part to the width 

or other Characteristic minimum transverse dimension of the individual tiles. Most tiled cube 

10 	comer products have a tile width of at least 0.150 inches (3.8 mm), and more typically 0.375 

inches (9.5 mut). Smaller dimensions and natrovver tiles, c.g., widths of 0.040 inches (1 meg) or 

less, can be used to help provide an appearance that is more visually uniform. However, such 

narrow widths can be difficult to work with when using conventional electric discharge machining 

(EDM) to cut a structured surface tool into individual strips, and laying the strips into place 

15 	alongside each other using conventional lay-up techniques to produce a tiled cube corner tool. The-

cross-se,etional aspectratio (the height or thickness divided by the width) of suchindividual 

nanow strips caltachieve values of about I or less, and as-n result, the individual strips can 

resemble and behave like a wire. As such, they can tend to curl or bend, and consequently can be 

difficultto hold in close registration with other narrow strips or tiles during the lay-up process, 

20 	Another challenge, which also.contributcs to visual non-tniformity of the tiled oube-eorner 

article, relates to the degree to which the orientations of grooves in adjacent tiles differ. AU 

extreme difference in the orientations of grooves in adjacent tiles.can amplify the perceived 

differencein visual appearance between such tiles as noticed by a. human observer. In contrast, 

providing grooves'  ithin neighboring tilestbat have the same or similar orientations, e.g., parallel 

25 	to edges of the files and to a particular in-plane axis, can reduce the difference in visual appearance 

between tiles, thus increasing the visual uniformity, and decreasing the visual non-uniformity, of 

the tiled article. 

Another Challenge is related to the-manner in which individual tiles are cut (Whether by 

BDM or any other suitable technique) in preparation for lay-up of the tiled.tool, which manner of 

30 	-cutting affects the integrity and effectiveness of cube corners located along the edges of the tiles. 

Refer e.g. to the tiles or zones 106 in.Fla . In those tiles, structures located adjacent to the 

extended edges of the files possess less than all three fully intact facets of a tube corner, in 

comparison to other cube corners in the army. Subh structures are referred to herein as fragmented. 

cube corner elements. The .mining facets (or portions thereof) cause such structuresto be wholly 

35 	orpartially ineffective in comparison to the intact (non-fragmented) cube corners in the array. 
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Cutting some or 	of the tiles Ina way that results in numerous fragmented cube comer 

elements, i.e., structures-that are the same as cube corner elements elsewhereinthe array except 

that aportion of the cube corner element is severed atthe edge of the tile and is thus missing from 

the tile, is undesirable for two reasons. First; the fragmented cube corners detract from the 

5 	retroreflective brightness of the tiled article, in proportion to the fraction or percentage ofthe 

overall surface area of the filed article that is Docupied by the fragmented cube corners. Second, 

Vertical or near-vertical walls are created in the fragmented Oahe corner elements alongthe edge of 

the tile. Suchvertical:walls may cause separation problems when subsequent multigenerational 

tooling copiesare fabricated or plated. 

10 	The degree to which theorientations of grooves in adjacent tiles differ, already Mentioned 

above withrespect to visu.ainowuniformity, also has ari.iropact on another challenge, which 

selides to ease ofmanufacture, Thus, we have found that designing the tiled article such that most 

or all of the tiles have one groove set aligned witlta particular in-plane direction, and carrying. out. 

the manufacturing so that that in-plane direction is parallelto-the direction of flow of a curable 

15 	material (such as a flowable polymer orpolymetio precursor) into a cube corner cavity to'ol that 

possesses the tiled geometry (such as a cylinder or drum with an appropriately configured outer 

surEace),.the curable material can reliably and completely fill or replicate the structure with high 

fidelitymore easily, andthereforc also at faster line speeds, than wonld otherWisehe the case. The 

flow direction of the curable material can be defined by the direction of relative motion between 

20: 	the tool and the fluid source, e.g., n coating die or a rolling bank of fluid material, this direction 

also preferably Doing the down-web direction of the-manufacturettcubp corner sheeting or other 

article. The in-plane direction is also preferably parallel to atleast oric.edge ofmesterei! of the 

tiles in the article. 

The disclosed tiled tube confer articles need not:  ontain product Characteristics designed 

25 	to address every one ofthe challenges mentioned above or elsewhere herein; instead, theymay 

contain only some such charaeteditics. Some of the characteristics are synergistic: For example, 

if thetiledarticle is designed so that most or all of the tiles have one groove set aligned with a 

particular in-plane direction, the visual unifomtity cab also be increased, and the product maybe 

manufactured easier and faster. Furthermore, if the article is also designed so that the in-plane 

30 	directionis aligned within edge of most or all ofthe: tiles, then by making the widths of the tiles 

equal to integer multiples of the pitch of the grooves that are alignedwithMotile edge, and by 

making the. outer groove vertices for each tile coincide with the tile edges; the formation of 

fragmented cube comers along those edges don be avoided or minimized. 

Thus, cubecorner tooling fabrication_ can be carried out to resolve some or all of the. 

35 	above-mentioned challenges. 
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In one. approach, a single type-of cube geometry can housed to produce thee different 

types &tiles whose arrays have-three-  difibrent cube orientations respectively. Reference in this 

regard is made-to the arrangement 510 of FIG. 5.. By cube geometry, we refer to the 

characterization-of a cube corner, or a matched pair of cube corners, or an array of such cube 

corners, in terms of the orderedangles of a base triangle associated with the cube emner(s), as 

discussed fiirther below.. The arrangement 510 of FIG, 5 has three cube corner arrays: 5134, 513-

2, and 5134. In each one of these arrays, the cube corners are formed or defined by three 

Intersectingsets -of parallel grooves. In array-5134, grooves 517-1, -which are parallel to a 

groove direction 517A, intersect with-grooves 518-1, Which are all parallel to groove direction 

10 	518A, and also intetsect with grooves 519-1, which aro all parallel to grtiove direction 519A. in 

the depicted embodiment, the groove directions and pitches are selected to fonnutathed pairs of 

forward canted cubes, with-grodve directions 518A, 517A forming an angle of 56 degrees, groove 

directions 517A, 519A forming an angle of 56 degrees, and groove directions 519A, 518A forming 

an angle of 68 degrecti. The cube-comers in this array thus hive a cube geometry 4(56, 56, 68). 

15 	These intersection angles should 6e considered as illustrative but not limiting. Moreover, the 

optical axes of the cubes arecanted in a plane (or set-of parallel planes) -referred to as aplane of 

cant, which in this easels perpendicular to the groove direction.517A. When this. cube geometry is 

implementerlin a transparent material of-refractive index 1.59, such as polycarbonate, the result is 

an isointeusity plot 502A. Theisointensity plot Milribits a primary plane of entrance angularity 

20 	503A; in the present case; this planecoincides with file. plane of cant for-the array-5134. 

In the array 513-2, grooves 5174;  which are at! parallel to a groove direction. 517B, 

intersect with grooves 518-2, which are all parallel to groove direction 518.13, and else intersect 

with grooves 519;2, which-are all parallel to groove-direction 519B. The groove directions and 

pitches are again selected to form matched pairs of forward canted cubes, with groove directions 

Z5 	518B, 51713 forming an angle of 56 degrees, groove directions 51713, 519I1forming an angle of 56 

tiegreeS, aad groove directions 51913, 518B fainting an angle of 68 degrees. Theenbe corners in 

this array. thus have a cube geometry 01(56; -56, 68), i.e., the; same cube geometry as that of array. 

513-1, but in a different orientation as exhibited by the relative azimuthal rotation between arrays 

-5134, 513-2, The opticalaxes, of the cubes in array-513-2 areeanted in a plane (or set of parallel 

30 	planea).refeired to as a plane of cant; which in this case is perpendicular to the groove direction. 

517B. When this cube geometry is impleraeratedin. the same transparent material of refractive 

index 1.59, ihe.resultis: tux isointensity plot 502B. The isointensity plat exhibits a primaty-piane of 

entrance angularity- 50313; which cOliteldos with the plane of cant fOr the array 513-2. 

In the-array 513-3, grooves 5174; which are all parallelto a groove direction 517C, 

35 	interseet with grooves 518-3, which art all paralletto groove direction 518C, and also intersect 
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with grooves 519-3, which. are all parallel to groove direction 519C. The groove directions and 

pitches are again selected to fonummehedpairs of forward canted cubes, with groove directions 

518C,.517C forming an angle of 56 degrees, groove directions 517C, 519C farming an angle of 

56 degrees, and groove directions 519C, 518C fonning an angle of-68 degrees. The cube corners 

5 	in this array :thus have a cube geometry of (56, 56, 68), i.e., the same cube geometry as that of 

arrays 513-1 and 513-2, but in a different orientation as exhibited by therelative azimuthal rotation 

between arrays.511-1, 513-2, 513-3, The optical axes of the cubes in array 513-3 are canted in a 

plane (or set of parallel plume) referred to as a plane of cant, which Midis case is perpendieuiarlo 

the groove direction 517C. When.this cube geornetty is haMlemented in the Same transparent 

10 	material of refractive index 1.59, the result is an isointensity plot 502C. The isointensity plot 

exhibits aprimaw plane of entrance angularity 503C,-which coincides with the plane of emit for 

the away 513-3. 

By forming all three arrays 513-1, 513-2, 513-3 with the same cube geometry, but in 

different orientations; the same groove angles are present in all of the strays. In this regard, a 

15 	groove refers to an extended open space formed between inclined surfaces, the inclined surfaces 

substantially defining two intersecting planes, -the two planes intersecting along a line that 

corresponds to a vertex (e.g. base or bottom) of the groove. The dihedral auglebetween the two 

plants is the included-angle of the groove, or "groove angle. Minor deviations from perfect 

planarity with.regard to one or both of the intersecting planes, and perfect Straightness with regard 

20 	to the line or vertex, may be present due to unintended variability withinmenufacturing tolerances 

and/or due to intentional variability forpurposes of providing-second orderdesign features. Any 

suchminor deviations would typically be so small as to nothenoticeable from direet-iisual 

inspection of an image or scalp drawing-of the pertinent surfaces or lines. An inverted or negative . 

replica of a structured surface containing a groove has an extended solid space corresponding to 

25 	the extended open space of the groove, and such an extended solid space or "inverted groove"may 

also broadly be considered to fallwithin the scope of the term "groove" so that, fbr generality, 

grooves and features thereof can be discussed regardless of whether a positive.simoture or negatiVe 

(inverted) structure is under consideration. Since the same sets of groove angles, within the 

margins of error discussed herein, are presentin all of the arrays of PIG. 5 (in factonly two unique. 

30 

	

	groove angles are present in each 'array); the arrays denial be manufactured in the firstinstance, 

e.g., fly-cut or ruled on a.master substrate of' copper or other suitable material, withn single set of 

diamond tools or other suitable cutting tools. This- is advantageous for simplifying the 

manufacturing process (e.g. minimizing the number of diamond tooling setups) andreducing 

inventory_ 
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Thethrte trays of FIG. 5 are oriented in a specific manner so that each army includes a 

groove or groove set whose groove direction is parallel to a particular fixed.in-planc axis, even 

though:the arrays, and their respective primary planes of entrance angularity, are oriented in 

different directions. In this regard, we assume the arrays 513-1, 513-2; 513-3 rilllie hi, or extend 

5 	parallel to, an x-y plane of a Cartesian x-y-z coordinate-system as 'shown in FIG. 5. Thearrays and 

the coordinate system have been arranged such that the y-axis, which can beconsidereda.fcred in-

plane axis, is parallel to the groove direction 5.17A of grooves 517-tin array 513-1, and parallel to 

the groove direction 519B of grooves 519-2 in array 513-2, and parallel to thesroMm direction 

518C of grooves 518-3 in array 13-3. This condition-is satisfied while the planes of cant of the 

10 	three arrays, as well as the primary planes of entrance angularity of the three-arrays,. are all 

oriented in different (Erections. 

Numerous modifications can be made to the arrays of MG. 5.. For example, the groove 

pitches, groove depths, and cube heights forthe respective groove sets and cube COMM lathe 

three arrays are assumed to be the same; however, this need not be the case, and the groove, pitch, 

15 	groove depth, and cube height of one array may be changed relative to one or both ofthe other 

arrays, all while maintaining the satae.cube geometries such as (56,56, 68), and the same 

respective planes of cant and same respective primary planes of entrance angitlarityi. The cube 

corners in onaarmymay thus belarger (e.g. taller and/or wider) thancube corners inanother array 

and may also be the same size riramaller (ag. shorter and/or narrower) than cube corners instill 

20 	another array. In other embodiments, different cube geometries can be used in one array relative 

to one.or both. ofthe other arrays, while stillmaintaining the condition that one groove-  or groove 

setiaeaeh array has a groove direction parallel to the designated in-platte direction such as.the y-

etis. The: different cube geometries may have positive or negative degrees of cant; furthermore, 

the, plane .of cant of a given cube array-may or may not coincide with the primary plane of entrance 

25 	angularity, and the primary plane of entrance anguiqrity may be a dominant Plane of entrance 

angolmity, or one of a plurality of primary planes of entrance 'angularity, Although:only 3 distinct 

cube comer arrays are shown in FIG. 5, a greater number of distinct eubearmys, e.g., 4; 5, or 61Ir 

more, may be media alternalivezmbodiments. Cube cornerarrays maybe said robe distinct if 

their constituent cube corners differ in anymaMrial way, e.g, in cube geometry, in cube 

30 	orientation, andfor in cube. size. 'The 3 be more distinct cube comer arrays may also appear in a 

repeating sequence of tiles such that each array appears multiple times in the tiled article. Also, 

unlike rhearrayS shown in FIG.'S, the cube corners in one, some, or. all. of the arrays need not be-

defined.by exactly three intersecting sets of parallel grooves; and the cube corners may thustave 

bases in, plan view that are not simple triangular shapes (even thoUgh the geometry of the cube 

35 	corner can still be defined in terms of a base triangle associated with such won't corner). 

1.8 - 



WO 20141151368 	 F01711521114/025584 

Reference in this regard is made to U.S.patents 5,557,836 (Smith et al.), 5,914,813 (Smith et a.), 
6,083,607 (Minium et-al.), 6,390,629 (Mitnurii.etal..), arid 6,540,367 (Beason et al.), and PCT 

publication WO 1004/061480 (), and Japanese patent publication-JP 11-305017 (Mimura eta].).  

For generality, each of the anaysahown in FIG. 5 may be considered to be circumscribed 

5 	by a tile of any arbitrary sham The diamond-shaped profiles shown in the figure are one such 

possible tile shape. In many applications, elongated strip-shaped profiles are ofparticular 

usefulness and.benefitas tile shapes. In-general, howeyer, any suitable tile shape can be used, A 

"tile" in this regard refers to asingle bounded region within which only one cube corner array is 

present, the'  ne cube corner array extending throughout the region but being discontinued or 

10 	otherwise disnarted at the boundaries of the region. The cube corner array, in turn, refers io a 

repeating pattern of cube comers, the repeating pattern'having only substantially one type of cube 

corner, or one type ofmatchcd pair of-euhe comers, where "substantially" takes into account that 

minor deviations from sameness between cube corners or cube corner pairs maybe presenidue to 

unintended variability Within manufacturing.  olerances and/or due tointentional variability for 

15 	.purposes of providing second order design features. Any-such minor deviations would typically be 

so small as to not be noticeable from direct visual inspection of an image or scale drawing of the 

cube comer army.. 

Thentructured surface 4f.e. tiled cube corner article- 610 is shown in FIG. 6. Thestructured 

surface includes three distinct crib° corner arrays Such as those of FIG. 5, arranged into three 

20 	corresponding tiles, labeled A, B, and C. For simplicity of discussion and brevity, we assume That 

tiles A, B, and C include the cube corner arrays 513-1, 513-2, and 513-3, respectively, fternFIG. 

5. Characteristics of thosearrays Inevebeen discussed above and will not be repeated here, and 

Ike reference numerals designate like elements us between FIGS. 5 and 6. The various. 

Modifications of the cube corner arrays discussed above arc also assumed to apply equally to this 

25 	tiled article 610, and variations thereof. Th6orientations of the various grooves in the arrays are 

assumedto be tha:Samerelative to the in-plane y-axis, such that the army for each of the tiles has 

one groove-or groove set whose groove direction is parallel to the in-plane direction. Despite this, 

the tiles have primary planes Dr entrance angularity, see planes .503A, 50313, and 5030, which 

have different orientations in azimuthal angle so that the tiled article ase whole can have more 

30 	uriifonti retroreficetive performance over the fulls 	binge of orientation angles, particularly at high 

entrance manes, e.g., entrance angles of 30 degrees (Or more), 40 degrees (or mom), or 50 degrees 

(or more). 

Each of the tiles A, B, C has opposed-tile edges that are parallel to the y-axis, and thus also 

parallel to thegroove direction for one of the groove.setsinits respective array. These tile edges 

35 	defmca Cc-width WA for tile A, WE for tile -B, and WC for tile C. The widths can be tailored as 
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desited‘butpreferablythey are relatively narrow, e.g.. 0.2 to 5 Int; or less than 1 mm, or from 0.2 

to.1 nun, to provide fora more spatially uniform appearance at moderate to short viewing 

&Stances. The widths WA, Wil, 'WC can, but need not, be equal to each other. The widths WA, 

WB, WC-are also preferably selected tote equal to an integer .number often eomemacross the 

5 	width of the tile. Stated differently, the widths WA, WE;WC are Preferably selected to be equal 

to an integer multiple of the lengthwise groove piMhfor the respective tile i.e., WA is an integer 

multiple. of the pitch of grooves 517-1, WB is an-integer multiple of the pitch of grooves 519-2, 

and WC is an integer-multiple of the pitch ofgrooves 518-3. :The pitches of thelengthvti,se 

grooves may b.e the same front tile to tile, or different, and the integer multiple-may be the same 

10 	from tile to tile, or different. In any of these cases, fragthented cube corners can be reduced or 

eliminotedby ensuring theta groove vertex of the lengthwise grooves substantially coincides with 

each edge of the respective tile. Thisseduction in fragmented cube corners cart by thriller 

enhanced by making the tile edges along which the lengthwise grooves run to be as long as 

possible, or, at least longer than-the etheredges of the tile (not Shownin the-fragmentary view of 

15 	FIG. 6).. Stated differently, the tiles may have:shapes that are elongated in the direction of theta- 

plane axis,, e.g, the y-axis in FIG. 6. However, in some cases there may be valid reasons for 

designing-the tiles to not be elongated (e.g. square), or even to be elongated along an in-plane 

dho.tiondifferent froMthe y-axis, such as along the x-axis inFIG. 6. A"lengthwisen groove- or 

groove set of a.given tilemay:tiara refer to a groove or groove 'set thatis at least nominally aligned 

20 	with a major axis, a minor axis, or any edge of the tile. 

The cube boner article 610 may have only the tiles A, B, C shown in-1110. 6, or itmay 

cave additional tiles, e.g. in a repeating pattern A, B, C, A, B, c, 	or in other repeating or non-

repeating patterns, including patterns-thatinclude cube comer arrays having the same cube 

geometry as that of tilcsA, B, C, and/or cube corner arrays having different cube geometries 

25. 	tempered to those oftiles A, B, C. 

The article 010-may be a cube coiner tool, and the tiles A, B, Cmay be strips of a master 

or replica to.ol that-have been placed side-by-side in.-theprocess oflaying-up a tilecitool. The 

ships may be cut fromthe master or replica toolby NUM or another suitable precision, culthig 

teelmique: In orderto provide Strips whose width is on the order.of i mm or less, e.g. in a range 

30 	from roughly 0.2 to -Isom, we hay.e foundit particularly helpful, for purposes ter-handling the 

pieces.and laying them np with-minimal curling, bending, or warping, to employ ships or tiles in 

the form of laminae. Alumina in this regard refers to a thin plate of metal or other suitable 

=Metal that hat opposed major surfaces.und a worldng, surface connecting the opposed major. 

surfaces, the-working-surface being faceted or-structured in such a way as to define the.eubc coiner 

35 	array for a particular tile. Suitable matenals typically include copper, brass, or alloys thereof, or 
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other-materials that preferably. =machinable- with minimal burring. Laminae have increased 

structural integrity, and waist warping or. curling, duet° their physical height being much-greater 

than their width. Laminae.may be individually machined to form grooves en their working 

surfaces to-define suitable cube corner arrays, andgroups of laminae.may then be held .or clamped 

5 	together in a black to define a tiled structured surface. Laminae may also be machined in groups, 

mg. by forming grooves across a plurality of working.surfaces while the laminas arc held together. 

in a block, and then selecting !Matinee front different such blocks to form-a new group.of laminae 

that define the desired tiled structured surface. 

.A side orclevational view of the cube corner article 610 is shown in FIG 6A. In this 

10 

	

	view, one can more easily identify grooves in the Structured surface that am referred to herein as 

composite grooves, because they are.fonned partially by- facets of cube corners from one tile and 

partially by facets of cube corners froin.an adjacent tile_ In this side View, cube corner facets-614a,, 

614b areidentified in the tile A. In the centralpordoo. 6f tile A, pairs of these facets form grooves 

617i  which correspond to grooves 517-1 in.FIG: 5. Similarly, cube corner fleets 624a, 624b are 

15 	identified in the 61913. In thecentral portion of tifell, pairs of these facets form grooves 619, 

which correspond to grooves 5194 in FIG. 5. Cube corner facets 634a, 634b are identifiedin the 

tile C. In the central portion of tile C, pairs of these facets form grooves 618, whielmorrespond 10 

grooves 518-3 in FIG. 5. Note, however,Alutt at the boundary at which edges of tiles A and 13 

meet, a single composite groove 617619 is formed. The composite groove 611619 is defined by 

20 	facets 614a of a row-of cube corners on tile A near the boundary and facets 624b Of a row of cube 

cotters on the R. near the same boundary. The compound groove-6I7619 extends along a groove 

direction that is parallel to the groove direction of grooves 617-and 619. Similarly, at the boundary 

at which edges of tiles B and C meet, a-single composite groove 619618 is formed. The composite 

groove 619618 is defined by facets:624a of a row of cube, corners on tile 13 near the boundary.and 

25 

	

	facets 634b of mow of cube comers on tile etearthe same boundary. The compound groove 

619618 extends along a groove direction-that is parallel to the groove direction of grooves 619 and 

618, and thus also parallel to grooVes 617 and to composite greove617619, as well as to the y--

axis.. The compound grooves 617619 and 619618 can:also- be nook-the front or plan view of 

FIG, 6, but they are not labeled in.that -figtlle. 

30 

	

	Depending on the cube-geometry used in the various arrays, a given composite grooVe. 

may have a groove angle That is the same as, ordifferent from, the grooveangles-for the-groove 

sets Whose grooves are parallel to the composite groove on thetwo adjacent tiles between Which 

the composite groove is fanned. For example, if we assume the tiles A, B, and C in Ilia 6a 

contain cube corner arrays from FIG. 5 whose aibe.geornetries are (56, 56, 68), then the groove 

35 	angle forgrooves 617 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 furthermore, the groove-angle for 

compolite groove 617619 is nominally 73.885 and the grooVe angle for composite groove 619618 

is nominally 62.938. Thus, the groove angle for the compositegroove 617619 differs from those 

of grooves-617 and up, but the composite groove 619618 is the.sarne as those of grooves 619 and 

S 	618. 

A group of laminae-that may correspond to the cube corner article 610 of FIG. 6, or to 

other tiled cube corner articles disclosed herein, is shown schematically in FIGS. 7A and.7B. 

Three individual laminae 701, 702,703 are clamped or othenvise held or groupedtogetherto form 

a cube corner article 710. ?Figure7A is a front or plan view of the article 710, and FIG. 7B is a 

10 	side or elevational view of the Article 710. A. Cartesian x-y-z coordinate system is provided in 

these figures for reference, the coordinate system. also being oonsistentwith FIGS. S and 6, at least 

to the extent the structured, surface lips in or extends parallel to the x-y plane. Grooves and.cube 

corners (not shown in FIGS. 7A and 713 forsimaplieity of illustration) are provided:inthe-working 

surfaces ofthe lartinae to define. anoverall structured surface 711 of the article 710, the structured. 

15 	surface 711 being.segmented into a structured surface 711A in the working surface oflamina.701, 

a structured surface 711B in the working surface of the lamina 702, anda structured surface 7110, 

lathe working surface of the lamina 703. The structured surfaces 711A, 7118, 7110 each 

contains a single cube corner array and defines a distinct tile of the structured surface. The.tiles 

are each elongated along the y-axis, with a length L greater than, any one of their respective widths 

20 	WA, WB,.WC.- Bach tile also has opposed elongated tile edges That arc parallel to the (in-plane) 

Taxis. In an exemplary embodiment, the structured surface 7114 contains cube corner array 513-

1, the structured surface 711B. contains cube corner array .513-2, andthe. structured surface 7110 

containscube corner array.513-3, but changes and modifications can bemade as discussed 

elsewhere herein. The groove directions 517A, 517B, 517B from FIGS. 5 and 6 are thus 

25 	superimposed on the working surfaces of the teSpective laminae 701, 702, 703; and the working 

surface of 'mph lamina contains a groove.set whose groove direction lei:mallet to the opposed 

edges of Me respective tile. 

In theside or elevational view of FIG. 713, the end surfaces oft laminae 701,102, 703 

can be seen, and the height H of thelaminae is shown. As-mentionedabove, the height of a given 

3.0 	lard= ismuch greater than its width to provide theflamina with increased staucturanntegrity 

relative to, for exaniple,.e strip Cut out oh typicalnkkel.tooling. The cross-sectional aspect ratio, 

e.g., IHWA for lamina 701, II/WB for lamina 702, and H/WC.for lamina 703, can be tailored as 

desired but is preferably at least 5, or at least 10, or at least 20. The widths WA, WB, WC may 

also be tailored as desired, but typically they may all he Me range from 0.2 to 5 Tom, or front 0.2 
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to I mm; in one particular embodiment they may all equal 0.635 min (0.025 inches), but other 

dimensions tan also be Used. 

The Plan view aspect ratio of the lamina or tiles can also be tailored as desired. This 

aspectratio is L/WA.for lamina 701, and L/WB for lamina 762, and L/WC for lamina 703. The, 

5 	length dimension Lis assumedio be parallel to the lengthwise groove directions for most or all of 

the tiles in the article. This aspectratio can beat least 10, at least 50;  at least 100, or at least 150, 

but other values, including even values between 0 and 1, can also be used. In this regard, as 

mentioned above, a "lengthwise" groove orgroove set refers to a groove-orgrooveset that is at 

least nominally aligned with a.major axis,, a minor axis, or any edge ofits associated tile or lamina. 

10 

	

	In FIG. 8, a-portion-of-a tiled cube corner article 810 Is shown schematically. Only two 

files of the-article 810 are shown, which tiles.may correspondto respective individual laminae. as 

in FIG. 7A.. Thus, laminae 801 and 8021aaverespeetive working surfaces 811A, 81113 in which 

respective cube corner arrays arc formed in accordance withthe teachings herein, only one-groove 

set front these arrays being shown inthe figure for each lamina for reduced clutter in the figure. 

15 	The laminae have respective elongated opposed edges 801a, 801b ant11102a, 80213 as shown, 

which can also be considered to be elongated tile edges. These edges lie at the Intersection of the 

working surfaces of the laminae with the major (side) surfacesthereat 

Figure 8 demonstrates thatminor deviations from exact parallelism, whether due to 

unintended variability within manufacturing tolerances andfoi to intentional variability-for 

20 	puxposes.of providing second order desgn  features, may be present in one or-more of the laminae 

or tiles, and such-minor deviations do not negate the design-characteristics discussed herein. Thus, 

the structured surface preach lamina 801, 802 can be saidto have one lengthwise groove, or-get of 

lengthwise grooves, whose:groove direction is parallel to an-edge of the lamina or-tile. Inlanaina. 

801, such a groove set is the set of grooves 817; in 'laming 802, such a groove set is the set of 

25 	ginoves 819. The grooves 819;which have a groove pitch p2, axe drawnto be exactly parallel to 

the edges 802a, 80213, In contrast, the grooves 817, which have a groove pitch pl,.are drawn to 

include a minor deviationfrom-exact parallelism. The gromma817 deviate (hithe illustrated arse) 

by an amount equal to the groove pitch (p1) over the entire.length L of the lamina or tile. Such a 

deviation, although non-ideal, still provides for many cube corners adjacent to the edge That retain 

30 	some functionality, even though they are fragmented. In the depicted embodiment, More 

functionality is preserved for such cube corners located near the top and bottom end of the lamina 

801. In the CliSeota typicallamina whose length L is 1 00 nun-aud with a groove pitch p1 of 0.2 

or 0,1 mm,. this corresponds to an angular deviation between either edge 801a, 801b and the. 

groove direction Of about 0,11 or 0.057 degrees respectively, :or about 0.1 degree or less. 
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Even in the case of exam- parallelism, similar minor translational deviations may occur in 

the placement of the groove vertex relative to the edge of the lamina or tile, For example; in the 

bat 802; the ltdimost groove vertex of the grooves 819 is drawn to.precisely coincide with the 

edge SO2a, and the rightmost groove vertex is dawn tit precisely coincide withthe edge MM._ 

5 	Minor deviations from such coincidence, e.g.,. typical deviations of less than 3.0%or 20% or 10% 

of the pitcher the lengthwise) grooves, may occur without negatingthe design characteristics 

discussed herein.- Such minor deviations may also cause-the ratio WW1 to deviate very Slightly 

from an 	integer, e.g. by less than 02 or. less than 0.1. In the case of inexactregistratien of a 

groove vertex with the edge of the lamina or tile, the edge may be.charneteriSed by a verynarrow 

10 	flat or beveled edge, or by a verynarrow strip of fragmented cube corners. 

We include FIG..-9 to demonstrate the effect of the width W, or nrinimunatransverse 

dimension, of the tiles, and The viewing distance D, on the apparent spatial -uniformity of-the 

article. A person P observes or evaluates.a cube corner article 910, such as a retroreflective 

sheeting; from a distance D. The article 910 has a structured surface 911 which lies in or extends 

15 	parallel to the x-yplane. The Structured surface-includes distincteribe cornerarrays arranged into 

a plurality of tiles, including tiles 912. The tiles may extend parallel to an in-plane-axis such as.the 

y-axis, and may-lave a characteristic width' W. The degree to which the person-1" observes or 

notices the individual tiles has -a direct effect on the apparent spatial uniformity ofthe article. As 

explained above, spatial uniformity is enhanced by providing grooves of the same or similar 

20 	orientation between adjacentfiles, and/eerily reducing the characteristic minimumtransverse 

dimension of the tiles (width.W). Reducing the Width W of the tiles reduces the angle subtended 

by the individual tiles at a givenviewing distance ID, which tends to increase the apparent spatial 

-unifmmity: In order to provide good spatial uniformity at viewing distances D closer than roughly 

3 to 6 meters OD to 20 feet), it is desirable to provide a- tile width W of less than 1 mm, or in a 

25 	range from 0.2 to I mm. Formingeube corner arrays un lamina as described above can heipt 

achieve Buell small widths in many practical embodiments. 

Multiple stages &tiling can be used-to fabricate a tiled cubecorner article, particularly 

with regard to retroreflective cube corner sheeting whidh may be very wide and very long: An 

example of such a cube corner articleis shown as article 1010 in FIG. 10. The article 1010 has a 

30 

	

	siructured-surface 1011 that includes diitinet cubenorner arrays arranged into aplurality of tiles 

.1012 as discussed herein, The-tiles are each elongated along an in-plane direction, shown here as 

the y-direction. The y-direetion may correspond- to a down-web diredtion of fabrication of the 

article 1010; and most or all of the tiles may have one lengthwise groove or groove set whose 

groove directionis-parallel to the y-direction. 
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The tiles 1012 may be made by forming cube corner arrays in a plurality of lamina or 

other suitable strips erpirees oftotrling, end.then arranging differeatones of those piecesinto a 

group or bundle to form an initial tiled surface. SuCh.a.group is shown in a reetatimilar-shaped 

section 101111 of the stnictured surface 1011. In order to make articles whose structured surface is 

5 	meant to be larger thansuch a seetion, e.g., iLflorefladtive sheeting made on a.polymer film 

manufacturingline, multiple replicas. of the section may be made and 	alongaide each other. 

The result of such a process provides the Miele 1010 with adjacent sections 101IA through 

1011F, each of which may have the same arrangement of individual tiles 1012 as shown in section 

1011B. At the boundaries between sectiens, cube corner arrays are typira tty interrupted by a 611711111 

10 	gap or discontinuity, even ifthesame type of cube comer array ispresent on-opposite aides of the 

boundary. 

The retrorefleetive performance of a single cube corner array, as a Rine-thin of orientation. 

angle, is compared to that of an exemplary tiled cube corner article in FIGS. 11A and 11B. Figure 

11A plots the modeled or calculated total lightretum (TLR) of the single cube corner array. The 

15 	arrayis assumed to be-fawned from three groove sets that intersect each other at angles of 57, 57, 

and 66 degrees, Cube corners in the martinis have cube geometries of (57, 57, 66). These cubes 

are forward.eanted, and have a primary plane of enhance- angularity in thelilane of earn, The TLR. 

for this' array, assuming the Hurdle is made of a transparent material of refractive index 1.5, was 

calculated as a function of orientation angle and entrance angle, and the results plotted in FIG. 

2Q 	1 I A, In the graph, the various curves arelabeled with numbers equal to the. entrance angieln 

degrees. Thns, curve 0 in FIG. Ila is for an entrance angle of 0 degrees, curve 10.inthosaine 

figure is form entrance angle of la degreeikand so forth, Inspection of the graphre-male that the 

single array provides fairly uniform retrorefleelance as a function of orientation angle for entrance 

angles of 0 and Itielegrees. For greater entrance angles, paitioularly entrance angles of 20 degrees 

25 	and more, non-uniformities become increasingly apparent 

The retrorefteetive performance of a tiled cube corner article similar hisome ways to the 

cube comet army of FIG. t IA is Shown'  n FIG, .1 IB. The tiled article used three distinct cube 

corner arrays arrangedinto three corresponding tiles as.shown in FIGS. Sand 6 above. Thus, the 

cube corner arrays in the three tiles were of different orientations;: 1nd each Contained-a lengthwise 

30 	groove set whose groove directioawas, parallel to an in-plane axis, Mir thembe cornararrays all 

utilizedeube corners of the same eubtigeometry (57,57, 66) as the single cube corner array of 

Re. 11A. The TtEt for the.tiled artiele, again assuming altansparentmattrial of refractive index 

1,5, was calculated as a function of orientation angle and entrance angle, and the results plotted in 

FIG. 1.1B. Just as inFIG.11A, the various curves in FIG, 118 are again labeled with numbers 

35 	equal to the entrance angle in degrees. By comparing the graphs of these two figures, one-cairsee 
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a greatly improved orientation uniformity at entrance angles of both.20 and 30 degrees, and 

somewhat improved orientation uniformity at even higher entrance angles. 

Another tiled cube corner Wide was considered. This article was similar to that of FIG. 

1113 insofar as it was assumed to contain oxactlythrectutte confer arrays arranged into elengated 

5 	tiles of equal width, and for each array, one of the three groove sets was oriented such that its 

groove direction was parallel to the implane axis of elongation: .However, the three groove sets of 

each array were made to intersect at different angles, such that the three arrays contained canted 

cube corners of a different cube geometry than that of FIG.1113,tamely, a cube geometry- of (50,, 

62.1, 67.9). Each of the three arrays contained canted cubes °Nils geo'metry, but the cube corners 

10 	iu the arrays.had different orientations due WI the different azimuthal orientations of the three cube 

corner arrays. The (50, 62.1, 67.9) cube gob:miry Is associated with a base:triangle that is scalene 

rather than isosceles. The Tlafor thamodified tiled cube corner article was calculated as a 

funetion of orientation angle-and entrance angle, again assuming a transparent material of 

refractive index 1.5, andthe results are plofted in Ha z lust as in FIGS. 11A and 1113, the 

15 	various curves in FIG. 12 are labeled with numbers equal to the entrance angle in, degrees. In -this 

embodiment, orientation uniformity is-further improved relutive-to the tiled article of FIG. 1173, at 

least insofar as at an entrance angle of 40 degrees, the TT,R_in FIG. 12 is more uniform over the 

full 0 to 90 degree range of orientation angles. 

The resultsfor FIGS. 11A, 11B, and 12 assume cube corner articles made of &transparent 

20 	material of refractive index 1.5, and having structured surfaces as explained above. Increasing the 

refractive index generally broadens the width of the zones of improved entrance angularity. For 

example, the horizontal zone of improved entrance angularity it FIG. IA will become wider (i.e., 

in the vertical direotionits Width will increase) with increasing refractive index. Tiling three

different orientations will hence tend to become more unifomtwith respect to orientation as the 

25 	refractive index increases. In general, thc.design features discussed herein can be applied, to cube 

comer articles of any suitable refractive index. Furthermore, they can be applied to cube comer 

articles regardless of the reflection mechanism rolled upon in the arrays, i.o., whether.  he facets of 

the cube corners-are coate,dwith a reflective metal (e.g., aluminum, silver, nickel, or alloys 

thereof) or other suitable material, or whether the facets of the cube corners are uncoated (e.g. 

30 	exposed to air or vacuum) and reflect light using the phenomenon of total internal reflection (TIR). 

Thus far in the description, the cube geometries of various cube corner elements, and 

matchedpairs and arrays thereof, have been mentioned and discussed. In connection with FIG. 

13, for clarity, we provide a more methodical discussion of cube corners -and their geometry and 

orientation.. Thus; we present inthftfigure a plan view of a hypothetical cube corner article 1310 

35 	having ellypothatical structured surface 1311, which. lies in or extends parallel to the x-y plane of 
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a Cartesian x-y-z coordinate system. For purposes of comparison-and discussion, the gurfacc 1311 

is showuto contain-different individual cube corners 1320, 1330, 1340, 1350, 1360, and 1370. In 

practice, any given one of these cube corners would typically be present on the structured surface 

of a given tile in the context of a single cube an 	antay formed from three intersecting sets Of 

5 	parallel grooves, the arrayalso containing other identical .orsimilar cub etorners, including a cube 

comer that forms a matched pair with ihe given individual cube corner of interest in FIG. 13. 

Each cube corner in the figure is-bounded by three non-dihedral edges (which in.a cube 

corner anuy-may coincide with groove vertices), the non-dihedral edges forming a base triangle. 

(hi some cases, the-cube cornersin a given array.may not have three non-dihedral edges-that form 

10 	a recognizablebase triangle; iti MIOILORSOS, abase -triangle can still be associated with such a cube 

comer, by considering the. faces of the cube-corner to be planes, and by then considering the 

triangle formed by the intersection of those planes with a reference plane parallel to the plane of 

the structured surface, e.g., the x-y plane.) We characterize the cube goometryolthe cube corners 

in terms of the threeleterior angles of the associated base triangle, which can be referred to as base 

15 	angles, However, as-shown below, the order in which we express those three base anew can be 

significant. Therefore, we adopt the convention forpurpo.sea of this document of listing the 

interior angles of the base triangle M a particular order, namely, we list the. smallestangle first, and 

we then list the remaining angles in a clockwise fashion (when viewing the base triangle from a 

given consistent plan view perspective, e,g,, the perspective of FIG. 13 with cube vertices 

20 	projecting into the- plane ofthelgure) relative to ouch smallest angle. We refer to theresalting-  set 

orgroup.of angles es an ordered set of-base angles, or more simply as. an ordered set or as ordered, 

angles. If the base triangle is isosceles withtwo angles smaller than the third, we list the first two 

(smallest) base angles firstinthe ordered sett. Using this convention, the ordered angles ofthe 

base triangles associated with the cube comers shown in FIG, 13, i.e., the cube geometries of such 

25 	cube corners, are as follows; 

cube corner 1320; (50.8,58.73, 70.47); 

cube corner 1330:, (50.g, 58.73, 70.47);_ 

cube corner 1340: (50.8; 5$.73, 70.47); 

cube comer 1350: (50.8, 70:47, 58.73); 

30 	 cube corner 1360: (54.616, 54.616, 70.768); and 

cube corner 1370: (46.2, 66.9, 66.9). 

Each of these cube comers is canted, i.e.;  its• optical axis isnot orthogonal to the plane of 

the structured surface. The optical axis is thus tilted relative to the z-axis, and is notparallel to the 

The canted geometry defines a plane of cant for-the cube earner (and for the array of-which 

35 	it maybe a part), the piano of cant containing the optical axis of the cube corner and the normal 
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direction of the structured surface, i.e., the z-axis, The plane of cant-can be identified-for each 

cube corner iu FIG. 13 with reference to the bold black arrow, which-represents the projection of 

the optical axis of a given Gabe corner-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 

5 	perpendicular to the x-y plane and containing the bold black arrow represents-the plane of cant of 

such euhecorner 1320. The cube corners 1320, 13395  1340, and 1350 may be said to be sideways 

canted:because the plane of cant is not perpendicular to any: side of the base triangle. The cube, 

Cotner 1360 may be said to be forward canted. The cube comer 1370 may be said to be backward 

canted. 

10 

	

	The canted geometry also provides each cube corner (and The army of:which it may ben 

part) with a primary plane of entrance angularity, as discussed above. Theprimary plane(s) of 

entrance angularity have been calculated for each of the cribs owners shown MEG. 13, and the 

direction of such plane(%) is indicated in FIG. 13 by a dashed line or lines superimposed on the 

corresponding cube-comet. Thus, for example, cube corners 1320, 1330, 1340, and 1350 each 

15 	have only one primary plane of entrance angularity, and bleach of these cases.  his plane is not 

parallel to the plane of pant for the cube corner. Cube corner 1360 has only one primary plane of 

entrance angularity,- anat.  parallettothe plane of cant. Cube corner 1370 has two primary 

planes of entrance angularity, neither of which is 	toi the plane-of-cant 

Cube corners 1320,1330, and 1340- all have the same cube geometry, bepausetheir sets of 

20 	ordered base angles are equal ta, each other. Of these cube corners, cube cornets 1320 and 1330 

also have the BMW cube orientation, despite the fact -that they have different cube sizes and 

different cubelmights. Cube corners 1320 and 1340 have the same cube sizes andheights, but 

different culienrientations,sines their respective planes. of cant are not parallel to each other. 

Cube corners 1320 and 1360 have different cube geometries, with different sets of ordered 

25 	base angles, but they may have the same orientation if their respective planes of cant are parallel to 

each other. 

Cube corners 1320 and 1350 havethc:sarrie cube sizes and heights, but diffcrenteuhe 

geometries. Even though each of these cube camera has one base angle of 50:8 degrees; and 

"anotherbase angle of 58,73 degrees, and another base angle of 70.47 degree,arte., even though 

30 

	

	every base angle inthe base triangle of one either corner element can also be foundin the base 

triangle of the other cube comer &anent, they nevertheless have different cube geometries. The 

:different cube geometries can be seen by inspection of the figure, as well as by comparing their 

respective sets of ordered base eagles, which do not.matoh. Note that if one were to rotate the 

cube corner 1320 azimuthally (about the z-axis)-such thatits plane of cant was parallel to theplane 

35 	of cant ibiteube corner 1350, the respective primary planes of eartranceangularity for these cube 
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corners would not be parallel to each other. The cube geometry (50.8,. 58.73, 70.47) of cube- 

corner 1320 is thus different fromthe cube geometry (50.8, 70.47, 58.73) of cube corner 1350. 

The unique relationship betweerrthe cube corners 1320, 1350 can be expressed by noting 

that the mitered set of base angles for one cube corner (or an array of such cube .comers) is a 

5 	permutation of the ordered set of base angles for the othercubc comer (or array ofstich other cube 

corners). For example, theordered set (50.8, 70.47, 58.73) is a permutation of the ordered set 

(50.8, 58.73, 70,47), because these ordered sets contain-the-same angles but in .a different order -- 

while adhering fo our description of the to 	nr"ordered-set" es set forth above. Arrays of cube 

corners having this relationship, at least when they are formed by three intersectingsets of parallel 

10 	grooves, have the same groove angles and can be formed with a single set of Cutting tools. Stated 

differently, three diamond cutting tools can be used to .formthe three sets of parallel grooves 

needed to form anarray of cubes like cube corner 1320, and those same tbree,diamond cutting 

tools (when used in a different order) ean be used to tint the Three sets of parallel grooves needed 

to form an array of cubes like cube Mauer 1350, even though cube comer 1350 has a different 

15 	cube geometry than cube corner 1320. Taking advantage of this relationship, we can provide as 

many as 6 distinct cube comer arrays in separate-tiles of a cube corner article, each army having a 

different orientation, and each array having a lengthwise groove whose groove direction is parallel 

to a given in-plane axis, and of these arrays being capable of fabricationwith a single set of 

three groove.  utting tools, Such an embodiment is depicted in FIG, 14. 

20 	In FIG. 14, a cube corner article 1410 is shown in schematic top or plan view. The article 

1410 may be a retroreflective sheeting or a tool associated with its manufacture. The article-1410 

has a structured sutface 1411 with 6 distinct cube corner-arrays arranged into a stack of.6 adjacent 

tiles, The tiles labeledA, B, C, D,E,'F. The tiles are elongated parallel to an in-plane y-axis, and 

each tilehas oppose :elongated edges that arc also parallel to the y-axis. In alternative 

25 	embodiments, the tiles need not be elongated along the y-axis, and/or need net have edges parallel 

to the y-axis. /116111e has one array of canted cube corner elements formed by three intersecting 

sets of parallel grooves. For each tile, 0110.0f its -three sets.of groovesie a set of lengthwise 

grooves whose groove direction is parallel to they-axis. Each tile also has a file width tmeasured 

in the x-direction) that is equal to an integer multiple of a lengthwise groove pitch Of its lengthwise 

30 	grooves, such that fragmented cube corners are substantially absent at theelormated edges of the 

files. The tile widths are not uniform. Tiles A taulD have tile widths that are equal to each other 

but greater than the tile widths of tiles B, C, E, and F, which are also.equal to each other. 

For reference purposes in the figure, one enlarged matched pair of cube COMM is shown 

on the right hand side of each tile. In every instance, the enlarged matched pair is represe,ntative of 

35 	the matched pairs of cube corner elements in its associated cube corner array. Thick black arrows 
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are includedin each enlarged matched pair to indicate the projections of the optical-axes of the. 

cube corners in the x-y. plane, in similar fashion to FIG, 13. These thick black snows thus provide 

an indication of the direction of the plane of cant for each array. Also in keeping withBIG. 12, 

dashed lines are superimposed on each enlarged matched pair of FIG. 14 to indicate the direction 

5 	of theprimary plane of entrance angularity for the:matched pair and its associatedurray.. 

The mbe corners of tiles A,B, and C all have cube geometries 01(49, 61,70). The cube 

corners of tiles I), Land F all have cube geometries of (49, 70, 61). Thus; the ordered set orb= 

angles for the cube corners of any one of tiles A, B, or Cis a permutation-of the ordered set of base 

angles fart cube corners of any one of tiles D,-E, and F, and vice versa. Furthermore, one set of 

three diamond cutting tools can be used. to form the-three sets of parallel groovesneededto form 

the array of althea for every one of tiles A, B, C, 13, It, and F. 

Compound grooves, although.not labeled in FIG. 14, can be readily seen in tho.figurc. 

One compound groove appears at the boundary of tiles A and It another appears at the boundary 

of tiles B and C, another appears-at the boundary of tiles C and-D, another appears at the boundary 

15 	of tiles D and E, and another appears at the boundary of 'tiles B and F. In each case, these 

compound grooves are parallel to the y-axis, and parallel to the groove direcffpn of a groove set it 

each tile adjacent to the given compound groove. 'Furthermore; in each case, the compound groove 

has a groove angle that is different front-the groove angle of lengthwise grooves in each of the two 

tiles that bound the giveacompound groovft. 

20 

	

	Numerous nteditcations can be made to the cube corner article 1410. The Widths and 

shapes of the tiles can be changed. The tiles can be rearranged in different orders. One or more of 

the tiles that are present in the article 1410 can be removed, and one or more Eden having different 

cube corner arrays, including one or more canted cube corner arrayi as well as one or morello's, 

canted cube corner arrays, can be inserted or otherwise added. In such a modification, at lean° 

25 	tiles may have cube corner arrays whose cube geometries are the same but whose orientations are 

different, and at least two tiles may have cubes-whose sets of base angles are related by a 

-permutation. Different angles of intersection- for the. sets -of parallel grooves, and different 

corresponding base angles for the cube corners, can be used. The groove depths for grooves in a 

given groove set may all be the same, or they may all be different from each other, or some may be 

30 	the same and some different. Alternatively or in addition, the groove depth(s) used in a first 

groove set may belie same-as, or different from, the groove depth(s) used in a second groove set 

that intersects the fastgroove set. 

In FIG: 15, one cube corner from each of the tiles A, B,C,D,B,F of-FIG. 14 is 

reproduced and enlarged, while maintaining its geometry and its orientation with respect to Mein- 

35 	plane y-axis. For-simplicity, the-cube corner from tile A of FIG. 14 is labeled A in FIG. 15, the 

_30 
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cube.corner Bum the B of FIG, 14 is labeled B in FICf. 15, anaso forth. In this figure, the thick 

black:arrows representing the projection of-ihe optical axes in the x-y plane, as well as the dashed 

lines representing the primary planes ofentrance-arigularity, can be more easily seen than in FIG. 

14. 

5 

	

	In Pia 16, the planes of cant and the primary planes of entrance angularity for all of the 

tiles A, B, C, D, F of FIG. 14,and thus also for all of the cube corners A, B, C, D, B, F of FIG: 

15, are shown superimposed-on each olheer in relation to the x- andy-axes, these axes having their 

same meaning as inFIGS-14 and IS. For each cube-cornet array (and corresponding file), the 

solid line in. FIG. 16 represents the plane of cant and its orientation with respect to the x- and y- 

10 	axes, and the (Wiled line in FIG, 16 represents the primary plane of entrance angularity and its 

odentationwith respect to- the same x- and y-axes. These solid and dashed lines are labeled for 

Simplicity with the letters A, B, -C, D, E, F to correspond with the same labeling used in FIGS. 14 

and 15. For example, the tile A in FIG. 14 and the cube A %FIG. 15 have a plane of cant 

represented by the solid line A in FIG. 16, and a. primary plane of entrance angularity represented 

15 	by the dashedline A in FIG. 16.. The various planes of cant and primary planes of mitt 	ance„ 

angularity in-FIG..16 are thus representative of the tiled cube comer article 1410 and its 

constituent components (tiles). The length of-the solid and dashed lines in.FIG. 16 is arbitrary, but 

the solid lines are drawn to have a uniform length that is:greaterthan the uniform length of the 

dashed lines, so the -reader can MOM easily distinguish one from the other. Inspection of FIG. 16 

20 	reveals that the aniele1410 is configured such that its constituent primary planes of entrance 

angularity are more evenly distributed in azimuthal_ angle than-its constituent planes of cant. 

For anattiele made by-simply combining two of the articles-1410, duplicate planes of cant 

and diiplidate primary planes of entrance angUlarity would appear in a representation like that of 

FIG. 16: To avoid dpublecounting such planes, we may specify more generally that the tiled cube 

25 	corner article is configuredauch that unique ones of the primary planes of entrance angularity for 

the plurality of tiles are more evenly distributed-fn azimuthal anglethan unique ones of the planes 

of cant, To quantify the concept of "More evenly distributed in azimuthal angle", we may define 

an angle-PhiMinl as the minitmint angular, separation between unique ones of the primary planes 

of entrance angularity, and we may defineFhihdin2 ati the minimum angular separation between 

30 	unique ones of-the-planes of cant In FIG. 16,-Phibin' a is 18.00 degrees, and Phiktin2 is 2.23 

degrees: We may also delme an anglelliiMaxl as the maximum angular separation between 

unique ones of the primary planes of enhance angularity, and Philtra as the maximum angular 

separation of unique ones &the planes of cant In PIO, 16, PhiMaxl is 52.00 degrees, and 

PhiMax2 ii 58:77 degrees. We may further define:an angle PhiAvgl -as the average angular 

35 	separatiombetween unique ones of the primary  planes of entrance angularity, and we may define 
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PhiAvg2 as the average angular separatimibritween -unique ones of the planes ofbant. In FIG. 16, 

PhiAvgi and.PhiAvg2 areihe same, each being equal to 30.00 degrees. We may define.an angular 

distribution metric ("PhiADM") equal tollriAvg/(PhiMax- — PhiMin). la FIG. 16, the angular 

distribution mete for the primary planes of entrance angularity is PhiADIvIl = 0.882, and the 

5 	angular distributionmetric for the planes of cant is PhiADM2 = 0.531. Thus, to quantify the 

concept of "more evenly distrilmted in azimuthal angle", we may specifyany one, or some (any 

conibination of any two or mote),. or all of The following relationships: 

PhiMini > PhiMin2 

o 	PhiMini > 2 *PhiMin2 

1U 	 G. PhiMaxl < PhiMa82 

a 	PhiADM1 > PhiADM2 

Several cube corner articles based on that shown in FIG. 14 were modeled. In a first case, 

the model assumed the same cube geometries discussed above, i.e., (49, 61, 70) fortiles 

C, and (49, 70, 61) for tiles D, E, andF. The model further assumed the cUbe corners had a 

15 	second order: design feature to disperse light-slightly from the direction of incident light,'as 

discussed above with-reference to the '219 Appeldorn patent. The second order detikri feature was 

to assume the groove angles were very slightly different from those that would produce dihedral 

angles bet:menthe cube corner facets of exactly-90 degrees, the difference in groove angle 

amounting to cube cornerfacCts that deviated by 2 minutes of are (0,033 degrees) relative to their 

20 	nominal orientations Met produce exact orthogonality. The model initially calculated the total 

light return (TEE) for each of the6 cube corner arrays individually, assuming the cube corner. 

article was-composed of clear polycarbonato of refractive index 1.586, arid assuming the cube 

corners were exposed to air and zeflected light by total internal reflection, The Tut was 

calculated as a function of orientation angle for a-sequence of different entrance Effigies. The 

25 	model their calculated, for each.combination of orientatibil angle andmitranee angle, a weighted 

average of therTLIts for the 6 anvil: Weight values of 15% were used for the arrays of tiles 13, C, 

E, and F, and weight values of 20% were used for the arrays of files A and I). These weight 

values are in proportion to the relative widths, and relative surfaceareas, of the rr.Spective tiles in 

the tiled article 1410. 

30 

	

	The resulting calculated retrorefleotive performance ofthetiled retromflective article is 

shown in the isointensity plot of PIG. 17. In. the figure, the -magnitude df the ealculatpd-Tia is in 

the radial direction, and orientation angle is in the azimuthal direction. Curves are plotted for 

entrance angles from 0 tti 70 degrees in 10 degree increments, with curve 1700 representing-a 0 

degree entrance angle, curve 1710 representing a 	degree entrance angle, curve 1726 

35 	representing a 20 degree entrance angle, aid so forth. A. second tiled cube corner article was then 
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modeled. The article was assumed to be the same as that of FIG. 17, except Matte refractive 

index was assumed to be 1,50 rather than 1.586. With this modification, the T121. of the tiled 

artiole was calculated in the same way as described above in connection-with FIG; 17. The 

resulting calculated:retro-reflective performance is shown in the isointensity plot of FIG. 18, which 

5 	has the same format as FIG. 17. Curves are plotted for entrance angles from 0 to 60 degrees in 10 

degree increments, with curve 1800 representing& 0 degree entrance angle, curve 1810 

representing a 10 degree entrance angle, curve 1820 representing a 20 degree entrance angle; and 

so forth. Some differences. cantle seen between these curves armlike corresponding curves of.F1G. 

17. Such differences are demonstrative of the effect of a change in refractive index of the cube 

10 	corner article. 

For comparison purposes, we also investigated theCube corner article shown in FIG. 3 

above and discussed in'  he '281 Miraurapublication. Figure 19 isa reproduction of a-figure in the 

`281 Min urn publication relating to the embodiment in which cube corners 314-1 and 315-1 have 

orderedbase angles of (54.918, 66,659, 58.423), and cube corners 3144. and 315-2 have ordered 

15 	base angles of (54.918, 58.423, 66.659), this embodiment being referred to hereafter as the 

iYlimure embodiment, Thegraph.el FIG. 19 is said to be the retrorefieetive performance of this 

embodiment, as calculated using &optical. simulation. The graph shows the performance at 

entrance angles of .5 degrees (curve 1905), 15 degrees .(curve 1915), and 30 degrees (curve 1936), 

with data points plotted in orientation angle increments of 15 degrees. 

20 	We attempted to duplicate the results of Mimura in order to determine the rettorellective 

performance of the Aemura embodiment at entrance angles greater than 30 degrees. One obstacle 

in this effort was a lack of information in the '281 Mimura publication regarding the refractive 

index that was assumed for the embodiment. Using our. Own optical modeling Software, we 

entered the cube corner-geometrical irifonnation fin the Mimura embodiment into our software, 

25 	and generated isointensity plots of the TI.12.-of the embodintentat a 5, 15, and 30 degree entrance 

angle for a number of different refractive indices. We then identified the refractive index that 

produced a curves that most eloselyinatehed-those of FIG. 19, particubtrilepure 1930 at the 30 

degree entrance angle.. This procedure indicated to us the refractive index was equal to or 

approximately 1.586.. Figtue 20 shows an isointensity plot which uses the MR calculated by our 

30 	optical modeling software for the Mimura embodiment, assuming the 1.586,refmetiVe index. The 

graph shows the performance at entrance angles of 5 degrees (curve 2005), 15 degrees (curve 

2015), 30 degrees (ctuye20$0), 40 degrees (curve 2040), and 50 degrees (curve 2050),-with data 

points plotted in attestation angle increments of 15 degreesjust es M FIG. 19. Ctitve 2030. can be 

seentd closely approximate the nine 1939 in FIG. 19.. limpection.of FIG. 20, particularly curves 
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2040 and 2050 thereat reveals that uniformity as a -function of. orientation angle rapidly degrades 

for the Mimura embodiment at increased entrance angles. 

The uniformity index U1 discussed above was calculated for the Mlnmra embodiment, 

assuming the 1.586 refractive index, and for the embodiment of PIG. 17 (see also FIGS. 14, 15, 

5 	and 16), which has the same refractive index. The results are shown in FIG. 21. In that figure, 

curve 2101 is the Ill for the Mimura embodiments  and curve 2102 is for the embodiment of FIG. 

17. 

Exemplatymatetials for forming retrorefleetive cube Conker articles include, but-are not 

limited to, thermoplastic polymers such as, for example, poly(earbanate), 

10 	poly(methylmethatrylate), poly(ethyleriderephthalate), aliphatic polyurethanes,. as well as ethylene 

copolymers and Timmer& thererif, and mixtures thercot Cube corner sheeting may be prepared by 

mating directly onto a film, such as described in U.S. Patent 5;691,846 (Benson, Jr. et al). 

Polymers for -radiation cured cube colliers include crosslinkednerylates such as multifunctional 

aciylates or epoxies, acrylatod urethanes blended with mono-and multifunctional monomers, and. 

15 	nitrogen-.containing polymers, such as those described in U.S. Patent 7,862,187 (Tlialcicar-et al.), 

incorporated hereirt.by refetence. Further, cube corners such as those previously described may be 

cast on to plasticized, polyvinyl chloride illm for.more flexible east cube corner Sheeting. These 

polymers are desirable for one or more reasons including thermal stability, environmental stability, 

clarity, excellent release from:the tooling or mold, and the ability to apply a reflective coating to 

20 	the cube 'corner facets, 

A specularlY reflective coating or reflective layer may be.plated on the facets of the cube. 

comerelements (e.g, on a back side of a cube-  corner film) to promote retromflection. Suitable 

reflective coatings include metallic coatings such as aluminum, silver, nickel, or alloys thereof, 

which Can be applied by known techniques such-as vapor deposition or chemical depeSition. A 

25 	reflective layer may also be or comprise a multilayer optical film, A-primer layer may be applied 

trithe cube corner facets to promote adherence of the reflective coating or layer. In cases where no 

reflective coating-or layer-is used on,  he cube corner facets, they may be exposedto air or vacuum, 

and a sealing film may be used to provide sealed cells or pockets that maintain the air interface and 

keep out water, din, and the like. Exemplary seal films for relthreflective articles are disclosed in 

30. 	U.S. Patent 7;611,251 (Thakkaret al.). In other embodiments, a pressure sensitive, adhesive layer 

comprising burlier materials may bedisposed on the cube corners, such as disclosed, for example, 

in patent application publication175 2013/0034.682 (Free et al.), 

Prismatic retrorefleetivesheeting can beinalaufacturedes an integral material, e.g., by 

embossing a preformed sheet with a Structured surface containing cube corner array(s), or by 

35 	casting a fluid material into a.suitable mold. Alternatively, retroreflective sheeting can be 
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-manufacturedas a layered product by casting the cube corner elements against a preformed film 'or 

by laminating a preformed film inpreformed cube corner' elements. The cube comer elements can 

be formed on a pcilycarbonate film approximately 0.5 mm thick haying an index of refraction of 

about 1.50. Useful Materials for making retrorefleetive sheeting are materials that are 

5 	dimensionally stable, durable, weatherable, and readily formable into the-desired configuration. 

Generally any optieallyiransmissive material that is formable, typically under heat and pressure, 

canbe used, The sheeting can also include colorants, dyes, UV absorbers or separate UV 

absorbing layers, and other additives as desired. 

Unless otherwise indicated, allmimbers expressing quantities, measurement of properties, 

10 	and so forth used in the specification and claims are to be understood as being modified by the 

term "about. Accordingly, unless indicated to the contrary, the numerical parameters set-forth in 

the specification and claims are approximations that can vary depending on the desired properties 

soughtto be obtained by those skilled ht the art utilizing the teachings of the present application. 

Not as an attempt to linfit the application of the doctrine of equivalents to the scope of the claims, 

15 	each numericalparameter should at least be construed in light of-the number of reported 

significant digits and by applying ordinary rounding teelmiques. Notwithstanding thatthe 

numerical ranges and parameters setting forth the broad scope of the invention are approximations, 

to the extent any numerical values are set forthin specific examples described herein, they are 

reported as precisely as reasonably possible. Any numerical value, however, may well contain 

20 	errors associated with testing or measurement limitations. Similarly, terins such as "equal", 

"parallel", "coincide", and the like whenused herein should be understood to encompaSs 

embediments inwhiehdevietions from exact equality, parallelism, coincidence, etc., are within 

manufacturingtolerances,,or otherwise deviate from such exactness due to second order design 

features as 	elsewhere herein. 

25 	Various modifications and alterations of-ibisiinventionwill be apparent to those skilled hr 

the artwithout departing from the spirit and scope of this invention, and it should be understood 

that this invention is not limited to the illustrative embodiments set forth herein. The reader should 

assume That features of one disclosed embodiment can also be appliedto all other-disclosed 

embodiments unless otherwise indicated. It shotild also be understood that all U.S. patents, patent 

30 	application publications, and otherpatent and non-patent documents referred to herein are 

incorporated by reference, to the extent they do not contradict the foregoing disclosure. 

This document discloses numerous embodiments, including but notlimited to the 

fillowing items: 
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WO 20141151368 	 PCIAIS2014/025584 

Item I is an article having a structured surface that defines a reference plane having an in-plane 

axis, the atmetured surface including a plurality of cube coiner arrays arranged into a. plurality of 

tiles, the article comprising: 

first, second, and third tiles defined by respective first, second, and third cube comer arrays, 

5 	-the 'first, second, and third °Ithacan= arrays having respective first, second, and third 

primary planes of entrance angularity, each oriented differently relative to the in-plane axis; 

wherein thefirst, second, and third. tiles each includes one tile edge paralletto the in-plane 

axis; and 

wherein each of the first, second, and third cube corner arrays includes one given groove 

10 	parallel to the in-plane axis. 

Item 2 is.the article ofitem 1, where the first, second, and third tiles are each elongated parallel to 

the in-plane axis. 

15 	Item 3 is the article of item 1, whack for each of the first, second, and third tiles, the given groove 

is one of a plurality-oflengthwise 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. 

20 	Item 4 is the articleefitern 3, wherein the widths of the first, second, and third tiles are eachin a 

range from 0,2 mm to 5 nun, or from 0.2 mm to 1 mm, oerront 0.5 min to 1 mm. 

Item 5 is the article of item 1, wherein the plurality of tiles includes additional tiles other than the 

first, second, and third tiles, the additional tiles having corresponding additional cube corner 

25 	arrays, all of the additional cube corner arrays including one given groove parallel to the in-plane 

axis. 

Item 6 is the article of item 1, wherein cube corners in each of the fust, second, and third cube 

comer arrays are canted and characterized by a base triangle having an ordered sot of base angles, 

30 	and wherein the ordered sets of base angles for the first and second cube corner arrays are equal to 

each other:and the:ordered sets of base angles for the first and third cube corner arrays are 

permutations of each other. 

Item 7 is the: article of item I, wherein cube corners in each of the first, second, and third cube 

35 	comerarrays are canted and characterized by abase triangle having an ordered set of base angles, 
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and wherein the ordered sets of base angles for the first, second, and third cube corner arrays are 

equal to each other, 

Item 8 is the article of item 7, wherein the plurality of tiles further includes a fourth tile defined 

	

5 	a fourth cube corner array, the'  ourth cube corner array having a fourth primary plane.of entrance 

angularitythat 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 arecanted and characterized 

by a base triangle having an ordered set of base angles that is apennutation of the ordered set of 

base angles for the first cube corner array. 

10 

Item 9 is the.artiele of item a, wherein the fourth tile is elongated parallel to the in-plane atis, and 

the fourth cube corner array includes One lengthwise groove parallel to the in-plane axis 

Item 10 is the ortiele of ;Metal, wherein all of the cube corner arrays in the plurality of cube corner 

	

15 	arrays have respective primary planes of enhance angularity, the primary 'starlets of entrance 

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

Item 11 is the article of item JP, wherein the cube corner arrays associated with the at least 4 

unique orientations each includes one lengthwise groove parallel to the in-plane axis and are 

	

20 	characterized by respective ordered sets of base angles, every two of such ordered sets of base 

angles either being equal to each other er being permutations of each other. 

Item 12 is the ertiete of item 10, wherein the primary planes of entrance angularity define at least 5 

unique orientations relative to the in-plane axis. 

25 

Item 13 is the article of item 12, wherein the cube corner arrays associated with the at least 5 

unique orientations am characterized'by respective ordered sets of base angles, every two of such 

entered sets ofbase angles either being equal to each other or being permutations of each other. 

30 	Item 141s the made of item 12, wherein the primaryplanes of entrance angularity define atleest 6 

unique orientations relative to thein-plane axis, 

Item 15 is the article of item 14, wherein the cube corner arrays associated, with the at least 6 

unique orientations are eharneterized by respective ordered sets of base angles, every two of such 

35 	ordered sets of base angles either being equal to each other or being, ermutations of each other. 
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Item 16 is the article of item 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 TOW of cube corners cm the second tile near the boundary collectively form a composite 

5 	groove, the composite groovobeing parallel to, the in-plane rods. 

Item 17 is the article of item 16, wherein the composite groove has a composite groove angle that 

differs from a groove angle of the given groove of the first cube corner array and that also differs 

from a groove angle of the given groove of the second cube corner array. 

10 

Item 18 is the article of item 1, wherein the stmetured surface provides a uniformity index at a 30 

degree entrance angle of at least 4, or at least 5, or at least 6. 

Item 19 is the article of item 1, wherein the structured surface provides amnfomfity index at a40 40 

15 	degree entrance angle of at least 2, or at feast 3, or at least 4, or at least 5. 

Item 20 is an article. having a structured surface that includes a plurality of cube-corner arms 

arrangedinto a corresponding plurality of tiles, the structured surface defining a reference plane 

having an in-plane axis, the cube corner array for each of the plurality offiles having a given 

20 	groove setwhose moves extend paraltelto the in plane axis, the cube corner array. for each of this 

plurality.of tiles having associated therewith a plane of cant and a primary plane of entrance 

angularity, and wherein unique ones of the primary planes of entrance angularity for this plurality 

of tiles are more evenly distributed hi azimuthal angle than unique ones of the piques of cant. 

25 	Item 24 is the article of item 20, wherein the unique ones of the primaryplanes of entrance 

angularity have a minimum angular separation PhilVlial and the unique ones of the planes Of cant 

have a minimum angular separation PhaVlin2, and wherein PhiMinl is greater than 1 hilviin2. 

Item 22 is the article' of item 21, wherein PhiMiul is at least 2 times PhiNlin2. 

30 

Item 23 is the article of item 20, wherein the tiles have respective widths that are in a range-from 

0.2 mm to 'S mm. 

Item 24 is the article of item 20, wherein Mc given groove set for each tile is a lengthwise groove 

35 	set for such tile, 
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Rent 25 is the article of item 20, wherein the.structured surfaeehas N unique pdniary planes of 

entrance angularity associated respeetively with N unique. ones of the cube corner arrays, and 

wherein N. is 4, 5, or 6. 

Item 26 is-the article of item 20, wherein the plurality' of tiles includes a firs Lacey,* and Third tile 

comprising respective first, Second, and third arrays of canted cube corners, the first, second, and 

third arrays having associated therewith respective first, second, and third pin of cant no two of 

which areparallei to each other. 

Item 27 is the article of item 26, wherein for each of thy% first, second, and third arrays, the given 

groove sot 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 ofthe respective lengthwise groove 

pitch. 

Item 28 is the article of item 20, wherein the structured stelae provides a uniformity index at 30 

degree entrance angle of at least 4, or at least 5, or at least 6. 

Item 29 is the article of item 20, wherein the structured surface provides .a uniformity index at a 40 

20 	degree entrance angle of at least 2, or at least 3, or at least 4, or at least 5. 

item 30 is 'tie article of item 20, wherein the plurality' of tiles are each elongated parallel to the in-

plane axis.. 

25 	Nan 31 is.  an article having a structured surface, the structured surface being segmented into a 

plurality Of tiles, the article comprising: 

a first, second, and third tile comprising respective firtit, second, and third arrays ofcanted 

eche comers,-the first, second, andihird ways having associated therewith respective first, 

second, andthirdplanes of cantno two of which are parallel to each' other; 

30 	wherein cnbecorners in the fast, second, and third arrays are characterized by base triangles 

having respective first, second, and third ordered sets of base angles; 

wherein the first endsecond:ordered sets of base angles arc equal to each other; and 

wherein the first and third ordered sets 'of base angles arepermutations of each other. 
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Item 32 is the article of item 31, wherein each of the first, second, andthird arrays has a groove set 

whosegrooves extend parallel to an edge of its respective tile. 

Item 33 is the article of item 31, wherein each of the first, second, andthird arrays is defined by 

	

5 	three sets of parallel greoves that intersect each other to form cube corners. 

Ram 34 is the artiole of item 31, further comprising: 

a fourth tile comprising a fourth array crenated cube corners, the fourth array having 

associated therewith a fourth plane of cant that is mot pandlel to any of the first, second, or 

	

10 	third planes of cant. 

Item 35 is the article of item 34, wherein the fourth arcane characterized by abase triangle having 

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

ordaed set of base angles. 

15 

Item36 is the article ofitem 31, wherein the structured surface provides a uniformity index at a 30 

dogma entrance angle of at least 4, or at least 5, or at least 6. 

Item 37 is the article of item 31, wherein the structured surface provides a uniformity index at a 40 

20 	degree entrance angle of at least 2, or at least 3, or at least 4, or at least 5. 
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CLAIMS 

1. An article having a structured surface that defines a reference plane having an in-plane axis, the 

structured surface comprising: 

a plurality of cube corner arrays arranged into a plurality of tiles comprising first, second, and third tiles 

defined by respective first, second, and third cube corner arrays, the first, second, and third cube corner 

arrays having at least one respective first, second, and third primary plane of entrance angularity each 

oriented differently relative to one another and each oriented differently relative to the in-plane axis; 

wherein 

the first, second, and third tiles each comprises one tile edge parallel to the in-plane axis, 

each of the first, second, and third cube corner arrays comprises one given groove parallel to the in-

plane axis, and 

the first, second, and third primary planes of entrance angularity have unique orientations with respect 

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

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

axis. 

3. The article of claim 1, wherein for each of the first, second, and third tiles, the given groove is one of a 

plurality of lengthwise grooves that define a lengthwise groove pitch, and each of the first, second, and 

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

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

0.2 mm to 5 mm, or from 0.2 mm to 1 mm, or from 0.5 mm to 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 corner arrays, all of the 

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

6. The article of claim 1, wherein cube corners in each of the first, second, and third cube corner arrays 

are canted and characterized by a base triangle having an ordered set of base angles, and wherein the 

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

ordered sets of base angles for the first and third cube corner arrays are permutations of each other. 
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7. The article of claim 1, wherein cube corners in each of the first, second, and third cube corner arrays 

are canted and characterized by a base triangle having an ordered set of base angles, and wherein the 

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

8. The article of claim 7, wherein the plurality of tiles further comprises a fourth tile defined by a fourth 

cube corner array, the fourth cube 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 triangle having an ordered 

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

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

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

10. The article of claim 1, wherein all of the cube corner arrays in the plurality of cube corner 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 differs 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 I, wherein the structured surface provides a uniformity index at a 30 degree 

entrance angle of at least 4, or at least 5, or at least 6, wherein the uniformity index is an average total 

light return of the structured surface divided by the difference between maximum and minimum total light 

return of the structured surface. 

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

a plurality of cube corner arrays arranged into a corresponding plurality of tiles comprising first, 

second, and third tiles defined by respective first, second, and third cube corner arrays, the first, second 

and third cube corner arrays having at least one respective first, second, and third primary plane of 

entrance angularity each oriented differently relative to one another and each oriented differently relative 

to the in-plane axis, the structured surface defining a reference plane having an in-plane axis, the cube 

corner array for each of the plurality of tiles having a given groove set whose grooves extend parallel to 

the in-plane axis, the cube corner array for each of the plurality of tiles having associated therewith a 

plane of cant, wherein the first, second, and third primary planes of entrance angularity have unique 

orientations with respect to any other primary plane of entrance angularity of the first, second, and third 

cube corner arrays, and wherein unique ones of the primary planes of entrance angularity for the plurality 

of tiles are more evenly distributed in azimuthal angle than unique ones of the planes of cant. 

16. The article of claim 15, wherein the unique ones of the primary planes of entrance angularity have a 

minimum angular separation PhiMinl and the unique ones of the planes of cant have a minimum angular 

separation PhiMin2, and wherein PhiMinl is greater than PhiMin2. 

17. The article of claim 15, wherein PhiMinl is at least 2 times PhiMin2. 

43 



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 return of the structured surface divided by the difference between maximum and minimum total light 

return of the structured surface. 

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

24. An article having a structured surface that defines a reference plane having an in-plane axis, the 

structured surface being segmented into a plurality of tiles, the structured surface comprising: 

a first, second, and third tile comprising respective first, second, and third arrays of canted cube 

corners, the first, second, and third arrays having associated therewith at least one respective first, 

second, and third plane of cant no two of which are parallel to each other, and further associated 

therewith at least one respective first, second, and third primary plane of entrance angularity each 

oriented differently relative to one another and each oriented differently relative to the in-plane 

axis, wherein each of the first, second, and third arrays has a groove set whose grooves extend 

parallel to an edge of its respective tile; 

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 corner arrays. 

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

parallel grooves that intersect each other to form cube corners. 

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

planes of entrance angularity are dominant planes of entrance angularity. 
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