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retroreflective tapes for vehicles and clothing.

Two known types of retroreflective sheeting are microsphere-based sheeting and
cube comer sheeting. Microsphere-based sheeting, sometimes referred to as "beaded"
sheeting, employs a multitude of microspheres typically at least partially embedded in a

20 binder layer and having associated specular or diffuse reflecting materials (e.g., pigment
particles, metal flakes or vapor coats, etc.) to retroreflect incident light. Due to the
& symmetrical geometry of beaded retroreflectors, microsphere based sheeting exhibits the
same total light return regardless of orientation, i.e. when rotated about an axis normal to
the surface of the sheeting. Thus, such microsphere-based sheeting has a relatively low
25 sensitivity to the orientation at which the sheeting is placed on a surface. In general,
however, such sheeting has a lower retroreflective efficiency than cube corner sheeting.
-Cube corner retroreflective sheeting typically comprises a thin transparent layer
having a substantially planar front surface and a rear structured surface comprising a
plurality of geometric structures, some or all of which include three reflective faces
30 configured as a cube comer element.

Cube comer retroreflective sheeting is commonly produced by first manufacturing

a master mold that has a structured surface, such structured surface corresponding either to



the desired cube corner elenment geonetry in the finished sheeting or to a
negative (inverted) copy thereof, dependi ng upon whether the finished
sheeti ng Y60 2448168 cube comer pyrami ds or cube coner CREAE$2984/¢05672bot h) .
The nold is then replicated using any suitable technique such as
conventional nickel electroformng to produce tooling for 5 form ng cube
corner retroreflective sheeting by processes such as enbossing, extruding,
or cast - athe desifef sgbe eorser gbement ggomelry BEh@EBishes} sheghing @ttoginepatiieoyi des an

illustrati r Vi I f 1 Q- i J

manut act urr D RT s SerRhRBE Bporl Bperhd B PIhOP B RIS b AliE

manuf act urdotger plpenites becubebthet Bolitidgohoth)d UNt mold is thes helabes usidp begt

machi ni ng techni ques, and techniques that enploy |amnae. 10 In pin bundling

. . np .
t echni quessuitgblgfteshrique yuar assiopkentiopal micksl flagrofogpipaia produesapingiveh  as a

b | d, .. 4 .
i d. U 8 TorBuBERpe rfle el d Sl PRI AR IR Do e BE & e
i 11 ustrat i ygt-gdediings U.S Bt Wensl 36p3qbfiesi dt AE) gldiides ¥n Hinse@mp Aoty a

w de variety of cube corner geonetries in a single nold, because each pin
is indivi procaydéotifpeeing ased inibhmpefheiiepadsube eorner eirpredleetiveal f or

maki ng smal,l cube,coner el nt s . g.. those havi .a .cube height |ess than
About *1° m THerfitk ap e BEisfol Y e eigk SRuRedR Bre B Ra e 1 shi ng
size thergefnifiRgdifRfmbehiRie e RéBaicaed, ¥ndreimiges tAntnipienlaghifanged in a

bundle to formthe nold. In airect machi ni ng techni ques, a series of grooves
are f18rnmed in theibudag teghniguep|aphielity g tsagash havigg agsorietris sherg such f or m
a master d iS50 ncat ” e |1

cnown ¢ eontn 4e® PieEbeRgh R, Y aRenB R ondr f0 RFRN BastfnBCUNT 60

degr ee i ncpateie NozNPEeESTD(StiistnRinds,926/40 (Hadha) peitide glusti@iveexa@plel havi ng
an equilateral base triangle (see U S. Patent Ng. 3,712,706 (Stamm)). In
anot her t eRRbugdieng offers the abdity tomagHa@yiss Wide ypdely of saharoste @eometrighitng| e

h 1 hitrd-se i f h
ot hor two SapER figRERE R B i REhn G sl P B SEE IGLARAR B | N

cant @ cubgnmadtiosl foeheRipglsniatitcabe torp@ dléndmde@. 3 ilwse Ratiagh clibe helgli8&s258
(Hoopman)). In direct machining, a |arge nunber of individual faces are

typi cal | y than geapt 1 apillipeten decanseokihe layge nusnbes @f pins@pd theflieumishiae Figh of a
e Yol _ SR a8y Hilding
©hr oughout tpise? Tffire YL prt bt biliiBhed e Pl i d Bl 808 fHoola

machi ni ng t echriinglivest wadhiting bhadgués, b Yeried ofigoovas e ormed ih tiee siefage shal | 30

cube comer elenents. A drawback to direct machining techniques, however, has
been redullaprr gebsiigle (1o el plats) to formpamasieragoldrcomppising dupetted sRheeomeEs t hat

can 96 pr OQH&%ﬂs. hl\'g}leqpeli hdwi @clﬂ{i&l%ﬁ:{h?eet s@f\s &f%taﬂllei él%mesriﬁttei‘ge@t each other

at 60 degree included angles to form an array of cube corner elements, each having an

equilateral base triangle (see U.S. Patent No. 3,712,706 (Stamm)). In another technique,

two sets of grooves intersect each other at an angle greater than 60 degrees and a third set
of grooves intersects each of the other two sets at an angle less than 60 degrees to form an
25 array of canted cube corner element matched pairs (see U.S. Patent No. 4,588,258
(Hoopman)). In direct machining, a large number of individual faces are typically formed
along the same groove formed by continuous motion of a cutting tool. Thus, such
individual faces maintain their alignment throughout the mold fabrication procedure. For ;
this reason, direct machining techniques offer the ability to accurately machine very small
30 cube corner elements. A drawback to direct machining techniques, however, has been
reduced design flexibility in the types of cube corner geometries that can be produced,

which in turn affects the total light return.
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, _comner elements and/or arrangement of elements. By contrast, pin bundling and

20 techniques that employ laminae allow for the formation of a variety of shapes and
arrangements of PG cube comer elements. Unlike pin bundling, however, techniques that
employ laminae also advantageously provide the ability to form relatively smaller PG
cube comner elements.

The symmetry axis of a cube corner is a vector that trisects the structure, forming

25 an equal angle with all three cube faces. In the aforementioned truncated cubes of Stamm,
the symmetry axis is normal to the equilateral base triangle and the cubes are considered to
have no cant or tilt. The nomenclature "forward canting" or "positive canting” has been
used in the cube corner arts to describe fruncated cube corner elements canted in a manner
that increases only one base triangle included angle relative to 60°. Conversely, the

30 nomenclature "backward canting” or "negative canting" has been used in the cube corner
arts to describe cube corner elements canted in a manner that increases two of the included

angles of the base triangle relative to 60°. See U.S. Patent Nos. 5,565,151 (Nilsen) and



arts to descri be cube corner elenents canted in a manner that increases two
of the included angles of the base triangle relative to 60. See U S. Patent .
Nos. 5, 56%012944/¢819sen) and 3 WO 2004/ 081619 PCT/ US2004PGB8E2004/0056%2 Pat ent
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This pertains to the spread of the retroreflected light relative to the source, i.e. typically,

vehicle headlights. The spread of retroreflected light from cube corners is dominated by
20 effects including diffraction, polarization, and non-orthogonality. For this purpose, it is
common to infroduce angle errors such as described in Table 1 of column 5 of U.S. Patent
No. 5,138,488 (Szczech).
Similarly, Example 1 of EP 0 844 056 A1 (Mimura) describes a fly cutting

process in which the bottom angles of V-shaped grooves formed with a diamond cutting

25 tool were slightly varied in regular order, three types of symmetrical V-shaped grooves
having depths of 70.6 pm, 70.7 pm and 70.9 pm were successively and repeatedly cut at a
repeating pitch of 141.4 pm in a direction perpendicular to the major surfaces of the
sheets. Thus, a series of successive roof-shaped projections having three different vertical
angles of 89.9°, 90.0°, and 91.0° in a repeating pattern were formed on one edge of the

30 sheets.

Although the art describes a variety of retroreflective designs and their measured

or calculated retroreflective performance; industry would find advantage in retroreflective



angles of 89.9, 90.0, and 91.0 in a repeating pattern were fornmed on one
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P

.second adjacent cube is canted having an alignment angles between 240° and 300°.
. Further, the alignment angle of the first cube preferably differs from 0° or 180° by
20 substantially the same amount as the alignment angle of the second cube differs.

In each of these embodiments, the cube corner elements preferably comprise faces
formed from alternating pairs of side grooves. The included angle of each pair of side
grooves preferably has a sum of substantially 180°. Further, the included angle of a first
groove is preferably greater than 90° by an amount of at least about 5° (e.g. about 10° to

25 about 20°) and the included angle of a second adjacent groove is less than 90° by about the
same amount.

In another embodiment, the invention discloses a lamina having a microstructured
surface comprising cube corner elements having faces formed from a side groove set
wherein at least two grooves within the set are nonparallel by amounts ranging from

30 greater than nominally parallel to about 1°. The elements preferably comprise dihedral

angle errors having magnitudes between 1 arc minute and 60 arc minutes. The dihedral



surface conprising cube conmer elenments having faces fornmed froma side
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el enents preferably conprise dihedral angle errors having nmagnitudes
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comprising a row of preferred geometry cube corner elements having faces defined by
grooves wherein adjacent side grooves range from being nominally parallel to nonparallel
20 by less than 1° and have included angles that differ by at least 2°. In other embodiments,
the retroreflective sheeting comprises a row of cube corner elements wherein a first cube
corner element is canted having an alignment angle between 45° and 135° and a second
adjacent cube is canted having an alignment angles between 225° and 315°. In yet other
embodiments, the retroreflective sheeting comprises a row of preferred geometry cube
25 corner elements having faces defined by a side groove set wherein at least two grooves
within the set are nonparallel by amounts ranging from greater than nominally parallel to
about 1°. In each of these embodiments, the sheeting preferably further comprises the
features described with reference to the lamina or laminae.
In another aspect, the invention discloses retroreflective sheeting comprising a pair
30 of adjacent rows of preferred geometry cube corner elements wherein adjacent elements in

arow have at least one dihedral edge that ranges from being nominally parallel to



about 1 . In each of these enbodinents, the sheeting preferably further
~conprises the features described with reference to the Iam na or |am nae.
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Pheeti ag. womrastEebuct unifbagpies FhnbEoEaREh Wy aME ™ ik ek SRS ot hat

exhi bits anméfﬁﬁﬁﬂﬁnp%&m raly Gt &?& 390d Rérk PR bR bt FEEOS. dhmhéro ASTM
D4596-1a of at |east 375 canhdel asyl ux/m2 for an entrance 10 angle of -4 and

an obser vat pefer@d girbodimdits; theRebdreflatiive, shedimgshaptiserpneatyiftpsefomgl oved

bri ghtness at other_ observation angles, as well he |nven Lon t her
di scl oses a&%PHtf&muhaf?IBPF %?m?%téﬁ{i’?@g”@éss@rwﬁ@@e ss at ?’é‘ig scription

of the Draw,igsatiba aE!: l§'t§ ABTRE 9611 \68 aﬁ’l'eé‘éﬁ’fﬁ?ﬁ cﬁﬂleﬁ?&ﬁﬁ&?ﬁ?ﬁ% apl eﬁ%ﬁcé am na

prior to formation of corner elenents. is an end view of an
exenpll@ry sangg ef 4a mldhan dlodehaivon gnglh ef D.oF. nﬁtaferanblg;‘ tha shé¢etiag exRibitginguoecdset .

FIG 3is S|de vi ew, of _an exe ry single lamna following the formation
of;a first Wéats‘\gper%erﬁ“@ n%‘éi‘ aé“fe@p view of an exenplary single

| anina fol | ow ngﬂ@ﬁvéﬁid%hﬁé} Réc1ések hﬁﬁéomlﬂﬁﬁﬁ)‘ﬁeof%@ém%@@ies%nﬁé‘&ﬁ’&gingr oove
set. FIG 5 is a top viewof an exenpldry single lamna follow ng the

formation of a first groove set and primary groove face. 30
Brief Description of the Drawings
15
FIG. 1 is a perspective view of an exemplary single lamina prior to formation of cube

cormner elements.

FIG. 2 is an end view of an exemplary single lamina following the formation of a first

20 groove set.

FIG. 3 is a side view of an exemplary single lamina following the formation of a first

groove set.

25 FIG. 4 is a top view of an exemplary single lamina following the formation of a first

groove set and a second groove set.

FIG. 5 is a top view of an exemplary single lamina following the formation of a first

groove set and primary groove face.
30



7 WD 2004/ 051619 PCT/ US2004/ 005672 FIG 6 is atop plan view of an exenpl ary
assenbly of four |am nae conprising a first groove set and a third primary
groove wh#ioel0a4/¢81€19cube corners have been canted si dew®fd/UBI@ENG677 is a
side view depicting the sycimetry axes of a pair of adjacent sideways canted
cubes on a lamna. FIG 8 is a perspective view of four |am nae wherein the
cube corners have been canted sideways. 10 FIG 9 is a perspective view of
four | anmi nBKS.Whepédmplahziesudieancoemptasy semblyad fogdammade comgavwiag e fasid t he

| am nae have been -ass ed i n opposi,ng.orientations., Fl 10a, i,s a

r epr esent a¥P8KC B 24 Bﬁ%n%/mm}’&ﬁ‘?%ﬁ%}tfg%n% eg?lgﬁlgrhayeg‘i%lquad 10b is a
represent ajji@pa@f a si deways canted cube-corner element. FIG 10c is a
representationof a forward canted cube coner elenent. 20 FIG 11 depicts a
top plan view of an assenbly of | am nae wherein the cube conmers have been
canted for in a plane nor to the edge of the l.amna., FIG 12 depicts
S opSpl ant ok Gettay i SLdemBiag the STiaieRue ntaaeh & LRl S debP R BTy &

been cant eghiRasckwasinhn a pl ane nornmal to the edge of the lamna. 25 FIG 13
depicts an isointensity plot showing the predicted Iight return contours for
a matched pair of cube corner elenents conprised of polycarbonate that have
been cante forward 9.74. .30 G ., 14 depictss an isointensit | ot  showi ng
Che pr odi oI P GRESPEILTE isttot btk Linipge R Bhalr® Samietuhave btk Gty

el ements cgppkiged of polycarbonate that have been canted backward 7.74. 8

WO 2004/ 081619 "PCT/ US2004/ 005672 FI G 15 depicts an isointensity plot
showilAg the predicted light return contours for two opposing |aninae that

compri se Pty SAL bONat e CHRES, LAAl [NE.LRNLEHY BB AR e bhertHinted

sideways and the laminae have been assembled in opposing orientations.

FIG. 10a is a representation of a backward canted cube corner element.

15
F1G. 10b 1s a representation of a sideways canted cube corner element.
FIG. 10c is a representation of a forward canted cube corner element.

20 FIG. 11 depicts a top plan view of an assembly of laminae wherein the cube comers have
been canted forward in a plane normal to the edge of the lamina.
FIG. 12 depicts a top plan view of an assembly of laminae wherein the cube corners have
been canted backward in a plane normal to the edge of the lamina.

25

FIG. 13 depicts an isointensity plot showing the predicted light return contours for a
matched pair of cube cormer elements comprised of polycarbonate that have been canted

forward 9.74°.

30 FIG. 14 depicts an isointensity plot showing the predicted light return contours for a
matched pair of cube cormer elements comprised of polycarbonate that have been canted

backward 7.74°.



5 FIG 16 depicts an isointensity plot showing the predicted light return
.contours for two opposing |am nae that conprise polycarbonate cubes that
have been WENHMSleways 5.23. 10 FIG 17 depicts an i SETHBALAF673| ot
showi ng the predicted light return contours for two opposing |am nae that
conprises pol ycarbonate cubes that have been canted sideways 6.03. FIG 18
depicts an isointensity plot showing the predicted Iight return contours for
two 15 opposing | am nae that conprise pol ycarbonate cubes that have been
cant ed sidqﬁ@¥ 33, 1 Fl & [ -1 e A E=Toll ' | he
predi cted I|g'?5Pé?é%ﬁnééﬁ@%ur?qﬁﬁfﬁ§§H%QE% %%?%ﬁgﬁﬂﬁﬁﬁﬁﬁgénﬁﬁgﬁbggﬁ%rises
pol ycar bonadpposiup &snihbathahengprize polyeabbrde siltshe Wiyt have?beed.cddted Eld&Sva@d is a

pl ot of al iAg ment angl e versus uniformty index. FIG 21 depicts a top plan
view of a I&4M’na havi ng skewed side grooves. 25 FIG 22 depicts each of the
dLhedrgI angles of a representative cube corner elenent. FIG 23 depicts a
side view of a cube coner elenent of a |lam na depicting positive and
negative i nElG. n8idegiots ad@sdihtensigplétepowing the piedicted 1t astuh@ontubefer that are
backward canted by 7.47 degrees with angle errors of the primary groove
rangi ng f r o¥APesing lappnag thaheampriss pobycybonaio gilys fieat darevensanied sUEBEY2  FI G
25 depicts ot diagramfor cubes that are backward canted by 7.47 degrees
with angle €rfors of the side grooves ranging fromO to -20 arc mnutes. 5
FIG 26 depicts a spot diagramfor cubes that are backward canted by 7.47
degrees with a _conbinatiogn of primary groove and side groove angle errors.

FIG 20 depil&d74epigtstandsoigfensiyimiet showms thepredigtes Ishé retamontoNtssler byo 7. 47
g Mgy : : : otes,
U e gr on sl ifings, i CHANES pEOERELRE AnEOliat ARl thEffle daBiy™ DU 50
a repeatings.pattern over every four grooves.

FIG. 18 depicts an isointénsity plot showing the predicted light return contours for two
15 opposing laminae that comprise polycarbonate cubes that have been canted sideways

7.33°.

FIG. 19 depicts an isointensity plot showing the predicted light return contours for an

assembly of laminae that comprises polycarbonate cubes that have been canted sideways
20 9.74°.

FIG. 20 is a plot of alignment angle versus uniformity index.

FIG. 21 depicts a top plan view of a lamina having skewed side grooves.

25
FIG. 22 depicts each of the dihedral angles of a representative cube comer element.
FIG. 23 depicts a side view of a cube corner element of a Jamina depicting positive and
negative inclination.

30

FIG. 24 depicts a spot diagram for cubes that are backward canted by 7.47 degrees with

angle errors of the primary groove ranging from 2 to 10 arc minutes.




FIG 28 depicts a spot diagramfor cubes of the same geonetry as FIG 29
except that the skewis -7 are mnutes rather than + 7 arc mnutes. 15 FIG .
29 depi ct ¥O2WHHIOW agram for the conbination of FIG 22GEASMMAENETE. FI G
30 conprises the sane angle errors, skews, and inclinations as FIG 29

except that the cubes are forward canted by 7.47 degrees. 20 FIG 31

depicts a spot diagramfor cubes that are sideways canted by 6.02 degrees
having various skews and inclinations. The draw ngs, particularly of the

| am 1a(©) . BT 2 AR Bt N AL SRk RECERIAY iR L EPEPRERLALNE OF

actual size. e an enl ar

enl ar ged p@rﬁglbeﬁoﬁfof&lds@dﬂ @ovd@&ﬁx@ﬁ%ﬂoﬂﬁ&ﬁt@r&@mwﬁlnﬁfest he Preferred
Enbodi ments The present invention relates to a |am na and | am nae conpri si ng

cube corner 30 el enents, a tool conprrsing an assenbly of | am nae and

replr n ntronfurth I t.es er sheet.| .
WO 2004/ osﬁﬁm}%%’@hﬂﬁéﬁé‘?g’ orh& Pl bR E S e!t‘?lﬁ%g?e& Vﬁr}bgerabl y
prepared f EQAbiRARSSBYrintRY Grdtve whaslde bRibveiahfle drbRchni que that enpl oys

| am nae. Accordingly, at [east a portron and preferably substantially all

the cube corner elenents of the lam na(e) and retroreflective sheeting are

full cub t t ed. of full cub
ol ement s 1 EIG: i Rpicats pob bt e B ar SRR ot e p el teerine 17
non- di hedr glheRUDBS sRik ghdbvies 601RFr Q) LIRMaGt Ke® of GHAE ARAE, %{d%%kéd%@ﬁ leal I in

the same plane (i.e. not coplanhar). Such cube coner el enents  are pref erably
" pr eflér r ed eyenofetl:yarc RGutes bl nolieation|verreth e tepget b petibm weneverefament nmay
be defined in the context of a structured surface of cube corner elenents
that extendS%Pbng a reference plane. For the purposes of this 10 ,
application, a PG cube coner el enent neans a cube corner el enment that has at
| east one non-dihedral edge that: (1) is nonparallel to the reference

pl ane; andF{@)28 depinishzspoh thiagrany forsubes dféllle sameegf:omjrrar@e G rihexgepighatdhe edge

of a nei gh ring cube o corner el ement whose three

reflective® acg 8&%811&“@68 r?tg?:lttﬁ%fgsar‘( ‘EFSr ve of squares), trapezoids or

pent ggons are exanpl es of PG cube corner elenents. "Reference plane”

FIG. 29 depicts a spot diagram for the combination of FIG. 27 and FIG. Z8.

FIG. 30 comprises the same angle errors, skews, and inclinations as FIG. 29 except that
the cubes are forward canted by 7.47 degrees.

20
FIG. 31 depicts a spot diagram for cubes that are sideways canted by 6.02 degrees having

various skews and inclinations.

The drawings, particularly of the lamina(e), are illustrative and thus not necessary
25 representative of actual size. For example the drawing(s) may be an enlarged lamina or

enlarged portion of a lamina.

Detailed Description of the Preferred Embodiments
The present invention relates to a lamina and laminae comprising cube corner
30 elements, a tool comprising an assembly of laminae and replicas. There invention further

relates to retroreflective sheeting.

10



15 with respect to the definition of a PG cube coner elenent refers to a
_plane or other surface that approximates a plane in the vicinity of a group
of adj acenV&WBEEHer el ements or ot her geonetric strud’tCLTﬂé%mO‘%/W@@ube
corner elenents or geonetric structures being disposed along the plane. In
the case of a single |anina, the group of adjacent cube corner elenents

consists of a single row or pair of In the case of assenbl ed. | am _nae,
the 20 group of h&d?%éﬂ?‘méfﬁﬁ eéléﬁﬁpréf %P@PW@I&?&E%WW@T@GWW@t‘“ﬂ

el ements of, thotih 1! C L t he
case of sheeﬁ%k&%ﬁge h?‘ghﬁﬁlo? ] a%:lee(rjl}ét;i R4 E%ly’c%rq%a%{r:g ﬁe%gésﬂ%ger{g}? 1y
covers an asubaathIy allsthelmﬂ;eefomdﬁ Ie&niemstdfehéllarrmm(e)yﬂd(retr@eﬂeqmvefsheemlngmreat
| east 1 m®R) _and preferably the entire di mensjons of heeting.. "Entrance

angl e" ref OPBeStthét BHBPIdTRSRIGR o 1 QUsersPeAtdhe Rese of kil m?ae m%nﬁ%mrf&wew 25
h
Vort ond ati e nbSHERRR, b fesRERlhe A0 altdfal by, BF chiipb Utk art) O,

about the dhafetegistiealiitios all irotheshie plant (iad. nadedoplated)r (Sacmcubemmaretembfntsa

datum mark. Lamina(e) refers to at |east two lamna. "Lam na" refers to a
thin plate %mqf@rabhy tpferethzpomeity PGh eubeessner slssifnisio tines its thi ckness

(preferably at %9@9&1)%‘8%@12919%1&99 bt in HEGohlolPSY 4 diichudLotGBEbe  The

I nvention 1s n par I CuU II’T'EI']SIOI’]S am na . n the

case of | anduba coniee Bldments dtiat lemndsrnlbxlrga refgreh@qilaiies Rmfrtﬁeqiun]msei bﬁthis ve
sheetlng, opti.mal di nensions nay be constrained by the optical reqU|renents
of théOfi nadppligationon Phobegemenel P@W%@@@@/@b@mﬂ deaeny hat bagyat leaghene oner

(655 mmy - op-SndRarids s} RRchRgd sRuibeRAaRR Il nfTe) Kk, | Oc0S
of' the | anpapalldl $o i &dj eafeabhcm—ﬂmedzral dize ofl b @eighBorfidcube chesr ¢l8msi8 Anshbeand

nore preferably Iess t han_about 0. 010 i nches Typically, the
t hi ckness ocfonefﬁ@ lemaght whopesthgge mﬂ%kveﬁacgﬁaﬂppwmﬂmﬁ%r@ sV eoRsquARY): and

nore prefer » ranges
in length fr ﬁgg%ﬁﬁﬁégr?ﬁgﬁ%zeg%ﬁf&of??bg out %é%ﬁgr&m 1}%&5& 12% and is
typi cably Iwﬂhrd&sbem t6theriehiaRion bh a 246G ante.coritee chaieghtefas tot dyglahaon othertsppacal |y

ranges from about Q.5 inches _ (12.7 .nun)_to abo t 3 inches (7.6 and is
mor e typl ca S/aPPF‘EgJélaFﬁéﬁl@Sé% exGipgyka grup st adiceny en W%@é&%}w

FIGS. 1-8 (pﬁg, o ﬁ%&, @g}ﬂ1 Psi ng
second mnyj o?tﬁ%s{?e act[Ji ldﬁlg‘?% rﬁna %Bég rt aém?ﬁ%:%u es a wor cﬁﬁasgé&?‘f ace 16 and
an opposi ngdismistd along theadancl Sneixd easelbhgsingleiaaimaf the gtouprjf adjasent fcabecdBerand

second nmj or
J elements consists of a single row or pair of rows. In the case of assembled laminae, the

20 group of adjacent cube comer elements includes the cube comer elements of a single
lamina and the adjacent contacting laminae. In the case of sheeting, the group of adjacent
cube corner elements generally covers an area that is discernible to the human eye (e.g.
preferably at least 1 mm?) and preferably the entire dimensions of the sheeting.
"Entrance angle" refers to the angle between the reference axis (i.e. the normal
25 vector to the retroreflective sample) and the axis of the incident light.
"Orientation" refers to the angle through which the sample may be rotated about the
reference axis from the initial zero degree orientation of a datum mark.
Lamina(e) refers to at least two lamina. "Lamina" refers to a thin plate having
length and height at least about 10 times its thickness (preferably at least 100, 200, 300,
30 400, 500 times its thickness). The invention is not limited to any particular dimensions of
lamina(e). In the case of lamina intended for use in the manufacture of retroreflective

sheeting, optimal dimensions may be constrained by the optical requirements of the final

11



surface 14. Lamina 10 further includes a first end surface 20 and an

opposi ng second end surface 22. In a preferred enbodinent, lamna 10 is a

ri ght recWAhy@#8§16Kol yhedr on 15 wherei n opposi ng surf acFELTARIG MG Ant i al |y
parallel. However, it will be appreciated that opposing surfaces of |am na
10 need not be parallel. Lam na 10 can be characterized in three-dinensional

space by superinposing a Cartesian coordipnate systemonto its structure. A
first refefengk(cs SR Pmqrstrueiites) o geﬁ%rgb@eﬁﬁwaﬁ B4 & telaewsorisss S 045

First refe 4 S1 26 NB Rk c Xi s as
its normal h@gg{@%@ﬁﬁg é:%%%?r@?g?%%?%ng}lslageﬁ%ﬁg? %%'E?Zir?l?n d%ﬁlgq%gk%eﬁi"z@g

pl ane, ext tmuisa Byhsfembly labd thae apdua 0020 wmchbs @oF08 mm) and frmeeprkferaifly leasi na 10
and has the t-_ axis as its normal vector Aﬂa'g%fi.rd ref erence pl ane 28,

|t
referred t §aagboy-QL nﬁl?heétﬁ%,%‘?f gm)e diypicAlly 5ss ofrthe lagnpea 8.3t feadte 20 and

second end . qﬁ? - x| | 0 e sake
of cl gri ty?ﬁé\}[gfpiq@(gsll%ee%@#?c a tglruli( g?éeéeo?aql%gtlg%gé%t Og@gitngc\r}lg?}@g%éz\?\ﬁ Il be
descri bed wirh Tieflen@acandes in kagihatdne abaun 1 indhe(26 Maan) kastsmt 28 irches (SO0r& h

herei n. However, it w be apgreci at ed tgsé suchggeorretri c. attributes can

|
be descri b&t) audisiypiealvdessdbut ainches(18 ¥4 cans The haighhok the naina irriglyhe
Rhedie . . . . o
comr 1 se ol Eebt SodBbib.s hitfiel A3 g Hloul SAREEERS ok PUERS LA REFALED Y

first groo¥sssdeh.abeut 20pthesifgsagond groove 30 set, and preferably a third
primary grooveg\f . g, primar roove face FIGS. 2-9 illustrate a structured

surfadd conpri i&g"gegr%cﬁ F%Ff@@ 108 1@9%1Q%9PH@PS a fird marsurface Heandaiki ng

surface 16 . arng . a fior : IS WO
20041 051618 PLTRCE RS Aot AR A" Lanfha 10 BHud ROMGSARMIBLOR ok 00
grooves 30an oppdsingHtipmeduciace t®bxtendiny bétweerefiest mafbr stufacesl 230)d sacondfoajord i n
Fespect ve SHrEA FamivCULlssHel r FELELTFFe 1 A ot BImsp BHceclged so
extend al ax| ' St | 1St JR| nd the

wor ki ng su(rg a%%Q%B)‘E%ﬁp%éfﬁerg %ﬁ%ﬁ% lta%llci}ﬁdg dﬁrﬁg&gu raa%:ggl?léé%?@t he | am na
10 mey i nciwhdesimopposinganrfadeatare substantivdlypaedllcb r Howévergit walhbe apmrecisted)hatit i s
preferred that qulgﬁn% %hlrface 16 ('is ubst nlt ially free of unstructured
surface poPPPYHE suyigers i laping I nge %04%5&’?11' fl-ar groove is defined by a

vestor al i gnedy pirkl b8 B ERME R e MnALRRMSP UL BRI ORMUBSALE TBY D

defined by its conponents in y and z 10 difections, tr I s being
per pendi culCartedian coefdingtnspsterh ant iBGt@motrd. he fiystasfesenbeplage 24 is centered

between major surfaces 12 and 14. First reference plane 24, referred to as the x-z plane,
20 has the y-axis as its normal vector. A second reference plane 26, referred to as the x-y
plane, extends substantially coplanar with working surface 16 of lamina 10 and has the z-
axis as its normal vector. A third reference plane 28, referred to as the y-z plane, is
centered between first end surface 20 and second end surface 22 and has the x-axis as its
normal vector. For the sake of clarity, various geometric attributes of the present
25 invention will be described with reference to the Cartesian reference planes as set forth
herein. However, it will be appreciated that such geometric attributes can be described
using other coordinate systems or with reference to the structure of the lamina.
- The lamina(e) of the present invention preferably comprise cube comer elements
having faces formed from, and thus comprise ,a first groove set, an optional second groove
30 set, and preferably a third primary groove (e.g. primary groove face).
FIGS. 2-9 illustrate a structured surface comprising a plurality of cube corner

elements in the working surface 16 of lamina 10. In general, a first groove set comprising

12



per pendi cul ar to reference plane 24. For exanple, the groove direction for
.groove 30b is defined by a vector aligned with groove vertex 33b. It is

i mport ant WO AMMESIORRt groove vertices may appear paral | BETUS20848956%x her in
top plan view even though the grooves are not parallel (i.e. different
z-direction conponent). 15 As used herein, the term"groove set” refers to
grooves formed in working surface 16 of the |lamna 10 that range from_bei ng

nomi nal | y paklpstéwo erd prsfrgdy aphuplity of &Faoph39a, 30B, 3qmetca@pective yg?%r@és in
h
groove. that 1 MR S Ring S AGEY oBEPRIPLY "PIF ol 0o (b0l SRl

Al t er nat i Velth/at e regpecﬁfkgrbmmdﬂm 8B and tﬁb&egfeoﬁveﬁrsofefaegcraxdges 3eextemy range
frombeing nomnally parallel to 20 ngon-parallel tqQ within articular
ref erence pla&ﬁéﬁnééls Jtintersedehednstyaipesiabse 17 pedthe w&@ﬂd e%yf) ¥fach

characteris h s of a
groovetsset ?déﬁa%%e#ﬁtgg%h V{’r H%%U&ﬂgé Yé Qfﬁla Qﬁjﬁ?‘iﬁ HZER&% Eal(ri‘gélf?go'gir ﬁ%{ ave this
same degr eer@hainpaidietdddl.c. dmvﬂnaitme@) 1tl‘zloﬁiefa+dd>¢haam4kirgl suffbCOVES sabsargialloves

wherein no purpaoseful variation has been introduced within the degree of
preci si on oﬁrepwéug?t@@wedf@rﬁqpmgorggnsnmm ne. The grooves of the groove set

i oduci g mul £R5ReisnBhP PRAELHL By BdehiBablh vk BraREERIR R mroove, o

and/ or skewyeaed/ Tie grosvd mtn&nv@mmé}} beddieq beifslcympensestrthOedy bl great er
detail. Referring to FIGS. 3-9, the first oove set corrprl ses, q)&ooves 30a,
30b, 36k, etdirectiqusdhp gwkishemg me@d@@rﬁ%regvemév laner 28 anddhe MaHsIng30) t hat

define firs r 3 f-erred
o o 52) angeaBtRiBEESe pitle 24 HoriBhny B2 o ShEve MES, BTN BN AR
referred todefin@y 4 hatorialigrsdswith gedove evase33kerit 1m@o&3ﬁxto&8tatha&,doo®tc 13
WO 2004/ 081619, PCT/ US2004/ 005672 collectively referred to as 33). At the
edge of t he VEHIFFHEAY ePREApPHBVA 10 670 AeFrap iaparl apiewrR¥en thugh thesgragyes %% oove
surface 32a oiﬁﬁﬁ‘ﬂ'é?t(#ee%f?e'i@ﬁ‘}'dﬂne@ﬁorgg&h defdnin FIG 4, lamna 10 may
optionally fur conprise a secon gfr;oovg set conprising at least two and
preferebly a.pl hisaked hereih, thefameatoove sgi aefesso gmﬂvleeﬁdnméhxywbﬂﬁ@g swethck d6as
38) also formed in.the worki ng. surface 16 of |am na 10. thi s enbadi ment,

the first aﬁé@é@@ﬁ&l&rtb@v@%ﬁf&nbmm@m a@&r%l@imcmal %@W&hmﬂ rt8t
f I f ' n f
Dt er ot 1 ng Tkl Gob0ST Behbi . M, SR DELdi Aofrlel Al ©

v- shaped valcleayst geaove l:nleat m‘ﬂomﬁﬁlly puralﬁel loeapephratlel 16 aﬁﬁnmu heAlteriativelesr in8

define third gl oove surfaces 40a, 40b, etc.
tion thereto, the grooves of a groove set may range from being nominally parallel to

20 non-parallel to within 1° to particular reference planes as will subsequently be described.
Accordingly, each characteristic with regard to an individual groove and/or the grooves of
a groove set (e.g. perpendicular, angle, etc.) will be understood to have this same degree of
potential deviation. Nominally parallel grooves are grooves wherein no purposefiil
variation has been introduced within the degree of precision of the groove-forming

25 machine. The grooves of the groove set may also comprise small purposeful variations for
the purpose of introducing multiple non-orthogonality (MNO) such as included angle
errors, and/or skew, and/or inclination as will subsequently be described in greater detail.

Referring to FIGS. 3-9, the first groove set comprises grooves 30a, 30b, 30¢, etc.

(collectively referred to by the reference numeral 30) that define first groove surfaces 32a,

30 32b, 32¢, etc. (collectively referred to as 32) and second groove surfaces 34b, 34¢, 34d,
etc. (collectively referred to as 34) that intersect at groove vertices 33b, 33¢, 33d, etc.

13



10 (collectively referred to as 40) and fourth groove surfaces 42b, 42c,
etc. (collectivel referred to as 42) that intersect at groove vertices
41b, 41c,WEt2804/8¢dP| ectively referred to as 41) as shoRAT/URROOHMES6EHge of
the lam na, the groove form ng operation nmay forma single groove surface
40a. Both these first and second groove sets may al so be referred to herein
as "side 15 grooves". As used herein side grooves refer to a groove set
wherein t N@lgp@mhé(%fyrrwhwé 33).r Shthp eflgryefibedamingyhegiogre frming GRSFL9ATr al | el
to within I ' t direction vectors, to the adjacent side
grooves ofﬂ}a&hfgﬂgiagemkgé%Ig\égégs{g?cgy?'ernat ively or in addition thereto, side
grooves ref er g irtiter@hbodandod dépited §eFIG. anlapdhsn Yo arwioptbhalydatikdrl el to
reference plane 28 to _nonparallel to reference plane 28 to within 1 . Side
grooves arc8mPyse § pRcOBM BiPoNe sPeraIPEsng At leasttwp apd predergplyaaluralitypf pijagent ane
degr of jatl | n_\i i ng: . i grooves are
nom ﬁil |y %‘gowg ’Icgﬁg%ﬂrvl%ﬁgljﬁ- ggﬁéﬁﬁe?s)\% staﬁf?{rj{h%?mql Eﬁ%\% Q%éqrfagﬂﬁgﬁ s % t he

repl i cat edoags eide@bodiBRhE thel 181 il sbaonida o MetsShRpectalpproxirafieRailsisy a
rectangl e par al | el ograns and pentagons, and hexagons when viewed in plan

S
vi ew wi t h fastieferense pjsac 34 to formensiviciuel suRtacelinskuing a Blglesobaltcatiagl el i sm of

the side 25 groaves W n.inpterf e U LNt [ Wil |
subseauentPyRadegeptd e R Rhafl LA b tid Eobber iR SRR E
conpri se WeithkieBitbcStd §208 6thk2. Gfookds 38 Gafile thisd ERDVE bldtackd40a40bSetét 056 Al

(Mnmura et al.), the lam na preferably conprises a dr@%ri mar(y roove face 50
t hat 1@xt erfeellestivaly sefeired toyasidfp and fourth grapve suifageR 42bgficnefc. R@lge&ha‘rléss of
whet her t Frd f ' rKj ; [ 2 I na or
e g L A5 Bl UGl of. b e hai g o
pr ef er abl y13 hagiewa. e sdg dmie lamiild, ther @bevefoeting®ptlaton ma§ fomsla Sm@le
primary groove face 50 ranges from being nomnally perpendicular to faces
32, 34, 4@eRiE suda¢erdtlon- perpendicular to within 1". Formation of 14 WD
2004/ 081619 P 0, I e W y.a
structured suggt@gg%%{spgﬁgﬁ%%épsé gg% %trsgf‘%?%}g%i)@%ﬁ%%% t(E:) g?%g Ese Isgir?e nts having
t hr eg5 per peaslies'ul As ued hatui Side gRioetyrefid TP atbovs sétrwltapdih dal groeaxs ramge t he

| am na. A Si n%I,e | am.na may have a single primry groove face, a Pair of
groove f dEus being spmenallypatalighto nenmaraichtosvithiarly, ngF Bisdespeeiivs ¢irsstion

I ntersecti ' f ] r.enc . "

conour r ent tyofs Sy RE e Hdb s SABLHR S EEE SRR in Mltion
primary grthae®, side proeh ey refdrytopagrabvesthat rangefremdring mndndly2Griltelw thin 1 . A

pair of single |amnae with opposi ntg orientations_and preferably multiple
| ami nae  reference plane 28 to nonparallel to reference plane 28 to within 1°. Side grooves are

20 typically perpendicular to reference plane Z4 to this same degree of deviation in plan view.
Depending on whether the side grooves are nominally parallel or non-parallel within 1°,
individual elements in the replicated assembled master typically have the shape of
trapezoids, rectangles, parallelograms and pentagons, and hexagons when viewed in plan
view with a microscope or by measuring the dihedral angles or parallelism of the side

25 grooves with an interferometer. Suitable imterferometers will subsequently be described.

Although the third face of the elements may comprise working surface 12 or 14,
such as describe in EP 0 844 056 Al (Mimura et al.), the lamina preferably comprises a
primary groove face 50 that extends substantially the full length of the lamina. Regardless
of whether the third face is a working surface (i.e. 12 or 14) of the lamina or a primary

30 groove face, the third face of each element within a row preferably share a common plane.
With reference to FIG. 5-6 and 8-9, primary groove face 50 ranges from being nominally

perpendicular to faces 32, 34, 40 and 42 to non-perpendicular to within 1°. Formation of
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wi th opposing orientations are typically assenbled into a naster tool such

.that their _respective primary groove faces forma primar rogve.
exanpl e, a¥ d@B 818 in 10 FIGS. 6 and 8-9, four |aninae ‘%? 20 ?%WPW&e 100,
200, 300 and 400 are preferably assenbled such that every ot her pair of

| ami nae are positioned in opposing orientations (i.e. the cube corner

| ts of | 100, th th be
ol ement o of PRARD oSG8 sp TeE g Or'%ggmpg % SR abodRe | n
0pposi NG  OfdrBE! Adrhétis Wi tHhg ;%k‘ﬁdfcﬂ[di’ OF afirexmdly pbrpeaditiar Skl fakey t her,

the pairs of |am nae 15 havi ng opposing orientation are positioned such that
t heir respeen thedapimianmey yingle doviea fizaydmve S@lrlgtﬁmmrmmﬂegfa@oveaﬁzf me erably

the opposing |am nae are.positioned in a ration ée f . gned

w T Aoty | HBy PR iR RILor hEFRHEPP Gyt e Ry ot g Tlaagpiies
format kon 0i6 e rgf'eﬁ%@pﬁaﬁé 24 ﬂWP ARSI fn%@ﬁie&@ ph® oFbEfAS) gr%{félfa%gs (eAs used
20 herein, "microstructured” refers to at |east one ngjor surface of the

sheeti ng colﬁﬁr i4i dhe pschgnopeslsrmw&n@b@alraiét@ﬂefﬁﬁmmimmr%(te vgthiglilSt ance
bet ween groove ertl the cu corner. structures). of |l ess. { han.0. 25
i nches (6.35 F‘é"g PVWE%BWPQHS% ppigntptionsand P(‘):’»&’II'@‘I?1@/’H’i’r&1 Lﬁﬂlaf%

preferably 8% b@ﬁﬁg Sri&ftati G a%sty{p& f{f'}ﬁﬁgsemfﬁ%@ 11|1t€ta91fle?§ter%6‘[%ﬁé}i #8; @kir cube

corner elenents, 1s preferably |éss an 0.020 inches (0.508 nm and nore
preferably 265p¢0®:ys ptitrary Sro00d facecfoan a(@imaty groave. FAccxmnpln,gﬂsylpplbtwd in

i <t anbe ¢ nPEo EbdO g B0t normiRaRoR A AiEet GPRE BTN ecul ing

from non- papakBled3aaPMEEevel6thEE lgaﬁf)@ﬂlwﬁ{ae fSpdiaithedin QriehRtBR
ranglngfromabout 0. 001 inches 0254 to 0.010 inc es 0.254 nm), wth

a hei ght ofid gesubtigemer dements ol basm(uolf!mmumgp%mgnglen’@tlpnw@ntbabubel:urt her,
the lateral 30 di.nensio m cr re.i ypi cal |

| oast 0. 00080 sIBTeRy S Pl i Ak fR L oMot o I Rima 0 e 5 bopleife o
ei ther cubeofgithfdn wAN tHel @Be C6mePEIEMEta B MmifdlPe0). TRABEL, HePABEbE1AANANY
peaks. 15 WO 2004/081619 PCT/ US2004/ 005672 I n oné enbodi ment, as depicted in

FI G 3959, t heavipg eppasing arieatationare pisittonsd suchghatdheinrespestite pamamagoewﬁucml ng

a side groo set mhereln a ves Co se differ I ncl uded

gl es. o1 il S PIRGESe B Pl BRSPS R et REGAMedh o aces of
a V- ShaDEdc&[ﬁ@Yﬁldnk(e-Fg 348 81 atwmlu 6 SidePIE RNz the fORRatidiCodfudptbaingl e
Is typically a function of the geonetry of the dianond-cutting tool and

its positiomwallel ative to the

~ Afier formation of the groove sets, working surface 16 is microstructured. As used

20 hérein, "microstructured” refers to at least one major surface of the sheeting comprising
structures having a lateral dimension (e.g. distance between groove vertices of the cube
comer structures) of less than 0.25 inches (6.35 mm), preferably less than 0.125 inches
(3.175 mm) and more preferably less than 0.04 inches (1 mm). The lateral dimension of
cube corner elements, is preferably less than 0.020 inches (0.508 mm) and more preferably

25 less than 0.007 inches (0.1778 mm). Accordingly, the respective groove vertices 33 and
41 are preferably separated by this same distance throughout the groove other than the
small variations resulting from non-parallel grooves. The microstructures have an average
height ranging from about 0.001 inches (0.0254 mm) to 0.010 inches (0.254 mm), with a
height of less than 0.004 inches (0.1016 mm) being most typical. Further, the lateral

30 dimension of a cube corner microstructure is typically at least 0.0005 inches (0.0127 mm).
Cube comer microstructures may comprise either cube corner cavities or, preferably, cube

comer elements having peaks.
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direction of cut. Hence, a different dianond tool is typically enployed for
each different included angle. Alternatively, yet nore tinme consum ng,

di f f er ent WORIPHEHangl es nmay be forned by neking nul t PETESRWAG72hin t he
same groove. The included angles of a first groove (e.g. side groove)
differs froman adj acent groove (e. g second side groove) by at 10 |l east 2
(e.g. 3, 4, 5 prefe abI t .10 (e.g. 1 12, 1 ag% and
nor e preferabﬂ?oﬁ?erﬁpo gt aﬁ‘iepécé me&} %thel@gseﬂgm ?éanﬁ@%?%fii 2t he
di f f er enceniiNamindé Eé&ﬁﬁﬁmﬁ‘@%ﬁe lrfoovt BettvARbrdia lal e iR ed E@ﬁpﬂbefdﬁﬁ’ér@ﬂ@ es in

i ncl uded angles that would arise from purposeful angle errors introduced

for the punqziué@l tcn‘gleso r‘ihmhxdh(bgnglal tiefeys torthe ahgle fornted beﬁvcfehéh@mfapw dfracl uded
angles is t han

289 oo 0 R ierdoieTRR ittt 0t SRt norn Bl it Mgt RS 5 A"

one aspectiméilf Aithd 8dnliryl JFeh 8 oRGhiB g (o] Gnd RS %@éi’ﬂl(ﬁﬁ%lﬁhv@ i@egr ooves)
are arranged in a répeating pattern to ninimze the nunber of different

di anmond cuhtelctlgl bf)@its Henmddcfferém dsanpdndenblad kypecally emlvéowdrfvmachdif&aram si de
groove an S 180. [n referred enbodi na C nprlses
O orr ot "o pSiard wRie: AecratinsbiaSimmbiune s oG e HisUie gREst B ofon 90
al t er nat edfoﬁhé&‘b?ﬁﬁﬁiﬂg n%ﬂﬁ'pl% %ﬁts%t}ﬁ]h iR 591"119%1‘(?0%*‘%& RenRRd hpet egdrangl e

| ess than 90. In doing so, the included angle of a first groove is typically
greater t @nowelgy sidn gwwa)ﬂlffcrrs fem e adjceab groove (6. asdeqndesider b ve) lby agn

i altnt “gresbea(s Akt sh m@?gféwfp?ate PIETR bt 155 TR Rbugh. t he
l'am na WHYmeérﬁr&%fabB%Epét'léc%t il lg n17°vvpsos w@* 56%)S ARBSHIRIZI 'tl‘i’&hfiﬁfe‘ﬁ@é’ﬁxs %
havi ng i ncl uded angl’es of nom na lam na is prefera

subst ant i anclgade&ar@éemfsubstfdmagy @mgemhanahffn@nens ih rsludgd angleg that wbz}dcmnsnal | y

I f d di t, th | t t f
i de. or ooveanEap ety Ry tupghced T baSRTE of SGFe S Deall FarBe: B uoe
of two di fdigeRnte BiiACMAESanioRs chﬂ?lés@fhﬁh%y(e%ﬂ 689, 66%, 80°)gprefy sy less

Accor di nglé with reference to -9, every ot her side grooves, i.e.
30a, 130c, tBae)S°emore praferably leﬁszlhanlé@ an@b‘eenaﬂom@rif@@bbfl lessrthann - wi t h t he

remai ni ng sid qrooves 30b ncl uded angl e of
10a 774 2 as. wi P& SRRt EfernaReuditinslis r s kit edtidsEs ot buR5 72
descri bed drfinkéd inNtefepélitin glplmerﬁ %’hﬁ&ﬁhﬁ& Uk hi@bbn¢r diffseatdBsmandEgting fooldi S
manner inproves the uniformty index. In another aspect, alternatively or

i n conbi natdeded. vintshch érebatlifnfaty theguinrudladibeehtanigl gegove angles is about 180°. In a
preferred embodiment, the lamina comprises a first sub-set of side grooves having an

20 included angle greater than 20° alternated with second sub-set of side grooves having an
mcluded angle less than 90°. In doing so, the included angle of a first groove is typically
greater than 90° by an amount of at least about 5°, and preferably by an amount ranging
from about 10° to about 20°; whereas the included angle of the adjacent groove is less than
90° by about the same amount. ‘

25 Although, the lamina may further comprise more than two sub-sets and/or side
grooves having included angles of nominally 90°, the lamina is preferably substantially
free of side grooves having an included angle of nominally 90°. In a preferred
embodiment, the lamina comprises an alternating pair of side grooves (e.g. 75.226% and
104.774°) and thus, only necessitates the use of two different diamonds to form the totality

30 of side grooves. Accordingly, with reference to FIGS. 6-9, every other side grooves, i.e.
30a, 30c, 30e, etc. has an included angle of 75.226° alternated with the remaining side
grooves, i.e. 30b, 30d, etc. having an included angle of 104.774°. As will subsequently be
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(e.g. of adjacent side grooves) being arranged in a repeating pattern, the
.resulting cube 5 coner elenents have faces that intersect at a common peak
hei ght, nmeXf 490 cube peaks (e.g. 36) are within t hTAHBIWRNT2t o
within 3-4 mcrons. It is surmsed that a comon peak height contribute to
i nproved durability when handling the tooling or sheeting by evenly

distributing the l.oad., Alternatively or in.c i hation thereof, .the | am na
conpri ses s%ﬁ%‘%?én €5 Jetayl gerpplgEng GHEFRg| aﬂggchanghférm Hi Ryt FBPTOY¥ER nent s
that are sohelyireanhadaborward or  backward, the symetry axes are canted or
tilted in a cant plane parallel with reference plane 28. The cant plane for
a.cube corner dhanwether aspedthaltephativelytdnat cansbibatidn wih thed differing mtledeherzlgd ane
26 and cont ai ns t(ﬂe sgnHEtry axi s. of the cube. /Accordin lté’ t he. nor jral

vect or def i ifngf iRPeBbFIHe BIOQNES) REREATYE I GrieRialipg Patmls e fsswiing c¥ls o f or
cube cgrner el 'fktﬁavterf%es@l{g]a?hﬁ@sgclt ¥t &@&ﬁﬁ@n%@éﬂkﬁéign%e&ﬂﬁﬁ%{ Sibe! N the
case of cube coner elenents that are solely canted sTdeways, the symetry
axes of thepamkbesg. dopacanittad thesameplardo whthin 34aneudist 3t batdisedgbatal | el to
reference plane 24 d.thus, the normal vector. definjng.the cant plane has
an x conponEHmeR peskig epir Wei‘éPBPro"l‘??eg‘H?‘Eﬁh@bW ehhafilipgihed Ty axis in
the x-y pla tﬂ?@;"b iyel ed to 20 characterize the direction of
cant. The séggnfmt a{(e?%ncﬁghggﬁ%@gl%@the vector that trisects the three
cube corner faceAltémativelyonin fibahatian dheecof] thh leamh comptibmsaictayeeartates.
FIGS. . | 0a-1Qc depict three different cube comer onetri in plan view
that dPe sofBFOrSEERTSHE- Fappe gogzﬂrélevlegrsaﬁmggﬁéwé@?g Beehirel y T or war d
canted, respeetivelk sohinethNESE afd GG 3r Lilted ﬁf&)@a(l@gahe géﬁ%ﬁ&%t}f)ﬂéfeﬁ%cet he
page and the projéction of ‘the symmetry 25 axis (extending into the page
from the cublengp2®kThd cant plenx for aplube eormer démont ibtheti@eahatosboth Thenalto gnment

angle is nmeasured counterclockwise in this view.fromthe dihedral ed 11
(e.g. di hedRirensepfanei s endsoaisgicdlis HERRRTY s e chos, g?@é&ﬂglyt'ﬁsneuﬂé in
plan view. Qs hRanm3%ke Snt gﬁﬁgﬁ%{ Q% E&H%dg{sbﬁt bf’sxﬁo@ﬁnﬁﬁﬁfﬂ?@f&fwﬁé Sanays

canting, the alignnent angle i eqgr , Whereas In the case of forward
cantinig in tlmesthsieher solely cavedioswadnr backwdré. BOthalchsprmfenbe eoméreelérsert80
degrees. For, a cube that has been canted side s in the absence . of forward
or backvar dMELHE FAGLY PRI JeyRE b SRPETY SXES0f figr e TS STURLNA FIATERE 10b)
17 WO 2004/ Q%ﬁ@%&tﬁ%éﬁ%@%’rgﬁﬁ%@ﬁlaﬂé 28484 1k, {98 A al %Qc%xedéfﬁxir%‘}h%ﬁﬁ the
proj ection of the sy try axis poihts to the Tright (FIG 10b) and 270 when
t he proj ect plane bds anlecaypoment of sakstantiplyme®. t o the left.

The projection of the symmetry axis in the x-y plane may alternatively be used to
20 cﬁaracterize ﬂle direction of cant. The symmetry axis 1s defined as the vector that trisects
the three cube corner faces forming an equal angle with each of these three faces. FIGS.
10a-10c depict three different cube comer geometries in plan view that are solely
backward canted, solely sideways canted, and solely forward canted, respectively. In
these figures the cube peak extends out of the page and the projection of the symmetry
25 axis (extending into the page from the cube peak) in the x-y plane is shown by the arrow.
The alignment angle is measured counterclockwise in this view from the dihedral edge 11
(e.g. dihedral 2-3) that is approximately normal to a side of the cube in plén view. In the
case of backward canting in the absence of sideways canting, the alignment angle is 0
degrees, whereas in the case of forward canting in the absence of sideways canting the
30 alignment angle is 180 degrees. For a cube that has been canted sideways in the absence
of forward or backward canting, the alignment angle is either 90° (as shown in FIG. 10b)
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Alternatively, the cube may be canted such that the cant plane normal vector
conpri ses_both an x-conponent and y-conponent (i.e. X-conponent and

y- conponefP BH8189e5ch not equal to zero). At an ali gnﬁﬁngﬂlsa}%@@ﬁﬁet ween 0
and 45 or between 0 and 315 the backward cant conponent is predom nant with
t he backward cant conponent and sideways cant conponent being equal at an
alignnment angle of 45 or 315. Further at_an alignnent angle between 135 and

225, the PBAWAT dlesimient apgle et WhenthepraiscHame! the sHMeHy aKishRErgtodhsit
conponent -d V.S 1 Gapd [ 13D 5. 10
Accordingf@@gggﬁfﬁ%ﬁéﬁggﬁgo%%g$§ggg&gd§§éggﬁf an?eﬁgﬁégggéﬂﬂggklgghponent
have an al i gnraimativglyetheeubesiay $5 caiteld &uzh that tixedanveplan ddmaddeddd5. Hence, a

cube corner elenent is predom nantly sideways canting when the absol ute

val ue of CREPYSEAHbHERCOPongnp and yspmpenanb (fo X1eamPeRERt §pd y<CogPaRFE T8 han

t he sol I - l<a 0 tes. 15 .
For enbod Ren R rhop e SPABARRR ablc hehfect g daali™ PR ARY HAZAS

al t er nat i nge wtkivanf cant ctenginenyie prddawiimngt dith fties barkwiantdand eshnporghrandubes wher e
the cant plane is parallel to reference plane 24 the adjacent cubes within
a gi ven | Ay eang comgpenest being equay atpnaaligamentrugle efife’ ek oF upbsrat pe|

pl anes. ' |12 cé b€yl . .. pl ane
normar veoy eyt sBledRE 155 dnd 280 ite ReRldanf ARRASHYis bRAAGLEE0NT

cant ed i n thd@readeap! @igponBiatdigsideivags ubeomporent babhg o] palilsSamd & 22aht ed i n
the _sanme or parallel planes (i.e. a-a aqr Preferably, the cube corner

el enkht s dicearijnsly; qatplrngTicAmPHaRE 2pwsderEingnt siderayssint somprneehiavasgl es, e. g.
derived fr | t. 54 ) LS I f ' gl es.
The. a1 1 gnraR Ak aRERechl R 4sIAELER oF BRIk 288 Ll 7L Winch ERIGRRRRAD 5,
cor r espondilengert & pgrbdoniRniitlycaideyga vk warfing vhen$herabsahity yal@dof the yadongponenttofangl e
for the a-a' sideways canted cubes in FJG_  6_is 270 (not shown). FIG 11
depi ct s | dfi FARLDIAAE ARl PR BERRtes mlésal%vaﬁﬁ? af,(thméqoggsonﬁfrtef e

depi cts | aginAg oemel vicidpe cubes are canted backward. Cube designs canted
in this manner result in a single type of matched opposing cube pairs. The
cubel®4a of FI Gor tthbodintehtsfveleesin Gidkesidawhyd 2imted ciuties asdivemedbsfrolnencube 54b wit h

faces 64b and 62c that .is the 30 sang_as cuhe.54c wth faces 64c and 62d,
etc. Accordffghye Py ?ft SdreTonys Wﬁiﬁﬁer%n@%%l ar&ggﬁ“gﬁ%w fie thesARt PRaRg 1 ow
bei n ar . : . ] osi n
a1 uh £ 15 bR FEER IR ARG adjdcent Bibek Wibi dBivef 1S RIERSE B OPPOS L N
WO 2004/ 0660 ParRchitbtPROBE 62056 Farallel planes. However, in general, if there is an x

component to the cant plane normal vector, then adjacent cubes within a particular lamina

20 are not canted in the same plane. Rather, the cube corner matched pairs are canted in the
same or parallel planes (i.e. a—ot' or p—f"). Preferably, the cube corner elements of any
given lamina have only two different alignment angles, e.g. derived from adjacent side
grooves comprising different included angles. The alignment angle for the sideways
canting example in FIG. 10b is 90°, corresponding to the f—f’ cubes in FIG 6. Similarly,

25 the alignment angle for the a—a' sideways canted cubes in FIG. 6 is 270° (not shox;vn).

FIG. 11 depicts laminae wherein the cubes are c,;anted forward; whereas FIG. 12
depicts laminae wherein the cubes are canted backward. Cube designs canted in this
manner result in a siﬁgle type of matched opposing cube pairs. The cube 54a of FIG. 11
with faces 64a and 62b is the same as the cube 54b with faces 64b and 62c that is the

30 same as cube 54¢ with faces 64¢ and 62d, etc. Accordingly, all the cubes within the same
row are the same, the row being parallel to reference plane 24. The cube 54a is a matched

opposing pair with cube 56a having faces 66e and 68d. Further, the cube 54b is a
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mat ched opposing pair with cube 56b. Likew se, cube 54c is a matched
~opposing pair wth cube 56c. Simlarly, cube 57 of FIG 12 is a natched
opposi ng PEPROCBKI2ube 58. Matched pairs result when 1BEI/VSIAHPHEA0f a
first cube about an axis normal to the plane of the structured surface wll
result in a cube that is super-inposable onto a second cube. 5 Matched pairs
need not necessarily be directly adjacent or contacting within the group of
cube coner mAtched @PROSIMGRAHWHh sahe 3D yhikewisey CliegiAcdea piatched eppasEig RAE
per f or mance, f: g She. §i>ﬁ{ﬁ[£?1§’ &?oe%to'm@.sffﬁta ﬁﬁfﬂéh% o¥ifi gﬁir'&ﬁ alhyggchanges
in entrance angle 1 or oOpposing ~orrentations. Inc CFas , Sl dewayS canting
resul ts i nMatéhddeate sésgh WA Shotgioh W a dirdtfcabemoul Bn axibacmiidl e thatplarsof
within the same row and thus created by the sanme side groove set. For a
si ngl e | anithfstesimped sTfige boll resulhin ¢ pybstthatig supse-gmpossble opfo asegengpdhsves or a

pair adj nt, _tanm nae _.assenbl [¥y) ing orientati . .ihe | am-nae
orpr oo 1 Dgoeget AT ADRIRERSTRNT be ipEBEHEOR & cufR Bl b BroBBE e,

as depi ct eqdubdicdrhésDlerfentd M%tcha_d‘ﬁaifsqwfiicﬂlﬁﬁﬂoﬂfdb'ré’&ox@ﬂé&ti@é PBifoRHILS tak &
identified as cubes al pha (a) having faces 32b and 34c, beta (B) having 15
faces 32c anWangHe: with pispeqind pesiifve)oringgativg ohaeges 1n oetrangel augle forapgosiaga pri ne
(B) having faces 40b and 42c. Cubes (a, a) are a matched pair wth the sane
geonetry mﬁéﬁ%ﬁ?‘?ﬂed 180 such that the cube faces are parallel, as are
cubes (B, B). Fuhth@fast, siilewaid@atifsresaltd iaGedHbe ldadibn asmpissife tWodiffedd®) are
confllgured in opposing orientations. Although the  symetry axis of the
cubesl( s t icppeerisitaionaydthin the spine raw and hiug arsatstl byribe sAmfesidf goveesqti Fera 20

the plane tha i vi des the graoove dnto.two ual rts ref erabl.y.ranges

fr om bel ng “Has AR SPrphete S il Ry tei ity SRS v o hERE B ERE
groove (i . @amiidé Hi¥eyldddh abf?@h'ﬁg orleftafighd) Shd@RidedohPris¥Fdul distihetl - diffeRat |
each bisector plane ranges from bei ng nom nal | ﬁ@gar allel to reference pl ane

28 to bei nguhesrppdrtapldafferent mathadaaire asidgpisteddn it 819, The @i digingily ar e

i sobri ght ne contour graphs kllustrating.the. predi d al_Ji .25 .
Feturn for StgauBel iR B trbet Abb B e e SRE 2 vel (Lb i
nmaterifpl  Mass B3¢ aid 34 @lphafpringf (63 ahviAg faks 406 ded2dy éxﬁdlbélﬂpﬁﬁiegﬁﬁﬁﬁdﬁg@ es
and orientation angles. In "FIG, 13 the matched pair is forward canted 9. 74

(e.g. cube feessdPbenéddat Sulss (039 avt 2 Matghed paiy withthepane gepmettyewhen okasefl pai r
i s backwar ant 7.47 (e..dg. cube ner_ el enent 45 58 of FIG 12).

F s 15 195 R Bl R s BERRRRL 3 BsteoPR (B o v R PSR o8 t ot al
30 I'ight r@d}ﬂc&ltflﬁhhi_a@-(@.%%ﬂgimféief%oﬁiﬂgﬁl‘éﬂﬁﬂb dsBf drithtaGiBRe ARKARh tBE ement s
formed froma material having an index of refraction of 1.59 at varying
entrance arsyestyratioritbneutes eriippad gidewaysh Ereebisastor plave of Brerséde mhevrsifts ar e
cant e&lo s d%gl%nél ’ché.'}n’fL ﬂi‘v‘lSdeg, %ﬂe g?b&%’int%’t%%’eqﬁﬁdpans) preferably ranges from being

nominally parallel to the bisector plane of an adjacent side groove (i.e. mutually parallel)

to being nonparallel within 1°. Further, each bisector plane ranges from being nominally
parallel to reference plane 28 to being nonparallel to reference plane 28 within 1°.
FIGS. 13-14 are isobrightness contour graphs illustrating the predicted total light
25 . return for a retroreflective cube corner element matched pair formed from a material
having an index of refraction of 1.59 at varying entrance angles and orientation angles. In
FIG. 13 the matched pair is forward canted 9.74° (e.g. cube corner elements 54, 56 of FIG.
11). In FIG. 14, the matched pair is backward canted 7.47° (e.g. cube comer elements 57,
58 of FIG. 12). FIGS. 15-19 are isobrightness contour graph illustrating the predicted total
30 light return for laminae comprising retroreflective cube corner elements formed from a
material having an index of refraction of 1.59 at varying entrance angles and orientation

angles where the cube cormner elements are canted sideways 4.41°, 5.23°, 6.03°, 7.33°, and
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19 WO 2004/ 081619 PCT/ US2004/ 005672 9.74, respectively for alignnment angles
of 90 and 270. An alternating pair of side grooves (i.e. 75.226 and .
104. 774) WO 2994981618d for FIG 17 to produce cube corner PCINEI4085¢hat are
si deways canted by 6.03. The sideways canted arrays have two types of

mat ched pairs, the (3-(i' and a-a' as depicted in FIG 6. These matched
pairs have 5 alignnent angles of 90 and 270 respectively. In each of FIGS

15-19, t hed74smspestivalysier alignmentianglessqfiP0r and 370° A dteandiiagipaly of Bdesane (i . e.

vertical) lentaf i s ' in...F 1 lcied total
light retu K0 %Sr(ﬁéi 7§tr})b2§ Sgﬁézﬁﬁzﬁﬁeu&lhngﬁrﬁ ?a_%/'] ?nogéo ECech]B gg(%)rgl%red froma
know edge gbkmpeE @0 hredbddwiSs BaRé B6.05 Y TRIEi @ edys Xanté® bithyd Ha9Btwd Bfpes &f | S
defined as 10 the product "of percent active area and ray intensity. Total

| i ght ret umatched palts; thetfi—-p' amicdr-aed depibted coFHE. @rTlemgs maschdé pairs lrvd by St amm
U S. Patent No. 3,712,706, For an initial unitary light ray.intensity, :
| osses mayaliganmt anglesafiAio aph 3 L0° respapievals singiash Pfrgﬁﬁgast]ﬁeﬂﬁrlwgg@?@ace of

t he sheeti ' S f . 0 . surfaces.
L e e B A U e e
sheeti ng rBfGR@ 1Vend mlex of about 1.59 are roughly 0.10 (roughly 0.90

transm ssion). _Reflection |osses for cubes that have been reflectively
coated depend f Bredisiasplablight reten for g subegoraeranatahednr arpy magpecalqulated| dence

relative t haelEﬁ 1 . ] ef | [ C f.i gl for
al um num rgrf) {nec | %?@?g&%@gﬂ%ﬁgg@éfg? acgfeagqgtre gglgfé)urgﬁél;}f%u cl)é &‘g.ﬁ% gf each
of tHe cubthesuwsduatelperdeat hatiiatsa dndssemtdnsity.cTbakligttatturrefoy doectlyot al
internal 20 reflection are essenti al éﬁ/bzgro (essentially 100%reflection).
he) o

However , i Pagiiaedgipesonir arrgys;lgdescab fargh U-$-Rptgng Net 34/82480-t he cube
surface nornmal i : |t L.nt.er nal
refl ection can E?reigﬁﬁ%g\%{gﬁ %ﬁ%ﬁ% tg%%%ilt%ﬁ%ﬁltﬂ gggﬁlgﬁ%&‘gp #@%ﬁ%’oh%gsy pass
t hr ough t htrawssfissiaisntfraogh therfrdnt safacand ke sheetmgfand dtanoreflettidthipssesfit eachi ve

I ndex of the_ cube uﬁt erjal and of the index of the material hehind the cube
(typi cal | yohtheireeseuesuriacesp Frend symacediapsmission lofsesHoE Rear nopplipddenco g
edi t i1@n, | : e | Iy hE S . es and
t ot allgi nt éf‘glgda &{régt}ﬁf%%? ?é%t%]‘fle%ﬁg keaéfﬁbg{éﬁgéegﬁ?gﬁg{g gﬁgéf&eu”gﬁ |"n%?%/r§g1&%?&ﬁ'cube
cor ner el eRefi¢ctionyosbes fdetdrenithne Hatwyheen neflactvelgeaited depentl dort examiptegincthk
I ntersection of the prqjectjon.of the three cube corner surfaces.on a plane
nor mal to DR OF e141RE eRd tHerrels tm°1€1%{’593Wli‘tﬁ’ettﬁéhepﬁ"%’]eéﬁlfr}fi‘i?ﬁmémaf i%hge
surfaces o ' . TR e d for
determ ni n;geﬂg?[?oerfc‘{z):es%légge#o? %r els 3@%@@2&6 ?tgirl @{é‘%asrr“gﬁ ggl;d?/‘? Ef:u%ﬁ r d%fto

0.9 at each of the cube surfaces. Reflection losses for cubes that rely on total internal

20 reflection are essentially zero (essentially 100% reflection). However, if the angle of
mcidence of a light ray relative to the cube surface normal is less than the critical angle,
then total internal reflection can break down and a significant amount of light may pass
through the cube surface. Critical angle is a function of the refractive index of the cube
material and of the index of the material behind the cube (typically air). Standard optics

25 texts such as Hecht, "Optics", 2nd edition, Addison Wesley, 1987 explain front surface
transmission losses and total internal reflection. Effective area for a single or individual
cube corner element may be determined by, and is equal to, the topological intersection of
the projection of the three cube corner surfaces on a plane normal to the refracted incident
ray with the projection of the image surfaces of the third reflection on the same plane.

30 One procedure for determining effective aperture is discussed for example by Eckhardt,
Applied Optics, v. 10, n. 7, July 1971, pg. 1559-1566. Straubel U.S. Patent No. 835,648

also discusses the concept of effective area or aperture. Percent active area for a single
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Applied Optics, v. 10, n. 7, July 1971, pg. 1559-1566. Straubel U.S. Patent
- No. 835,648 also discusses the concept of effective area or aperture.
Percent acVP8044B&H%F or a single 20 WD 2004/081619 PCT/ @§§G§&&H@B’E§7% cube
conmer element is then defined as the effective area divided by the total
area of the projection of the cube coner surfaces. Percent active area my
be cal cul ated using optical nodelj n(% t echni ques kno%ﬁw to those of ordinary
skill in tKebeeAmecglenentds hen dgingdeas theeideova atrasiinasd baiheyjotakarpyof the
conventi onal..: t i t 'ﬁlf&g : j : onmer
mat ched pa?’#oJé€(¥0§yJﬂng§/§g)ecC§ﬁ%3Fat e S'bg‘%g‘ig}g? gﬁ{%&%’ﬁﬁ%g?ﬁ%ﬁ teggt@}ngg? g“r:éeia of
t he two i ndnodetiugkechuigaeclaionar toehee@iivalinary skidl imslicdpealpatsror nflytter nat i vel y
stated,. percent _active aperture equals the area_of a cube corner array
that is r etqe@r@fneééwm«?@calﬂsglmln&wwe%w@yraym@%@%ml%@anaPenftﬁétl‘aer%ra%/for

Per ce actj ' : I r lyve

i ndex rg angl aec\{%? %{Sﬁ%{ g%ﬁ%éé s%%] %Q?Lea’ |B§1 gﬂgélﬁgﬁibgﬁvglﬁ? %%@%%é?nrt fa%tg\fet Egg%:(ll)f\cli 13
vector V1 rteptvaseididdid eutp) comeer teleatentsSinnhe matchtdpaief Altanativelpktated, ocend

i ncludes the symmetry axes of cube corner elenents 54, 56 in FIG_ 11. For

exanpl e, Viactiyeaparreeqiatiibe aisp of A RrbeAaryer gt iy erpretisrimedight Ghidadedy
vertex 51 f,o0 g b ofAthiCak AV SHS&5H h&f%e%}eatibgﬁé)&ém%x @8\6‘3 chﬁsg or%?ry The
ed tota g r

concentric 1Sobrightness curves Tepresent e predic eturn
of the arr agfradtiveildexcaigleof dtidemie, andsheethle @lientdiiovar i ous conbi nati ons of
entrance angles and orientation angles. Radial novenent from the center of
the ptdt represdndieringde Elai Wyvestar Vaderress 1Bs plapa theb isaaamghiodpisrrncs)

movement r%@ﬁmigaa&&i 95Ty LR ALLONC Bhod it itdes SRTRSIG A IRt W LR

respect to source. e 1 nnernost isobrightness curve derarcates
the set of exahph)de Lhangl eplanadubsfaniidilysnommbtioghle pamaryodrocwdxeerie Sa dormeddesyent s

54, 56 exhibit 70%¢total |ight return. 2Q Successively outlying
i sobr i ght ne8S IKEIPSAREEN 9& FERIEREY SFROVEHRES afd 1 ?F%‘%?F%‘FF&?P%&&%]Y“@%S Y

successi vely § - £ ' EB,I}@Q; RALS 1ERLess backward
cant ed cubersplltegégi?c%eﬂﬁ%&ﬁ%%&t \A%%%?ﬁ% 1uand r{1/2 © or? 13g?oa’d‘ﬁ;:aar%t rance
angul &%i ty taniatis esebinatieisafehiadicy apglepanblodantaiontangleanRadinabmbesmenft dronar d

canting results in the principle,.planes of entrance angularity being 25
hori zont al '@RAeREAfitheplobEPLssERR ICFPaRnE; e AICePRE eaﬁﬂuﬁtmmmf?rsmﬁr eturned at

R
backwar d cate lipht soesiel (Theiimmetthest fsobrightpbss cupteadensaraftesahe sa ot entaarge kagled y
(1.e. V3 angw\{fl}gh Y Ha’?c;rﬁteg gal? E)f éu%%%glrr}/er gl%n’fegtstSQ,eSE g)gtﬁbi?t]O‘;[Aqgtal light return.
20 S;ccessively outlying isobrightness curves demarcate entrance and orientation angles with
successively lower percentages. '
_ A single matched pair of forward or backward canted cubes typically have two
planes (i.e. V; and V) of broad entrance angularity that are substantially perpendicular to
one another. Forward canting results in the principle planes of entrance angularity being
25 horizontal and vertical as shown in FIG. 13. The amount of light returned at higher
entrance angles varies considerably with orientation and is particularly low between the
planes of best entrance angularity. Similarly, backward canting results in the principle
planes of entrance angularity (i.e. Vsand V4) oriented at roughly 45° to the edge of the
lamina as shown in FIG. 14. Similarly, the amount of light returned at higher entrance
30 angles varies considerably with orientation and is particularly low between the planes of

best entrance angularity. More or less than two planes of broad entrance angularity can

result depending on the degree of cant.
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| amina as shown in FIG 14. Simlarly, the amount of light returned at

hi gher entrance 30 angles varies considerably with orientation and is

par ti cul aMG 20040318 ween t he pl anes of best entrance af§lVErP05¢Bre or

| ess than two planes of broad entrance angularity can result dependi ng on
t he degree of cant. 21 WO 2004/ 081619 PCT/ US2004/ 005672 FI GS. 15-19 depi ct

the predicted total |1 return éTLR) i SOI ntenma{ﬁcont ours for a pair of
opposi ng | am naBlGraAS n@@%@%@e giefl dfaldight seturpy )@q@gntglgs@tupﬁntpgrsrfgy%

uni form ag, 1&89{;@%&& 1 EQﬁ?ﬁﬁgﬁﬁ £Sys g?ﬂtfeﬁ'c%esa%%gﬁg Eﬂmﬁ dﬁSﬁé‘nﬂﬁ

conparisonto t i ntensi orward ‘an cant cubes
of FIGS. 13s mditatkd byfthéShapd bf ﬂ;ﬁ mtﬁmppﬁoa&uﬁglh&mm maiolmpahs@hmrthd: 1sgmtenrs&yur n

at the | ocatl ons_ of I ow_ | ight return evident

Accor di ngl plotgRfdarva éﬂ‘ﬂ’ dqmdaRUbFﬁ %ﬁ%ﬁse% 131&‘?13:@ 5@ é§ ]@LF}?P%C(B at | east
ent r an?l?c)stdnﬁal%; fri h{éﬁé&‘ﬁﬁﬂs of 1'o®rﬁ§ﬁ L QR ﬁ{ B8 1§ and

deS|rabIe or sigmn S since the signs are comonly posifioned at

orientations. akcéidingby, gaﬁld %BennBﬁlo@rrLRta@lﬂgher @ltesedindleMaptd Mleast450NMMON

nmethod for inproving the uniformty of total light 10 return with respect to

ori ent at i osntrrensehie gredigted. nhhis improved @mnmjloa petfbrmasice ¢s @e,w@bleé‘mgmng)ol i ng
sections in re than one orientation, describ in US.
ot ent No. DrBuEs nss the S aie ST BN QU ONE B O RROSRS RS, TR QvouHoE he
uni f or m thcPﬁleg)Pés@ﬁtdﬂ/e%Bn d@&n&&h&nm‘éﬂfoﬂ%&t rﬂﬂ@vﬂi%ﬁﬁ: drforrhit) bPGtAH EhUS the

array is substantially free of til in no an one orientati 15 hi
orderl® o costparweth tespaghic menta:tlpndnfas beﬁnajlm[g; ightplacatg e multipliR)ty of smvall ioolmg

optical desi the verage R at r ent at.| 0, 4 By be
TPV ded by SEHBER e JRar CrerRT R P e e Sapgple fEUSH Paete; o
di ff erenceshgpge! nSId% T%?é‘dn’i@&rﬁuﬁé‘ SomB aﬂhﬁ?é Qhnl lfprdbe Hﬁ%ﬁoﬁﬂﬂ& &8totad hlghiat a
fixed entrance’ angl e. e entrance angle’is preferably at least 30 or

great er, amtumpwithputdheneed| for ilingrmdghesdhe prrayprseshbstanthllydisieqd siligg irembiehi t t he
maxi mum rat,i o of aver gne TLR relative to TLR range. This ratio, i.e.
"unifornit&ihainr‘l)g ? ? was cal cul ated for a 40 entrance angle for the

forwarsd and bagkyiedtocant éﬁ%tﬁéﬁﬁorﬁ{ﬁyﬂt%al Heht 206 mlALR)IREGSis\PriKalas Vel |

as for the sideways cante cubes havi'ng vari ous degrees of tilt of FIGS.
15-19. For déagisetht avbmgs WERI atgriedtatids of 0&Le45° gnd 80tmay be dnuddd Hyahe hange of
thickness of the |amna (i.e. aspect ratio = 1). The calculated 25

uniformty lﬁ(ﬁ)@ﬂie%tagﬂﬂﬁﬁrqoz@ and Mapecthe dggerﬂ%ﬂelbé%een theppginum and

minimum TLR at these angles, all at a fixed entrance angle. The entrance angle is
preferably at least 30° or greater, and more preferably 40° or greater. Preferred designs

20 exhibit the maximum ratio of average TLR relative to TLR range. This ratio, i.e.
"uniformity index (UT)" was calculated for a 40° entrance angle for the forward and
backward canted cubes of FIGS. 13 and 14, respectively as well as for the sideways canted
cubes having various degrees of tilt of FIGS. 15-19. For Table 1 the spacing of the side

grooves is equal to the thickness of the lamina (i.e. aspect ratio = 1). The calculated

25 uniformity index is summmarized in Table 1 as follows:
Table 1
Forward | Backward Sideways (alignment angle = 90°)
Amount of cant 9.74 7.47 441 523 | 603 | 733 | 9.74
(arc minutes)
Avg. TLR 0.210 0.133 0.16 | 0.184 | 0.209 | 0.180 | 0.166
(0/45/90) 0
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Forward Backward Sideways (ali nent angle = 90) Amount of cant 9.74 7.47
4.41 5.23 6.03 7.33 9.74 (arc minutes) Avg. TLR 0.210 0.133 0.16 0.184
0.209 0. 18WM29EEB161%0/ 45/90) 0 22 WD 2004/ 081619 PCT/ USHSTAYPOBERS672T. R
Range 0.294 0.154 0.09 0.023 0.034 0.167 0.190 (0/45/90) 0 U 0.71 0.87
1.79 8.02 6.23 1.08 0.88 Uniformty Index (U) = Average TLR of 0, 45, 90
Range at 0,_45 and 90 5 Imprn\/pd orientation uniformityv results when the
uni fornmity | FERRangegr eat ar 08% 1. ®ke4 er nBI0p, | PR3 UND-H3A Q167 h&ERO|s
greater than08i5(%)g. 4), and nore |preferably &repter fthan 8 (e.qgl 6, 7, 8).
Uniformty [iwHex will vary a® A funct 087 of | Vi plH.65 |sB@3 4s1.08be 0.§gnetry
(e.g. anount and type of cant, type of cube, cube shape in plan view,

| ocation of 10 cube peak within aperture, cube dinmensions), entrance angl e,
and refractive index. FIG 20 illustrates the uniformty index plotted

ver sus al i giingerimignigiex (@) =caverag TIRIbEOLdFHE0° arrays with varyi ng amounts
of cant and varying x and Y ReREp en@n4 s an@moot heir cant plane normal vectors.
The argays have two types of matched pairs, simlar to the (3-(3 and cc-a'
as depicted in FIG 6, although these cubes and/or pairs may not be nutually
15 adj acent. Thelngrbesl érrentdioh unifoimhiedrepalts whrantbe guifernziy indéx is gréntersbare

al i gnment a e. Alignnment angles for the t t s of matched pairs differ
from 0 or 1borbprets QaRIomRERIc Eareatst i o8 B i T GrHERE DB of
100 (di fferﬂhﬁﬂSf(é.@%,b?@).Wni%tfy%d@( will %?%aﬂt’hﬁ‘l_cﬁén bt valabBisahiesk R@kr the
second (e.g. adjacent) cube or Second matched pair would have an alignnent

angl e of 26geopeEtyded dmhewmitagd fyperaf T80, type 80jube2ubE|stpe2io pdaroviswi legatianhef

average TLR for pol yvcarbonate (having.an,index of . refraction of 1.59) as
wel |48t necuiierek Y PR aibe HaeiTEL i igee gl SbREerTRBIRG, g a
predom nant si demmy S20CiHaétt4Ae 160 MREDAAkY ide pldtRe verNs alibMMeht shofefol @hRed
about alignnment angles of 90 and 270. Note that alignnent angles between 0

and 180 ar ecubsrcemenawaysowith Herykgommanats ofoantandergng & api G copponeaimforeheir t o
right. Al g(r:]a%? Ir)]fang gglln%ﬁ vectors. The arrays have two types of matched pairs, similar to the f—p'

and a—a' as depicted in FIG. 6, although these cubes and/or pairs may not be mutually
15 adjacent. The cubes in each matched pair have substantially the same alignment angle.
Alignment angles for the two types of matched pairs differ from 0° or 180° by the same
amount. For example, for an alignment angle of 100° (differing from 180° by 80°) for a
first cube or first matched pair the second (e.g. adjacent) cube or second matched pair
would have an alignment angle of 260° (also differing from 180° by 80°).
20 FIG. 20 shows that the average TLR for polycarbonate (having an index of
E refraction of 1.59) as well as the uniformity index are maximized for cube geometries
‘k having a predominant sideways canting component, i.e. the range roughly centered about
alignment angles of 90° and 270°. Note that alignment angles between 0° and 180° are
presented on the X or horizontal axis of FIG. 20 from left to right. Alignment angles
25 increasing from 180° to 360° degrees are plotted from right to left.

Preferably, the alignment angle is greater than 50° (e.g. 51°, 52°, 53°, 54°), more
preferably greater than 55° (e.g. 56°, 57°, 58°, 59°), and even more preferably greater than
60°. Further the alignment angle 1s preferably less than 130° (e.g. 129°, 128°, 127°, 126°)
and more preferably less than 125° (e.g. 124°, 123°, 122°, 121°), and even more preferably

30 less than 120°. Likewise the alignment angle is preferably greater than 230° (e.g. 231°,
232°,233°, 234°), and more preferably greater than 235° (e.g. 236°, 237°, 238°, 239°),
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25 increasing from 180 to 360 degrees are plotted fromright to left.

Pr ef er abl the alignnment angle is greater than 50 (e.g. 51, 52, 53, 54),
nor e é%@ﬂ%ﬁ@?“@?eater than 55 (e.g. 56, 57, 58, 59), P%H@S@Wﬂw)ﬁﬁ%e
preferably greater than 60. Further the allgnnent angle is preferably |ess
than 130 (e.g. 129, 128, 127, 126) and nore preferably |ess than 125 (e.q.

124, 123, 122, 121 Ven nore pr aply 30.1ess than.120, W se the
al i gnment aaﬁgv@ mgge&regwﬁbwa@@avﬁﬂgj &Ka{ﬁ&féﬁle@@"am‘%ﬂg ¢ s prggorat é S5234)
and nore prafanabl y goeajgp §d’rar30§3)5m{d%&e p%éf@rab%ﬁléss tﬁéﬁzosa%gg 30423 VWO
20041081619 PCT/ US2004/°005672 ° ’and even nore preferably greateér than 240.

Furt her t B3O331309%"39ht) andghven mergprefeeatdiplegs thas $00t.han 310 (e.g. 309, 308,
307, 306) and refe bly |l ess than 3 304, 303, 301 ) and
even nore pref g&‘&ﬂ‘i} alf ?Iéhe S Sﬁ%et%ﬁ?%trelgtfvettf’ ArVegior P%e’gﬁ‘ﬂ’éﬂs}? metry
axes § el aty,y aﬁé’oﬁhX%ﬁﬁ&ﬁs %é%?@‘dé:ﬁltﬂléferatbﬁr %éattef'&a{?ba”ﬁurﬁfer ttﬂ@alﬁb'ﬁﬁ%f I's at

| east 2 an referably greater than 3. Furt t he anount ‘of
pr ef er abl \ilt is pseftdably léss thac®r dicogidingly,Hiee mostt preteated amedntwfmﬂurangﬂs ﬁtanh t

ranges fro bgut 3.5 tg.about 8.5 incl dln ante val ving end points
sel ect ed @Feﬁ%s?éo ago“f 8. 83“‘3 ‘%Qc g gy integval a’il EPOH“SSS@ egted %ﬁl?’é 5-Conbi ned
wth end °n§ B 31%°e@§‘eq ob rO48 145a16d 458, cinzmﬁed %btﬁ end poi B %ef%ctegﬁjomg 2, 8.3

and 8. 4. Cubé géonetriés that 'nmay be enpl oyed uce these dlfferl ng
anount s of7.6 48Wayss, ta‘ms 0ar&1% 8fed. 3°z2md 8i45. tmbbgecﬁnetfu‘baathamm:ghmplogagl e my

be 90 or 270 for ea unt of ca Table 2 Anount. of. e groove
Si de?%r ooJ% Pfs}daéeg&e P%jémaw%eﬁﬂdwayg&smsaé? sipgzin bl - B 9%
Sub-set 2 ajidakEnan eem béé(%cﬁ@gbefcfr)eaﬁmrh Okeag) Full angle () 4.41
39. 591 50. 4 79.182 100.818 5.23 38.591 51 409 77.182 102.818 6.03 37.613

52. 387 75. 226 104. 774 7.33 36. 009 53.991 72.018 107.982 9.74 33.046 56.954
66. 092 113.908 15 Although differi nglj gizlzuded angles alone or in
conbi nation with the previously able

Amount of
Cant Side groove | Side groove | Side groove | Side groove
©) Sub-set 1 Sub-set 2 Sub-set 1 Sub-set 2

Half angle (°)| 1/2 angle (°) | Full angle (°) | Full angle (°)

4.41 39.591 50.409 79.182 100.818

5.23 38.591 51.409 77.182 102.818

6.03 37.613 52.387 75.226 104.774

7.33 36.009 53.991 72.018 107.982

9.74 33.046 56.954 66.092 113.908

15
Although differing included angles alone or in combination with the previously
described sideways canting provide improved brightness uniformity in TLR with respect
to changes in orientation angle over a range of entrance angles, it is also preferred to
improve the observation angularity or divergence profile of the sheeting. This involves
20 improving the spread of the retroreflected light relative to the source (typically, vehicle
headlights). As previously described retroreflected light from cube corners spreads due to
effects such as diffraction (controlled by cube size), polarization (important in cubes

which have not been coated with a specular reflector), and non-orthogonality (deviation of
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descri bed sideways canting provide inproved brightness uniformty in TLR

~Wth respect to changes in orientation angle over a range of entrance
angl es, i tWP20U%8WIhreferred to inprove the observati onPGRYSIUHPEY " %r
di vergence profile of the sheeting. This involves 20 inproving the spread of

the retroreflected light relative to the source (typically, vehicle
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grooves. Side grooves 80a and 80b are cut with positive skew, grooves 80c
and 80e wi tI65uRNCS kuuRferaRfe MiawARe 80d with negative skew. The path of the

si de grooves 80 glg‘g”, i : it I i de
grooves 80a, 80011,"1@2%2 Oese%{ae\e}%gg%gegae%%lﬁﬁ B%gﬁléé’%gféegl%@?g&ﬁ%%?‘. ?n}t

gr ooves sub-rosedf)cubé benarasiEmeitt tomprising bketved granvendSida prdvevesi 8@tlandBfhoarm al |

of these grooves. Further, if 20 the alternating grogves, nanely 80b_ and 80d

have the s&fféWithgrosidue skavgiesoqies §0¢ aubole wighoyh sy B¢ granys S9d withgrsgatifrd 80d
cen be o 46k 18 SOOI B Ron BRI, ks S gl
suf fi ci ent | gidegrosesst8faj $0=, shd 80ghoe\ie bahd inalngt®arig (d. H & 5P, first grodvessmbond
sub-sets. set), the same cutting tool or diamond can be used to form all of these grooves. Further, if
20 thé alternating grooves, namely &0b and $0d have the same included angle (e.g. 105°,
second groove sub-set) §0b and 80d can be cut with a second diamond. The primary
groove face 50 may also be cut with one of these diamonds if the primary groove half
angle is sufficiently close to the side groove half angle for the first or second sub-sets.
Optionally, one of the cutting tools may be rotated during cutting of the primary groove
25 face in order to achieve the correct primary groove half angle. The primary groove face is
preferably aligned with the side of the lamina. Thus, the entire lamina can be cut
incorporating MNO with the use of only two diamonds. Within each groove set skew can
be easily varied during machining to produce a range of dihedral angles. Cube corners in
general have three dihedral angles attributed to the intersections of the three cube faces.
30 The deviation of these angles from 90° is commonly termed the dihedral angle error and
may be designated by dihedral 1-2, dihedral 1-3, and dihedral 2-3. In one naming

convention, as depicted in FIG. 22, cube dihedral angle 1-3 is formed by the intersection
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Optionally, one of the cutting tools may be rotated during cutting of the
primary groove 25 face in order to achieve the correct prinmary groove half
angl e. Th®0HB§I91%r oove face is preferably aligned wRH/EREME0HI20f t he
| am na. Thus, the entire lam na can be cut incorporating MNOw th the use
of only two dianonds. Wthin each groove set skew can be easily varied
during machining to_produce a range of dihedral q%lgﬁsin% Cube carners in
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devi ati on proséopeingimachafigy.ence pl ane 28 of a particul ar side groove from

t he nom nal orthogonal slope (i..e. } ) )
A t%rna?ively, orri)n acidiﬁon to the features previously described, the side grooves

20 may comprise positive or negative inclination. "Inclination” refers to the deviation in slope
in reference plane 28 of a particular side groove from the nominal orthogonal slope (i.e.
the slope of the vector normal to the primary groove surface). The direction of a side
groove is defined by a vector aligned with the vertex of said groove. Orthogonal slope is
defined as the slope in which the vertex 90 of a groove would be parallel to the normal

25 vector of groove face 50 (normal to groove face 50) for skew equal to zero. In one
possible naming convention, positive inclination 92 results in decreasing both dihedral 1-3
and dihedral 1-2 for a given side groove while negative inclination 94 results in increasing
both dihedral 1-3 and dihedral 1-2.

Combining skew and/or inclination during machining provides significant

30 flexibility in varying the dihedral angle errors of the cube comer elements on a given

lamina. Such ﬂexibility is independent of cant. Accordingly skew and/or inclination may

be employed with uncanted cubes, forward canted cubes, backward canted cubes, as well
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the sl ope of the vector normal to the primary groove surface). The direction
~of a side roove is defined by a vector aligned with the vertex of said
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of groove face 50 via rotation . . . .

angle for the primary groove results in a change in slope of groove face 50 via rotation

20 about the x-axis. Changing the half angle for a side groove may be accomplished via
either changing the included angle of the groove (the angle formed by opposing groove
faces e.g. 82¢ and 84¢) or by rotating a groove about its vertex. For example, changing
the angle of the primary groove face 50 will either increase or decrease all of the dihedral
1-2 and dihedral 1-3 errors along a given lamina. This contrasts to changes in inclination

25 where the dihedral 1-2 and dihedral 1-3 errors can be varied differently in each groove
along a given lamina. Similarly, the half angle for the side grooves may vary, resulting in
a corresponding change in dihedral 2-3. Note that for side grooves that are orthogonal or
nearly orthogonal (within about 1°) to the primary groove face, dihedral 1-2 and dihedral
1-3 are very insensitive to changes in side groove half angle. As a result, varying the half

30 angles of the primary or side grooves during machining will not allow dihedral 1-2 and
dihedral 1-3 to vary in opposition within a given cube corner. Varying the half angles of

the primary or side grooves during machining may be used in combination with skew
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20 about the x-axis. Changing the half angle for a side groove may be
acconplished via either changing the included angle of the groove (the
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of the return spots is related t
1977). A non-orthogonal cube comer can be defined by the surface normal vectors of its

20 three faces. Return spot positions are determined by sequentially tracking a ray as it
strikes and reflects from each of the three cubes faces. If the refractive index of the cube
material is greater than 1, then refraction in and out of the front surface cube must also be
taken into account. Numerous authors have described the equations related to front
surface reflection and refraction (e.g. Hecht and Zajac, “Optics”, 2" edition, Addison

25 Wesley 1987). Note that spot diagrams are based on geometric optics and hence neglect
diffraction. Accordingly, cube size and shape is not considered in spot diagrams.

The return spot diagram for five different cubes that are backward canted by 7.47
degrees (e.g. FIG. 12) with errors in the primary groove half angle of five consecutive
grooves of +2, +4, +6, +8, and +10 arc minutes is depicted in FIG. 24. The half angle

30 errors for the side grooves are zero (dihedral 2-3 = 0) in this example, as are skew and
inclination. All the side groove included angles are 90°. The vertical and horizontal axes

in FIG. 24 correspond to reference planes 28 and 24, respectively. Note that changes in
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presentation angle as further described in US Federal Test Method St andard
370 (March 1,. 1977). A non-orthogonal cube coner can be defined %
surface nWQ040%E%rs of its 20 three faces. Return spofCHPERIP4YARS are
determ ned by sequentially tracking a ray as it strikes and reflects from
each of the three cubes faces. If the refractive index of the cube material
is greater th then refraction in and out of g(t;e front urfac cube nust
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"Optics", edition Ison 25 Wesley 1987). Note that spot diagrans are
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FIG 12) w C J ecutive
groov?ass of dh%éﬁzg%ge%%%a%%h%ﬁg%@a nﬁlgkg{shhlss epi c{yeg %ﬁog@&ﬁ 24. The
hal f angle 30 errors for the side grooves are zero (dihedral 2-3 = 0) in
this exanple, as are skew and inclinatjion._  All the side groove i ncI uded
angl es are 90. The vertical and hori zoheBleJxes in FIG 24 correspond to
reference planes 28 and 24, respectively. Note that changes in 28 WD
2004/ 081619 PCT/ US2004/ 005672 the sl ope of the primary groove face result
in return spots | ocat edpﬁmmrlly along the wverticgl and horifzontal axes.

The di hedral errors as lgrsect i onpaedpal N2IDiKEAELA 2SS IDFhddraDNP3¢ errors are
presented in Table 3 fipfrdehe s iJre errors lused to prjoduce FIG] 24. Note that

di”hedral 1-2 and 5 di hee{r@lmlﬁjgs @X@R{'ﬂ'ﬁ 5 ;Hﬁﬁ]@ésﬁ&ﬁlﬁ "HQte§j gn and thus,

dp an[ vary I n opposi | lgraurt q frat q uvc j‘ -2 Di he_dr al
2-3 Dihedral 1-3 Error {er\, m-Agtes)—are—m-hules)—agre—mhautes (arc m nutes)
21.40.01.4 42.80.0 6.4.2 3D 4 0}} nfsz 0 7.10071
' 6 42 0.0
8 5.7 0.0 5.7
10 7.1 0.0 7.1
10 The return spot diagram for the same type of backward canted cubes with dihedral

2-3.errors of -20, -15, -10, -5, and 0 arc minutes is depicted in FIG. 25. The half angle
errors for the primary groove are zero (dihedral 1-3 = dihedral 1-2 = 0) in this example, as
are;skew and inclination. As stated previously, variations in the half angles for the side
grooves may be used to produce the dihedral 2-3 errors. The dihedral 2-3 errors result in
15 return spots located primarily along the horizontal axis.
( FIG. 26 depicts a return spot diagram resulting from combining primary groove
’V half angle errors with variations in the half angles for the side grooves for the same type of
backward canted cubes as described with reference to FIGS. 24-25. In this example, the
primary groove half angle error is 10 arc minutes while dihedral 2-3 erroris 0, 2, 4, and 6
20 arc minutes respectively for four different adjacent cubes on the lamina. A constant
included angle error of +3 arc minutes could be used to produce these side grooves, with
the opposing half angle errors as shown in Table 4. The return spots are again located
primarily along the vertical and horizontal axes, with some spreading in the horizontal
plane due to the nonzero values for dihedral 2-3. Overall the return spot diagram is

25 localized and non-uniform.
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10 The return spot diagramfor the sane type of backward canted cubes with
di hedr al erraors of -20, -15, -10, -5, and O arc mnutes is depicted in-
FIG 25. Wﬁ’em%‘?sfméngl e errors for the primary groove &F&/G&40% hedr al
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are substgﬁg&fﬁéq?e ree of varying in opposition). hbte that a given cube
corner is forned 5 two adj acent side grooves and preferably a primary'
groove surface. The upper side groove in FIG. 22 fornms dihedral 1-3 while
the | ower side groove forns dihedral 1ré§| i ntersection of the upper and
| ower side grooves forns di hedral 2-3 | groove i ncluded angle is the
sum of the upper and |ower half angle errors for a groove that forns

adj acent cubes (e.g. with reference to Table 4 the total included angle is

+3 arc nminutes 10 and resllts from addi ng the|upp&owenl f andUmpesfHalffi|r st
cube with |the | owdihbdlai an@ikedyfal t he Dihethatent HalfangleTabl e 4adgwer Upper
Hal f D hedgaghe D hedial Dihedrpad Hal f Angl-g Angl e Error Error
No. |(arc minutes)|(arc minutes)|(arc minutes)| (arc minutes) | (arc minutes)
1 7.1 4.0 7.1 3 1
2 7.1 6.0 7.1 2 4
3 7.1 2.0 7.1 -1 3
4 7.1 0.0 7.1 0 0
15

The preceding examples (i.e. FIGS. 24-26) were for backward canted cubes with
varying half angle errors. In an analogous manner, forward canted cubes can be shown to
have qualitatively similar return spot diagramss, i.e. substantially non-uniform with spots
localized especially along the horizontal and vertical axes. Dihedral 1-2 and dihedral 1-3

20 of forward canted cubes also will have the same magnitude and sign and thus are
substantially free of varying in opposition. In consideration of the uses of cube corner
retroreflective sheeting, it is apparent that localized, non-uniform spot diagramss (e.g.
FIGS. 24-26) are generally undesirable. Sheeting may be placed on signs in a wide variety
of orientations, both as the background color as well as in some cases as cut out letters.

25 Furthermore, signs may typically be positioned on the right, on the left, or above the road.
In the case of vehicles marked with retroreflective sheeting for conspicuity, the position of

the vehicle relative to the viewer is constantly changing. Both the left and right headlights
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Cube 1-2 2-3 1-3 Error Error No. (arc minutes) (arc minutes) arc ninutes
~arc mnutes) (arc mnutes) 17.14.07.131 27.16.0_¢[. 4 3.7.120
7.1 -1 3 %%?6%/061.6697. 1 0 0 15 The preceding exanpl es (Fzy.}lséoég.b6?4-26)
were for backward canted cubes with varying half angle errors. In an _
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magni tude and sign and thus are subsStantially free of varying in opposition.
I.n consi der\&hides weh phmotwewclesf whelsdhe dnyasis direstly abevd the headdighhert i ng, it is

qener al 1y dneeriLd” TadS rhe! HeyseRp ke ph Sefna i e, o
ori entat i ORgth PietalcSt thd8riRRfILIEOLNE tDlefbrelRciVR] dhe@fgl d} tHRHE LIRSEHedS Cut
out letters. 25 Furthernore, signs may typically be positioned on the right,

on t he | ef tfactors nadkeutcledrghataadlativély untferne spyeadéf rewim spotssis irighity desmiable in

t flectj tjng. f i i - .Lh it f ot hi ¢l
ol ati ve { JeRHEI B Rshoftnee BeeRaR b ettt go BaRbneHwst ariOSmIEF pE e
headl i ght s giiRQr-M@n Q408 iﬁﬁﬂlé&ﬁpﬂé/aﬁf@ﬁglﬁegraé 913 Batwity B Gpokitefl dkahe a

retroreflective target, and the position of t| river is quite different
wi t h r espeacndfon indlipgigorvamayl bé ghlized(tdipfdvadd awglasivekyrunafoimo spetrdtupx éiggratmat i on

angles). Vehicl ch as notorcycles, where.the driver is dijectly above
the nihal i ght. o 2LBHRGNs § T Geboragrr e dine Sotvathotsdn anl Bhieds
defini ng t he Mdifk Nanid8 QABHLY sEheBEewardantbddubbaie8 iPFIdd) 04dd. igdlf ahger ver
to the retroreflective sheeting or target. Al of these factors nmake it

clear that erorefoathesdegronydsairentb.p accmimtesrant aach sidp (dibedral 248 ghd siddexdavabl e
in retroreflective igeeti ng. Eggcfuse of the flexibil i%l%/ to eas[i .y i.ntroduce
a wide rand®® £ErI0% 0f &7 AEG 1 LFSLATEt PIEPREY STOCFHOR G T hieRh oY 15 £OBStERtAn iR o gy 4
1-3 that Vaéx)ﬁm{p_[h APIASE flifiles. IKEWation & el DEh epdh afiedh dRr Bdryifagd to
provide a relatively uniformspot return diagram 10 FIG 27 presents a

r et ur h3 spotgraveey(iaentve gravends frcomnutes, then Brsgioavesntlyare minutelat Theispadn a

S ol e 12 ARt o Snch R R BA RS ST SRR MRS o) ELLS 24-26. el ¢

circumferentially (presentation) in comparison with FIGS. 24-26.
The dihedral errors for this example of varying inclination are presented in Table
5. The order of machining of the inclinations (arc minutes) is —1, +5, +5, -1 in a repeating
20 paftem. For example with reference to cube no. 1, the first side groove has an inclination
of -1 and the second side groove has an inclination of +5. Note that dihedral 1-2 and
dihedral 1-3 vary in opposition with different magnitudes (absolute value of the dihedral

angle errors are unequal) and signs.

31



errors for the side grooves are +1.5 arc m nutes on each side (dihedral 2-3
and side groove angle error of +3 are mnutes) and prlnary roove error is
zero. SkeWO0¥Mie¥ant in this exanple at +7 arc nlnut€§T‘Fg@FWH§V?on is
varied in a repeating pattern over every four 15 grooves (i.e. two grooves
+5 arc mnutes, then two grooves -1 arc mnute). The spot pattern is nuch
nore uniformy distributed both radially (observation) and

circunferentially (presentation) in conparison with FIGS. 24-26. The

di hedral errors for this exanple of vaggyj inclination are presented in
Table 5. The order of machining of t hé |ncI|nat|ons (arc mnutes) is -1,

+5, +5, -1 in a repeatrng 20 pattern For exanple W th reference to cube
no. 1, the firs Q : C cond side
groove has an dral 1-3
vary in opposi dDi he di hedral
angl e errors afe unequal(grcanichusdsy ) (RECTHMUBIRE) 411005672
Table 5 Cube Np. I'nclination D hedral 1-2 D hedral 3-2 Dihedral 1} 3 (arc

m nutes) (arc [ ar c qigrutes) (%rp mnutesg 1 41,5 54 3.0/-7.9 2 5,
50.8 3.0 -7.9r3 1018 5 =374 T I 55 g0 9;|LG P8 depicts
the return spot—¢h m-resH-H G

gr-an Fag-fregrt-he—sare Fret as” 27, except
skew is -7 arclmn ?ee nefin[i :‘J +7 art m-nut ej(ﬁ jLLJ,_sEdL_gwoves. The
spot diagram Ls_adain luni fbry distdibuted in iz%rma ison3th FI GS. 24-26

as well as conplenentary to the spot dragrantshomn in FIG 27. The di hedral
errorg for thi |.e var L ncl i nat resented in Table 6.

Not e ince agai fFIﬁhg?H&?lﬁtéﬁt Ep (5ha<§haﬂnﬁfisﬂié zﬁi %@Fﬁe?lﬁet@b%]gﬁl(‘i on,

di f f eri ng 2OtkebNsBRABLY uﬁ,emﬁﬁtiés%st@dwtwmﬁmﬁhmr all Bids bdveY. Tiespdkew has
resulted ina swtch in the nagnitude and sign of dihedral 1-2 and "1-3 in

conpar i soni¢gramaphgairbunifaiily détriblited incbmpaisonrwith Riy. aH-20-a2 wollresdr al  3- 2

Di hedr al 160%1p1ementary to the spot diagram shown in FIG. 27. The dihedral errors for this
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example of varying inclination are presented in Table 6. Note once again that dihedral 1-2
10 and dihedral 1-3 vary in opposition, differing both in magnitude and/or sign. The change
in sign of the skew has resulted in a switch in the magnitude and sign of dihedral 1-2 and

1-3 in comparison to Table 5.

Table 6
15

Inclination | Dihkedral 1-2 | Dihedral 3-2 | Dihedral 1-3
(arc minutes) | (arc minutes) | (arc minutes)| (arc minutes)
-1,5 -3.7 3.0 0.8
5,5 7.9 3.0 0.8
5,-1 -7.9 3.0 5.1
-1,-1 -3.7 3.0 5.1

The positive and negative skews of the two preceding examples may be combined,
providing the spot diagram of FIG. 29. This combination might be achieved by
machining half of the lamina with +7 arc minutes of skew and the other half with —7 arc

20 minutes of skew. Alternatively, the positive and negative skew could be combined within
each lamina, resulting in both skew and inclination being varied concurrently within a

given lamina. In the latter case, a small number of other return spots would result from the

32



(are minutes) arc minutes) (arc mnutes) arc mnutes) -1,5-3.7 3.0 0.8
5,5-7.93.00.8 5-1-7.93.05.1 -1,-1-3.7 3.0 5.1 The 805|t|ve and
negative sKX0$PSIEHe two precedi ng exanpl es maybe conbi M&d/USHPEPEng t he
spot diagramof FIG 29. This conbination m ght be achieved by nachining
half of the lamna with +7 arc m nutes of skew and the other half with -7
arc 20 mnutes of skew Alternatively, the positive and negative skew could

be conbi nedcWes RPFtionsddh ﬂ}eemilﬁ@fy Pé@’@lppﬁlﬁéje Pﬂd RO Ve Rl sagBonschhers®et on

bei ng varie I
smal ? nunbe{riiiagé fg g{r?t {&Elea%ll r n sp o %Stﬁ&}%%p %ﬁﬂt}ﬁ]@ (r)%{r%]/nl%l EEG\S)?{/\%& 5%%3%8&%619
PCT/ US2004/ ﬂeﬁl&}'ia combulneisorpmi‘sthé spmm dthgpimd inEFIGSURT ad/ 28 Al dventinetioni ofeheand

negative skew sections. The spot di agram is particularly uniformy
di st ri but eddihad@beRre RS TR P aplegS and £ az%&&agma&edmumssspotr%ﬁﬁ%wh

conbi nati on of the
di hedrgl erg@%@ggzg@ﬁ%ﬂhﬁ@ H%é: rﬁ% %a&rdgglgsé%él at egm{)}ﬂ}ot 1:68 spot
diagram with 5 HI(Blemrlﬁbseﬂts%mdledlaJMfgw erfiord sdéw$, and nglinatiomae FIGAZ9 and

sign, varying in opposition. FIG 30 gresents the sane hal f angl e errors,
skews, and P¥fept ﬁapﬂ@ﬁéhaééreﬁpmfarégam& %5t47foifh@@m>ééla@¥m1%1@ yefopady cant ed

DRI L T e L LR R U

errors ass OTh@HﬂfédﬂM &xork Bgsgcma@tmdi tRErspo @iﬁgaﬁimmmﬂzédmﬁablﬁ fwheydrere 10
di hedral 1-2 and di hedral 1-3 again vary in opposition, including at |east

one cuBe whdihedralil Beand lihedrap 1 3nagaiti Yesy moppbsiion; inpludingrat feagirineube wheveor
sign. 33 WD,20 1 /005672 ,Table 7 Inclination Skew
Di bedral | - d% %@@?za"é%ﬂ“g%ﬁz‘g?ﬁ ?m?%’rl%ld ct{?eﬁn(arc m nutes) (arc

mnutes) (arc mnutes) (arc minutes) -1,57 4.33.0-7.2 5570.13.0
-7.2 5,-170.13.0-2.9
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-1,-17 4.33.0-2.9 -1,5-7-2.93.00.2 5,5-7-7.23.00.1 5, -7 -7.2
3.04.3 1,-17 -2.9 3.0 4.3 5 The sane skew and inclination conbi nati ons ‘
may al so WE 2044916484 advant ageously in conbi nation w t RCEUGERAISEant ed
cube corners to provide a uniformly distributed spot diagram Sideways
canted cubes, as previously discussed, conprise two different cube
orientations within the sane row. Preferably, care should be taken to apply
the conbinations of skew and/or inclination equally to both types of cube
inagiven row (e.g. 10 alpha (a) andQgjeay(13)) in order to obtain uniform
performance at various entrance and orientation angle conbinations. The
return spot diagram for cubes that are sideways canted by 6.03 (FIG 6,

al i gnment apgle90 o+ 270) utili-zing-skew-andtnelinationis—showr+n FI G
31. The sambidlgbionati orikesy +7 Abedral i |Dibedral 32 sccibgrd 13 anld 5 are
m nut es of |(arechinudes) plarewrinutesh| (an¢ migudds) v (ayc puinnteshe daypsminudgs) and bet a. -
(f3) cubes| 151Half hngl e7erroris for4dBhe silde grhoves are +1.72 arc nj nutes
on each sil{de (¢gishedrhl 2-3 and | si deggroove anglegerrof of +3oarc mhutes)
and pri mar gr§fplve e[Tor ks Zerp. Thg{Spot [ diagygm rs|very gry form
di stri but ed—ropseryati o arre-pt cac%:%ati of allgi—ss.‘ Therdihedt: errprs
associ at ed—w f!& hi-st-spoet—diagram-ar¢ Qn Taple—8-—shere hedr al
1-2 and ditheddsl 1-B agaT7n varly in 'gﬁ)pncifinn, 3-8clud ng at Oloast jrne cube
where di hedral 5.8-2 20 and-Mi hedral 172 diffler i B.%magnitude_afd/or sign. 34
WD 2004/ 0816195,ACT/ US2004/005672 Talll2e 8 DOi hedr®d Di hedral Bidhedral | Skew
nclinationf ncl-ipatiop 1-2-58-2 1-3 Loper (arlc (arko(arc|(arc éarc (arg
m nutes) mnutes mnutes) mnutesS) mnutes) mnutes) 7 I 1 4.3 3.0 3.9 7 -1
55.13.0-7.4755-0.53.0-7.652.387 37.613 75 -1 1.5 3.0 -2.7 37.613
52.38Y 7 -1 5 TheFateGkew .afd Hilid&ior3sontitations may alsobedtihizedadvaBEgéinBly52. 387

RN RRTE 1A N IRRE I RIEH R A TH T

diagram. Sideways canted cubes, as previously discussed, comprise two different cube

cmpRiriza
CA%LELLRI T 120

orientations within the same row. Preferably, care should be taken to apply the
combinations of skew and/or inclination equally to both types of cube in a given row (e.g.
10 alpha (o) and beta (B)) in order to obtain uniform performance at various entrance and
orientation angle combinations. The return spot diagram for cubes that are sideways
canted by 6.03° (FIG. 6, alignment angle 90° or 270°) utilizing skew and inclination is
shown in FIG. 31. The same combinations of +7 and —7 arc minutes of skew with—1 and
5 arc minutes of inclination were applied equally to both the alpha (o) and beta () cubes.
15 Half angle errors for the side grooves are +1.5 arc minutes on each side (dihedral 2-3 and
side groove angle error of +3 arc minutes) and primary groove error is zero. The spot
diagram is very uniformly distributed in observation and presentation angle. The dihedral
errors associated with this spot diagram are summarized in Table 8, where dihedral 1-2
and dihedral 1-3 again vary in opposition, including at least one cube where dihedral 1-2

20 and dihedral 1-3 differ in magnitude and/or sign.
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-7 -15-2.73.01.552.387 37.613 -7 55 -7.6 3.0 -0.5 37.613 52.387 -7 5
-1-7.43.05.152.387 37.613 -7 -15-3.9 3.0-0.537.61352.387 -755
-7.4 3.0 WOR2BPOBEP 37.613 7 5 1 -7.6 3.0 4.3 37.613 5REYS2044/0054725 7 3 0
5.1 52.387 37.613 5 A characteristic of the exenplary cube corner el enents
of Tables 5-8 is the formation of at |east one and typically a plurality of
PG cube corner elenents in a row having three di hedral angle errors wherein

the di hedral angle errors are different fromeach other. Another
characteristic is that the di hedral an rors, and thus the skew and/ or
inclination, is arranged in a repeating pattern throughout a | am na or row
of adjacent cube 10 conmer elements. Further the adjacent lamna or rowis
pr ef er abl y —opt igcal |AL fdentical except—rotate ed-180 ahout-the z-axi-s form ng
pairs of 1hmnae or pairg of rowdDibgdraiibedvallPabedralng | aminae and for ni ng
a master tpdikeyonprdisatignnchnatien)i t 1-20f | 13X nae 1% Khower, $Udppexrs| descri bed
in U S. PatefdrcNojs. (Br@257, 8¢fre( LUt rakd ¢t (ate. )| orc dnfacheledher ei n t he
si de groovasinwi&)suiinarRnt|i didutes) [ Benwtes)pkintaidinntdsyaidle ) i fiple )| si de
grooves mmy bg Tormedyinja plurallity3of | Stagked 1591 nagy 3gu¢7as 3descri bed
in US  Pategt NosT_f; 2’577‘83u ('Lu15@f|'r el3. 6“ ) ang g ﬂGf;&a %@I3§>}IO
6, 159, 407 (Krinkeret qa% - ﬁgccaru. R 50 hte*f,}igs 37 SEpre
met hods of —nc&gm—mmg laminae by frm Jf'um haeand orm ng
V- shaped gtoaYes pn wbrkilng shrfdce 166 _gf 385 | \MT2??)() 1 3RA] 52 87
PCT/ US2004{ 005672! the | dm nd wherefd the HPooves’-ard $53%kd a3 any one or
conbi natiops Gf the ffatures?5 prqgvi disly de8crj beti4 |36tk 82,3&7he
| am na(e) pay7conprise any supstrlat® suijtahbe for3 orimsngedirEgiky| nachi ned
gr ooves on|the edge. _Bui tjabl €] SURSTKaTes mpghi he_ghedmy s {MplEg7ourr 5
formation, rextybr—top ductTiyty dnté'g %(6Tﬂ eSS n&gﬁ ts Jgd| mensi onal
PRSI H A B AR Al A R A D W W i 1 e
IIIII OUTC OO rJr O T T [OO \I\J‘I‘l’ TOT IILIPT AI LT >3 YT Lﬁl\al
materi al s suct’ asl acr¥lics of otHer- pr3 Q Khehilndhp B3 2:1% | ncl ude
al umi num brask. topper. lel ectrol es*s7-‘hi ¢ke3.0 and 5.kl 1|o¥538her¥dil3 Preferred
metal s i nchkude7 nop-fetrous nétalg. 3 tablR0l am AAS Mt 1.6H | d)y387
-7 5 5 -7.4 3.0 1.5 52.387 | 37.613
-7 5 -1 -7.6 3.0 4.3 37.613 | 52.387
=7 -1 -1 -2.7 3.0 5.1 52.387 | 37.613
5 A characteristic of the exemplary cube corner elements of Tables 5-8 is the
formation of at least one and typically a plurality of PG cube corner elements in a row
having three dihedral angle errors wherein the dihedral angle errors are different from each
other. Another characteristic is that the dihedral angle errors, and thus the skew and/or
N inclination, is arranged in a repeating pattern throughout a lamina or row of adjacent cube
10 corner elements. Further the adjacent lamina or row is preferably optically identical
except rotated 180° about the z-axis forming pairs of laminae or pairs of rows.

Methods of machining laminae and forming a master tool comprising a plurality of
laminae is known, such as described in U.S. Patent Nos. 6,257,860 (Lutrell et al.). For
embodiments wherein the side grooves are substantially free of skew and/or inclination,

15 side grooves may be formed in a plurality of stacked laminae, such as described in U.S.

Patent Nos. 6,257,860 (Lutrell et al.) and U.S. Patent No. 6,159,407 (Krinke et al.).
Accordingly, further described herein are methods of machining laminae by

providing a lamina or laminae and forming V-shaped grooves on working surface 16 of
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10 be forned into sheets by for exanple rolling, casting chem cal

deposition, electro- deposition or forging. Preferred machini ng' mat eri al s
are typi cHO30049€¥n to minimze wear of the cutting t BST/EAIHAGHFSr mati on
of the grooves. The dianond tools suitable for use are of high quality such
as dianond tools that can be purchased from K&Y Di anond ( Mooers, NY) or
Char don Tool (Chardon, . In 15 particular, suitable dianpnd tools are
scratch fri@e lawinnhenen Pﬁe@o‘mes eredornes Wil appenesy cepRinatioatiokihe fealron ook
white lig Typically, the tip of the dianond has a flat
portion r ﬁg‘?’i"ﬁ%ﬁ??giﬁﬁ%‘ifrom about 0.00003 inches (0.000762 my to about

0. 00005 i nchesn(genel ZHOlaniga(e)rhiayt dvasiprist ey subsfraeeuftable fdr fofmiagidiradilye

di anond tools preferably have a roughness average of |ess than about 3 nm
and a peakmpehied gragvessiighaedss- §P1t11124§§ tatem g1chige gleanly WAHOWBET sur f ace
finish ca o4 g,n ne ?ﬁﬁm% rate and
eval ugti ngf o?lﬁa es 1&1?1‘8[?}?0\&}{1%1%8% m clrogv élﬁt ere g%’%drr%?@a} suc n@iggﬁlgaé:%ﬁilﬁg%

pur chased dftepgrdbivis dofiationom vatié)y ofansbhitiablegriastics dememls niebemtsieded gr ooves
are formed with a djanond-tooling machine that is capable of form ng each
groove wi tPuitableeplpstics cemprise th%mlasb@ei HETMRsSt m@i@ﬁﬁlaﬁych Bracadisp 6F pther 25 CT;
Precitech I '?ﬂf{g u sui tabl e
machi nes foﬁgg@h%%gg ﬁ% Iilrﬁﬁngigkﬁﬂﬁrélgu y%lfa?:%??@) I'nclude ggﬁg{%lé%ﬁd

i nt erf er onallegs thepasi Prefafremeialsiiteaudendietrabs meM£cSwﬁabm larainamyatérddingayi S
commercially available fromAA Gage (Sterljng Heig M); whereas a

sui t aBl e nblosmpdinde shsetshytier exaglpé%m%@?&z casting Ch%f%}]&?ll %P@tlﬁmaa%?cirygo

Co t > Vi
el or o ek MidLetl e, el thln, SR APl A RliZD Vooco-
groove dewbdrdfshqnmﬁmgmblduraigfbmionaﬁﬂw@room as +/- 500 inn, nore

preferably at |eas recise as . +/- 250 _uyrn and nost preferably at | east
as precise as + Fhagmandt ufAlle o usih aesr ofibngh atplifysush 6a fsapgddools that

PCT/ U32004éa§ ?; aBEPRYR I@&Yf[ﬁaﬁﬁ @EMBS@?} oRCBRIGET S0 (d:ﬁard;’m,%ﬁ).%mﬂ es
(+/- 0.033 ees nore prefe at l'east as precise as + 1 are
m nufle ( +/parﬁclﬂdr7 smayteechm)lombmh ammeatdl Gtewdthinyl Canils efitht t]@t as gandei se as +/ -

1/2 are mnute (+ - egr.ees and r abl | eas as precise
2 el 1] 1R ik 2P0 R b oy ORI HEC PR GRTORLbER (oo
the thickngg oﬂﬁon’srah%ﬁ Hl%ﬂ&@ﬁ'))m AU 01§i003 iflGel ERGd0T6D ﬂﬂnﬂo BHout®dbadsy of
groove formng machi ne detect current axis position)’is typically at

| east aboumc]i@%@@mﬂ(émpr)efuﬂh@nthebkmﬁmﬁnﬁshrofasultqﬁﬁedlamond tafls prefex@lyri m t he

resolution is at | east +/- hort di st nces
r"have a roughness average o? less than agout% nm and a pe < to valléy ro%ghness of less

20 than about 10 nm. The surface finish can be evaluated by forming a test cutin a
machinable substrate and evaluating the test cut with a micro-interferometer, such as can
be purchased from Wyko (Tucson, AZ), a division of Veeco.

The V-shaped grooves are formed with a diamond-tooling machine that is capable
of forming each groove with fine precision. Moore Special Tool Company, Bridgeport,

25 CT; Precitech, Keene, NH; and Aerotech Inc., Pittsburg, PA, manufacture suitable
machines for such purpose. Such machines typically include a laser interferometer-
positioning device. A suitable precision rotary table is commercially available from AA
Gage (Sterling Heights, MI); whereas a suitable micro-interferometer is commercially
available from Zygo Corporation (Middlefield, CT) and Wyko (Tucson, AZ) a division of

30 Veeco. The precision (i.e. point to point positioning) of the groove spacing and groove
depth is preferably at least as precise as +/- 500 nm, more preferably at least as precise as

+/- 250 nm and most preferably at least as precise as +/- 100 nm. The precision of the
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about 10 adj acent parallel grooves), the precision is approxi mtely equal to
the resolution. In order to consistently forma plurality of grooves of
such finevagewmuagisiover duration of 10 tine, the tenperabor/esmo4/003672pr ocess
is maintained within +/- 0.1C and preferably within +/- 0.01C. Wile the
change in shape of a single cube corner elenent due to skew and/or
inclination is smalll with respect to a single elenent (e.g. limted
primarily tgomkangkss aricast hepdtizeds al- 2angivesjics (- 0.83%de ges), mdrapre[fmabﬂiyng

skewed and/ o | ncl i ned oves in a C 15 | anm nae ro tic.
Since the & asiGSRERFES agéL b nFlF‘Btr%(ﬁ}a?)afhl7é{eg[Fﬁs)k 8ve£§nﬂ’i§d4’igfb ]5’?%’ SealE
si gni fi Camﬂrélmééagsyw Hz%%uﬁ?gfﬁtéb@@ celf aRl RINCHErRM] 1;ﬁ§t51e£ %s?xte

These variations increase as the stack size I ncreases. e ca
maxi mum nurasey- O# ardramutaa(&/icmm@aimrdee) mcmeriengthoﬁﬂmruuemg yhe(ﬁlnoamessrmf a
stack)_wt hou r a%i signifi cant ly vary cu e geonetries is as few as

two | ahi nadh & ersﬂ’é\KFSOé‘l I LE-7oHItY 8f BS IaFliRe Fch‘ilﬁt‘?% With

(r)ragglzn: Eghstacﬁ%m ?.W%@%%%%g%d&mw/ or é%%c%llgﬁggm?}:ﬁe gr ooves ‘i n

the practi qeedisios ofH/-a00ad, tentslitin is ateag rooMesmaOvepsiefiediabhoes (@gmed i n
i ndividual |lamnae with a oove-form ng. machi ne. A preferred nmethod, for
formng grid8ved %simac@%paéag% ZFneves) othe BFecisiell 1§@HBF8NW%#V§&E&1 ta SRR t he

| am nae i nt qgllc]iﬂ ace
of the asselﬁb?dég@?gﬁn{s}\%‘%ﬂp es???g{tgg!f%&%%%&%glﬁ gﬂ% E&% éb;:h“%ﬁ er({;ffal .
10/ 383039, tant,ithd techptidairh ofltheqirodebkis mepintvined eathinitt Oriéa@ alndm)refarah])dmﬂun
Appar at us" fi b@iﬁarch 6, 2003. U. S. Patent Application Serial No.

u

10/ 383039 rrently filed with Provisional Patent Application Serial
No. 607452464, t@pnbietnbiie: ﬂrsﬁg%;ﬁfaa%rﬂ%w Efe Bt bRthBRt Bld BskEW-and@r TO Form

a master tool of suitable Size ng retroreflective sheeting, a
plurality ohclimatibh imsnalbwitio raspée te @single ehsnert (@g.)linaitel fromanilg t&»yhanges in

el ectropl at | e rf ce.of . th ter tool . to, far ative.co
cubsequent 1P SNt BHFteds iy s inenhoatoTmBesRY B ator e oy b4 Begs of
PCT/ Up2004/ 19915}%%1@“ R Ropeshfi. Vﬁllegﬂl'e%ﬁie LO&EE Heﬂht%tﬂf]dgﬂgéﬁﬁelrlfbstbta's ¥RicROPI €S

to forma second generation negative copl es, ositive copy has the
sane cube canler sighifiparty vsarymgcmhe@eametr{as mayetmt;&nduc@dla?rom&eemski ﬂ?heqaegatl ve

copy is the cuhe cavit \?@ i.ca. .Accor di ngﬁ, a[lge%‘gtl ve CcOo tool is
enpl oyed to qp&R@gnggg%t Si%e Inereasesy Lhe galeupt FETrEREY! &t Phg 5
wher eas, a laﬁﬁﬂafe'tﬂafi &P BY nfalBhed SortRLAKLG IR 7RUR) FithE QRN R S idahilf- Ccube

cor ner
vaxying cube geometries is as few as two laminae (e.g. for 1° skew, 0.020 inch (0.508 mm)

20 thick lamina with 0.002 inch (0.0508 mm) side groove spacing).

Due to the problems of machining stacks of laminae having skewed and/or inclined
side grooves, in the practice of such embodiments the side grooves are preferably formed
in individual laminae with a groove-forming machine. A preferred method for forming
grooves on the edge portion of individual laminae, assembling the laminae into a master

25 tool, and replicating the microstructured surface of the assembled laminae is described in
U.S. Patent Application Serial No. 10/383039, entitled "Methods of Making
Microstructured Lamina and Apparatus” filed March 6,2003. U.S. Patent Application
Serial No. 16/383039 was concurrently filed with Provisional Patent Application Serial
No. 60/452464, to which the present application claims priority.

30 To form a master tool of suitable size for forming retroreflective sheeting, a
plurality of toolings (also referred to as tiles) are formed by electroplating the surface of

the master tool to form negative copies, subsequently electroplating the negative copies to
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cavity) sheeting. Further, retroreflective sheeting may conprise conbination
of cube coner elenents and cube corner cavity microstructures. '
El ect r of o¥@200g/08¢hni ques such as described in U S. PabeHES2H0036%278 769
and 5,156,863 (Pricone) as well as U S. Patent No. 6,159,407 (Krinke) are
known. Tiling such toolings together can then assenble a 10 naster tool of
the desired size.  In the present invention the toolings are typically tiled
in the sdfEnBpsiEYR cAPIGnClepzonldmg thepesitive copkisde forpra yesprd geneERUaNt hi n pi ece

of pol ymerj 0. SY. | )it i i C

m crostr ucdeg%tés ‘%35%’ Egée'gﬁﬁ éf %%S%@%ﬁggﬂsﬁgggﬁﬁg r?a{;’r%éél%fégf&g%u C\}vlur tal ﬁthgnd

| engt h, sunitditosipehadasohe vedeivegopyt Withechbecaviereptict. pAtvokdifiglyga nagativd 15 of
the tool, width of the slot die orifice, etc.) fromwhich the sheeting was
made. The copliei heamplgyed tammakesmostive gepkH setihsgompp elermeny) shegtiges fr om about

. . \
0. 004; i nc : . oD ly the ,, 1
t hi cisnes S h@?eréagt %g(r}sgtfl‘frg;é&p ?’&gdgﬁ%{é@?g%&gsm%% gée”% %‘éenc é’mﬁ nggg(g&ll&gc hes }
(0.508 mMcanity) sheéithep TRkBERBHoréfanavé fistiapadl cOmphidk dontbiggion(of3066 N . The |
retroreflective sheeting may further include surface | ayers such as seal 20 \
films or cvEkrglemenispndgabe eeraergvite pu@pefycayes- Vidlegrdarming teohrigues Sich i s
typically at . i ( inches (76
oy e’ Bustfibsh O TENPRG 2R IR SRR B e IS S A 0T: S0
yards (45.1%.m,139%407qQ8rinke e kdwi) Tiing Buithdblib@aogdhaehh fgknisSsepitdyhded in a
conveniently handled rol]l-good. Alternatively, however, the . sheeting may be
manut@ct ursestadoplpditha dasied sike elndhe prepayt inveaRomthe JoqlBies agpdupicaliytileddpy 25

enbodi ment,g,, s&xﬁ'@oﬁ&?ﬁfoﬁ preferably correspond in dinmensions to the finished
article. Iéor exanple, the retrorefl ective sheeting, nay have the dinensions

of a standard ASusedihgitin, ("shegtin®Gefercioasthiypidé: snpoh@scric/{6.gCcoynithetiép cm) and

thus the mcraostructured tool enployed to pregare the_sheeting may have

about t he TBaigEalgiPeB FdHdyfbe somer wicrastchIresshayg bpersformed. - Ehasshepling way ¢

reflective I - i-1g: i-ngl : 30
i renat onct Ak ot e Bl s0uh GRRRSON G BRI SPRORG Bl TR
i nteysal naiths ioal, widthenf thedietrdi¢ arifidee ere))fsone oiltich the shvetihg was madat Eheonnect ed

in a continuous |ayer thrqughout the 38 WO 2004/081619 PCT/ US2004/ 005672
di nensi on KREE ohFtigrefiasvy therinaiyrically emert SomshoutdhdinrkasdU4RE Bbet ween

COMPY | 51 N shiit RIS Sk Him). THERSI] B Rlnds DG RERIIN ABRON NG 1400

mcroprismatic surface i's typi y STDo “planar, eing referred
to as the thimaatsbuk 820 inchdh@.308i mkh essbmofe frbferably less than about 0.014 inches

(-3556 mm). The retroreflective sheeting may further include surface layers such as seal
20 films or overlays. In the case of retroreflective sheeting, the width is typically at least 30
inches (122 cm) and preferably at least 48 inches (76 cm). The sheeting is typically
continuous in its length for up to about 50 yards (45.5 m) to 100 yards (91 m) such that the
sheeting is provided in a conveniently handled roll-good. Alternatively, however, the
sheeting may be manufactured as individual sheets rather than as a roll-good. In such
25 embodiments, the sheets preferably correspond in dimensions to the finished article. For
example, the retroreflective sheeting, may have the dimensions of a standard U.S. sign
(e.g. 30 inches by 30 inches (76 cm by 76 cm) and thus the microstructured tool employed
to prepare the sheeting may have about the same dimensions. Smaller articles such as
license plates or reflective buttons may employ sheeting having correspondingly smaller
30 dimensions.
The retroreflective sheet is preferably manufactured as an integral material, i.e.

wherein the cube-corner elements are interconnected in a continuous layer throughout the
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| and | ayer (i.e. the thickness excluding that portion resulting fromthe
replicated 5 mcrostructure) is between 0.001 and 0.100 i nches and

" preferabl yYWO20W8H19. 003 and 0.010 inches. Manufacture 8fTAFeHW+9H¥Et i ng is
typically achieved by casting a fluid resin conposition onto the tool and
allowing the conposition to harden to forma sheet. A preferred method for
casting fluid resin onto the tool is described in U S. Patent Application

Serial No. dlmﬁmmhe éwﬂd tth@atdwmahd@némts lvaqk FeigneRBerschet bebtden 60BREENENg 10

and Slot D Pat ent | i cation Seri al
o 10/ 38 % {0 drehitnes 9 iR Siostiedre MRS M el kit 8o s on
Serial No. tyff @;glﬁﬁalrcﬁlsé B&n@f@@%ﬂto'a@ﬂ@‘tlh&ﬁ ngéral'['ﬁistﬁfckﬁéslsbﬁhe
Optional |y, however can be enpl oyed as an enbossing tool to form

r et r or ef | edaddayer(i.¢. dh@&ncl@assrcxahlddgstbﬁtupbé@n ngsultigg frpatfémreph@atedl 601, 861

ranut gt ur eEEruS R it 1T, i MR e SRl Sy R (P

agai nst a g @foahemd. fNhilAsulea8hth dntetitfelis ?ﬁﬁ&dﬂ%}a&fch{éﬁ}ed cashiB: QFhid ARA and
U S. Patent No. 3,684,348, or by lamnating a preformed Tilmto preforned

cube- coner celnpeEifivs onﬂorthdtuohgndsaiIMBgthwdzompdsnabndmhadmntor@nnelsmﬁénms are
i nt erconnect e efo film Further nd, filmare
typically ﬁeggﬁ%meg@g 8?036{1?5 g}l FSlﬁﬁ?t@r#‘%Toé’hslc??S?rﬁé@% ﬂ{ﬁaﬁi AW e of the
retrorefl eCAﬂﬁIﬁatmﬂaWI’o l@/38§37|%r @ﬁtﬁfeﬁeﬂie&ﬁlﬂtoﬁ}h%ﬂﬁ? R%ﬂ@feﬁectﬁfe SH&@tlﬁng are

roughly aligned wth the direction of the advancin further
described and SlhtPie PaiperatusApipled derciod, 2068 &l.S. N]taterﬁ@ip@ﬁ@ﬁma Seeint Nol ed

" Met hods of i Ret f t I d March 6,
2003, U S, WLTCR? HaDEIeReRy Blsadi o R ApGR e Moy Sai S iConcur ent |y
wi'th Provi %(pm%f%%cmgbt&@ﬁtl@%nggﬁ bl@lms 43\1%1'1@0/ 452464, to which the

present invention clains priority. Accordingly, prior to any further
manuf act uri ng st@pinalipéropreveamthe tgolcnauée cmpﬂd’yedaheabmbgssmgjbdl todorm

bstanti al | I[lel .to t d f Th t
Phvent or s HavereR s athelts st s deriripet ieUoh Efisat Ko; 3601 Erehtian hanner
al l owgs for ARsh&fvelepld @é&ﬂe@l@cﬁx}%as‘ﬂeéﬁh%%aﬁ Be iluRichiBl % D106 plRleryen ed

cross web. It is surmsed that the primary groove and other cube structures
conbi ne t o dasting thhanbetandérolemens agaatst 2 psifornfdddiim S8awyht mB@I@BpEQB@on

S T TR G N e N IR
di mensi onal dr¥fodha®bbe- iR Rl Enent ah BIBRAL &he Aflidual cube-comer elements are
interconnected by the preformed film. Further, the elements and film are typically
20 comprised of different materials. '

In the manufacture of the retroreflective sheeting, it is preferred that the channels
of the tool are roughly aligned with the direction of the advancing tool as further described
in U.S. Patent Application Serial No. 60/452605, entitled "Methods of Making
Retroreflective Sheeting and Articles", filed March 6, 2003. U.S. Patent Application

25 Serial No. 60/452605 was filed concurrently with Provisional Patent Application Serial
No. 60/452464, to which the present invention claims priority. Accordingly, prior to any
further manufacturing steps, the primary groove of the sheeting would be substantially
parallel to the edge of the roll of the sheeting. The present inventors have found that
orienting the channels in this downweb manner allows for faster replication than when the

30 primary groove is oriented cross web. It is surmised that the primary groove and other

cube structures combine to form channels for improved resin flow.
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readily formable into the desired configuration. Exanples of suitable
materials include acrylics, which have an index of refraction of about 1.5,-
such as PVEPYOSE1Brand resin 5 manufactured by Rohm anBCHYZEHIREEny

pol ycar bonat es, which have an index of refraction of about 1.59; reactive
materials such as thernoset acrylates and epoxy acryl ates; polyethyl ene

| Bupont de. NEMOUPLE 1518 cEBPos Hefts o1 (5o YRR P EFREecEe AEAYE Fecihare | )
pol yesters, : %&g] t 5 QlyraLRonat es
are parti E%F%%myy%%g%%?tﬁ?gﬁgﬂg%?%% cg%%{l el rﬁtsgdgﬁnglgagieg?\vga@elagt ] %/Ire&I)y

hi gher r efreadily foemabidénto thehdesiiedyeondicatatipn. Examplebof 8stable matpridy edlude

retroreflectiyve rf or nance _.ove w der. range_of .entr.anc ngl.es.. These
e er] ol & oy BBh Ry S el et eb o Saelt & Ployieia Braes, | or

ot hers addj ;ﬂl(]iyfg qﬁ%ﬂ I LVe. | 5 | ce coating -
can b?a pl gxtlr:le oﬁuﬁeﬁﬁ "3%{: %géeﬁg#ﬂ%ﬁbﬁgg‘tb%%gﬁg’%ﬁg r}rlg‘rqét’%I 1,i.ll‘tli'%%a&frnet allic
coati ng camrfinetiapgilabeat 1059; kewotine miaeialsisquiess hexiosatacryipes anépesdyt | ng or

chemi cally depositing a netal such as alum num silver, or nickel. A priner
| ayer may ¥&Yiaiss n%%hbéerterr@seffiae@n@ma@ #rch g thoge patketrdimder edrngnamedinr oot e
t he adhere ehabhd i digf A eu.af a

metal lic coatl %‘fﬁgﬁwm ﬁ#)]:lq&r%lgéa}ﬁ&ggg%dpg?? e "t(gblg %éﬁ}g%c cs(% gcerg’ %‘?ﬁbtlﬁ’e

cube- cor nepoledsent® podyur@bareeeand fceliuloscsdarptats buthiates PRoBoirbblases ke Padicilaflyand
5,117,304. The seal filmpmaintains an_ air jnterface at t{he backside of the
cubedlt hat SHRISIREGISE PECH RHEPRER FPQFSIURNA R EHT TEREVF Ry yg@%aﬁ?aerﬁm bits
the entry of «SQRta8Y ?ﬂ)t‘,g i50bdrraRdh b S 8hn arate
overlay fi m rrayé%g] n:i} I |ggﬁl%genfet%ﬂgg %rgvm ngboe{s%\g?a?el 5? a?{e;gié%eet(i%naggggr )

i nproved Thkesgmatatriabomay alduinehideidlyys, colotamty) pipmeties, &IV statstjecrs coreyticrve
surface. Ingjcative of such 25 outdoor durability is maintaining sufficient
bri ght ness®&ge&f i cati ons such as called out in ASTM D49560-1a after

ext ended duratign wedd-h éi:c?}ﬂin% MEa; %ﬁ?%ﬂ?l)b W hgrne t he CAP Y
whi teness i s pref g?ﬁ%ﬁry gregt er t g%&é%sjabe?%rg%ﬁ a tere at her?%g. An
adhedbve |acksidabfthecabe-banel edgpnard Biehmeidlliche atnbendempplied bykndven or t he
seal filmto.enable the cube-caner retr.or i i

f| ecti.ve sheeting tg be secured
to a subst esiaquessuad)as aprdepgsting gf chemically, O%B%?Hﬁaﬁﬁvﬁmﬁ ﬁ%%g,

gal vani zedgRl£ek nidRel YABEL ’ G ya;gqgiy thachyl at es,
pol yesterss,1 po’;%ylr/zlinn(%R S, po %f/llagglflﬁﬁ ﬁ%%@es?bﬁﬁga% 20 %%1 19 g
PCT/ US2004¢16@biiE 2o proaloyecthe hdlratres of el metalhy IcoatimgorTh ddditiopad yuimdichaias, and a

w de vari et | ani nat es Jyade . .
m)e/ataﬁ}cc 'coatrlqlg, a seal ﬁq[?l can be applied to the backside of the cube-comer elements;

20 see, for example, U.S. Patent Nos. 4,025,159 and 5,117,304. The seal film maintains an

air interface at the backside of the cubes that enables total internal reflection at the
interface and inhibits the entry of contaminants such as soil and/or moisture. Further a
separate overlay film may be utilized on the viewing surface of the sheeting for improved
(e.g. outdoor) durability or to provide an image receptive surface. Indicative of such

25 outdoor durability is maintaining sufficient brightness specifications such as called out in
ASTM D49560-1a after extended durations of weathering (e.g. 1 year, 3 years). Further
the CAP Y whiteness is preferably greater than 30 before and after weathering.

An adhesive layer also can be disposed behind the cube-corner elements or the seal

film to enable the cube-comer retroreflective sheeting to be secured to a substrate.

30 Suitable substrates include wood, aluminum sheeting, galvanized steel, polymeric

materials such as polymethyl methacrylates, polyesters, polyamids, polyvinyl fluorides,
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fromthese and other materials. Wth reference to FIG 6, the | am nae are
preferably aligned vertically. In doing so, upon replication a row of

© el ement s iwgo d@joymdo f rom each [ amina. Alternatively, 5 hpewusp4/6dsere sane
optical features may be derived fromhorizontally aligned | am nae. The
common plane that a face of each elenent within a row share to wi thin about
3-4 mcrons may vary slightly (e.g. less than 1 ) for horizontally aligned
| am nae. | tpoly@adohates tpolytvivail chlotides, pblynitieacsyand devide edtidty oftaminatesimadedue t o
t he presence of sli gCt vertical or horizontal msalignnments as can be
obser ved wiftog thegs |TBatedglanni ng el ectron 10 microscopy. Regardl ess of

t he net hod of [ t f L ' -?ﬁg@ ter
tool was deri Vggﬂ@%ﬁ%%ﬁﬁﬁﬁ;@&égﬁzﬁ%ge %?%%%%?1}?%1 mg%g?al hgngﬁg%ti ng of
t he i nventsboupdnasplicatiban now of glemeaptis datvel dminueah lahaia. drenitivelgt ect ed by
view ng the sheeting wth a mcroscope or interferoneter as previously
described. howereethess spne entical epiugssimayebedsivpd Sopprizenisty abgned jgmuRre. or

combi nat i Onfht%fco ety eﬁaﬁvkaega%e/acﬁ%ﬁﬂalbaﬂhm 4 ool SRRERwithi a8 sLAM na(e).
In one aspect, the retroreflective sheeting conprises a row of cube corner
el ements  ahicfohs atidyasarPlightly&e gOlEY theh eT)doit hovventily alifeed Iaginadelt invgdent
between a first and second concurrent elenent in a rowdiffers fromthe

i ncl uded ariBdte BEtAlsEhesasedeaivad frm alappng dueto thopresanee af slghbretealion t he
row. Wth nesy - ' ' | : ment s
wherein a fh ?2128%%1 %%8{% e %Rnsg%%éa\%%{eﬁ?)%&?%%%%og%#@gﬁco er%ep 0glne (e.q.
primaty granieost@pe, working surface 12 or 14). The nagnitude of the
difference in included angl e between adjacent cubes as ot her

s well
pé ef erred char adtegardessof thegngthod gf malggg dhe; rﬁﬁ%eﬂéﬂé’&tsﬁﬁﬁ“ﬁg&? pether henmon
peak hei ght L. : : 3 1.ng; : baal |y
paral | el tom%%ﬁﬁgcgﬁg%sl %kl@%gﬁ?{élss%%ﬁg%%cﬁfv?mr%ﬁ]&gécg%\%ﬂg&ﬂﬂﬁ%wé@tﬂ? he sane
as previ ousnvesionihbecertyin tnies pEtich] featutdsehdtzan ba detéttbé by atcwind theahedting
conbi nation thereof, the retroreflective sheeti n.gFé:orrpri segﬁa row qQr an

array of cuBihggrerescope SrENserprRIclsT ayREeRgRy d el uthsh s refossiscHve

| east p | ,,etgﬁ I Q- Q. ray
Si devvégs czlgrillt%éetg'{é é{&&mﬁé?seﬁi nt s%%"%@&?ﬁ%ﬁéﬁﬁé |gS ner%?ﬁs ng(fsglgﬁ) e‘?%iééﬁi‘%% and
135 and/ or thale lagimage)al i gnment angl e between 225 and 3150 relative to the

di hedral edge that is substantially perpendicular to a frow of elenents in
plan view | n prigoBeReechiogiasiiedtive shestingicogPEr P i of @he spnggelgments

or an array of cube corner element wherein the included angle between a first and second

concurrent element in a row differs from the included angle between a second and a third
20 concurrent element in the row. With respect to the sheeting, the row is defined by the
elements wherein a face of each element within the row shares a common plane (é.g.
primary groove face, working surface 12 or 14). The magnitude of the difference in
included angle between adjacent cubes as well as other preferred characteristics (e.g.
arranged in a repeating pattern, corﬁmon peak height, bisector planes that range form
25 being mutually nominally parallel to non-parallel by less than 1°) within a row or array is
the same as previous described with respect to the lamina.
Altematively or in combination thereof, the retroreflective sheeting comprises a
row or an array of cube comner elements (e.g. PG cube cormer elements) wherein at least a
portion of the elements in a row or array are predominantly sideways canted, the elements
30 having an alignment angles between 45° and 135° and/or having an alignment angle
between 225° and 315° relative to the dihedral edge that is substantially perpendicular to a

row of elements in plan view. In preferred embodiments, the retroreflective sheeting
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WO 2004/ 081619 PCT/ US2004/ 005672 conprises a row of cube comer el enents or
an array having cube corner elenents having each of these alignnment angles.
Such arralVOWoge¥antial ly flee of predom nantly forwaf§T/ 2 %@Hﬂﬁ?

predom nantly backward canted cube comer elenents. The retroreflective
sheeting conprising predoninantly sideways canted cube coner elenents nay

further 5 conprise any of  the characteristics, previously described with

regard to PHBPHARARY Of prhegompariclaapepton Fo Ty %Ylﬁapvbﬁmcqra@reéwentﬁ haying
retrorefle A S C nce,
t he.row or&%cﬁe?a}r%rgggﬁ% rng?ﬁﬁé% %gsa?égﬁﬁb% ace é%d ggg%g%%g pre Agrgabl y
al | the grcmtaborgireddnengrelytbackivele) cagted @ube Mheraﬂ@nmm Py mirbetfleblyve anount

rangi ng from great er .than nomnally parallel ;to about 1 and may further

i ncl ude 105he§ n&aq»mm%ngarl@dmnma@@y aég‘msw@ateww ?%@%rreéer{l%ﬁ# wa¥ frthesnpri si ng
this featu fering :
I ncl uged arEfﬁ‘f1 B3 angﬁ) s g%&/gcsﬁagﬁ&%’désﬁggﬁirt%?éééfafda?m%gng#eet| ng nmay

conprise a row Aﬂteﬁiaﬁﬁﬁpbﬁupdfonﬂﬁnﬁfdhaheremﬂkeetmrbﬂ&t@e@bmislg@f)mpheess| de
groove set are nomnally ?FPar allel _to each other, range . from bei ng
nomi nal | y péeveadiaag/or inchiperl grapues: dience therat erfbe ﬂlfs%wélerzgl atjepstriygo adjacent

t fl f f
Sans., | pacisolfh SUGRADAL & HRSidtve B B (HBIE brtve dBEe M RARGIET  oo 1
view of it SInbmghang‘lﬁg fromafrtaet sh Asrhimany pasallel thebandf khé nﬁlytfu@ﬁer mclude

retroreflection, RA _may be neasured according to, US Federal Test Method
Stand&rd 3t ‘@FOU&laWFeaﬁé@nbﬁd&flthéﬁg%ﬂTQ)Hml%R compipsing busi§a®rs at i on angl es.

Ihe o5 100 e RE) b LP 0550 REGA SR DS SRS ROl 17 ATV

Traffic Cosuﬂewhys daating] yhmretr&eﬁlbetesta shegetinddnliyt contaise i, roﬁ’pﬂ@lefmeﬂtk drramgalmfapes S
m ni muns are n|f|cantl exceeded for -4 entrance, an average of 0 and 90
orient ati of¥b e@m @wms%@f & silggrenyieisehae perawrlx prgheldin grehsothaty yetgangmt ness

i s preferall, @9 meter (CPL), nore
preferably at l?etma%lﬁ Sﬁ}zcgfaﬁ%\?gﬁbﬁg?%ﬁélgbpr elg ealgl?h@%e | east 675 CPL, and
nost 151 ef er abl y Tat rdtaflecii 0HsHePlingis waefubfos e vaatty of uaem;g;heh aotraffic 2igns,

Al ternatively, and preferabl y i n .additjon thereto, bri.ght ness. at an

obser vat i oRaVeagt magngs, vducls marlings and Rersepal satety a@?gsﬂplyle"ﬁﬁff ES Wbt erabl y
at | east 69«% %teﬁ%@%ﬁ%ﬁe Tl'{% %ngé:?étﬁ:t o 1%&01[6?1@&5(}%1 %3 kf’oe ﬂﬂaqs

preferably at st on or ternative, the

bri ght nessaadording ab§8 FeddralohesaNiptterdStaiiabd 37 q1--4f e&tt@lcy, Oibnbmaﬁdin ars5 CPL, 30
nore preferably at | east 400 CPL, even nore preferahly at st. 425 CPL, and
most  pr ef ¥FEBISPOATVHORANEleso Theiresufting &lps?ﬁngtlﬂ%%%w@mﬁé%e%‘g cafigns¢lled v at i on

angl &¢of 1,0 ihSASTM D4956-1a “The Standard Specification for Retroreflective Sheeting for
Traffic Control” for Type IX sheeting. Additionally, specified brightness minimums are

significantly exceeded for -4° entrance, an average of 0° and 90° orientation, 0°
presentation and various observation angles. The brightness is preferably at least 625
candelas per lux per square meter (CPL), more preferably at least 650 CPL, even more

25 preferably at least 675 CPL, and most preferably at least 700 CPL at an observation angle
of 0.2°. Alternatively, and preferably in addition thereto, the brightness at an observation

- angle of 0.33° is preferably at least 575 CPL, more preferably at least 600 CPL, even more

preferably at least 625 CPL, and most preferably at least 650 CPL. In addition or in the
alternative, the brightness at an observation angle of 0.5° is preferably at least 375 CPL,

30 more preferably at least 400 CPL, even more preferably at least 425 CPL, and most
preferably at least 450 CPL. Further, the brightness at an observation angle of 1.0° is
preferably at least 80 CPL, more preferably at least 100 CPL, and most preferably at least
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preferably at |east 80 CPL, nore preferably at |east 100 CPL, and nost

pr ef erabl% at | east 42 WO 2004/ 081619 PCT/ US2004/ 005672 _ 1 EC%D%D @l kew se,
the bri ghQ@&/1619n observation angle of 1.5 is prefer dUR04%8E 20 cpL
and nore preferably at least 25 CPL. The retroreflective sheeting nmay
conprise any conbination of brightness criteria just stated. |nproved

bri ght ness ere i.on_around 0.5 observatio e(.i.e. 0.4 0. is 5
par 19 i cul ar]r};p ﬂ% SGP leehﬂggl eﬁbatlapgg.?qrga%g)p f%(cgll (IF Pﬁﬁﬁ‘fra@ﬁ@&tfe&ﬂr?@mt ed)
f rom passeqpghng ¥ihé 5&%@& agteatta@m Ofhd 1@HERINCRADTESi0Ra ] 88hpERdnGOT t he

viewing of traffic signs I ght should mounted) fromdrivers of | arge
trucks at cbmltmatmsofdﬁlghbmsﬂcm;&ﬁhmst%éﬂfeet Obj ect s and advant ages of the

invention are further_ jillustrated by the follow n exa t .t

particul ar mat efPR¥PEedERGSS Ay Ge %@P@fﬁ@ﬁtogaefgﬁl gg&x@ﬁp@ gio O:QEISWeI I

10 th t
asso e{S%rﬁaﬂQﬂ &inﬁ%ﬁgagﬂﬁ)’g\ Iy %&afﬁ%@yes .ﬁ}er%{%‘éh&ﬂt@%&u&tﬁ‘é&?}h‘an}%k@n gim

t he i nvent B Go fornmed i n 1ndividual “Iam na,
t he i ndi vi dehadled armstmcasefenmghigmoamtlo& feet md(fonﬁter\mwlmgeditmfﬁcf%e (egpl i cat ed

as described in previous ci ed U S Patent 15 p er

10/ 383039, gt |Sga“1ﬁ‘/é%t%1 %15 éﬂ laggg ks %ipibftftﬁ%i gﬁto éﬁ%ofeet

10/ 383039 was f G %f tn{\, ﬁ b1 RARL: iFakRRd PR QR Seri al
No. 60/452464 Plgfe\%? E H?lérﬁ%eésewte apep 1%atl on c“al ns prl ority. Al\ﬁ? t he
machi ned | exanndes, baithe phletcg]ennmtenylsde@ambenlts itherédf@Sited im bk examplashassiélhht
vari ations du hehlf Ie error nclination of the
Si dea18r oov &0t %F@nﬁ%?gﬁa%t@t GCGW@G%P P‘F‘fﬁﬁ%g""(‘ﬁhiwgn W) and the
si de groove spaci ng was 0.005625 inches (0.1428 mi) except for the slight

variations just described. A repeating pattern of eight cubes was
sequent i al ExamptesiddawhiBach | ami na. This repeati ng pattern of cubes was

formed by varyl t he hal e.er skew, i.nation of the side
orooves s eer Paais pie rpal g drah et B nd ol friBteeaneRt 10 s
defines t hﬁle%fc?dﬁ%h@c{rfed‘éﬁﬁfgc h&%d@%@kdﬂb@g nPﬁre@R)u@l? c!lt@@'UVS %@énts' de
groove. The cube coner dihedral errors, defined in FIG 22, are forned

by tHeé twoApglicetientSesnlddo. gervBﬁB@%Q tihed Mamheﬁ £603. Utk Pptmhﬁpph@tlon\Senslur face
to formea Henc the ro def ni ng di hedr a are
of fset in f‘ﬂ Uf/ggf@ cfﬁ‘a‘t FeneutpRd yrwma &%‘Pﬂaﬁ Ef“&@ %P@H\gi‘hgng -] ani nae
that diffeggdsmddrorREa @xe??es&x'it ﬁ‘&h@n%fa'ixﬁé gﬁ&@@omﬁﬁl‘é%&!]ﬂ{eeﬁmﬁﬂae had

inclination of the side grooves formed such”that the dihedral angle
errors repéreigedmietry depicted in FIGS. 6and7 with slight variations due to varying the half

angte error, skew and inclination of the side grooves. The lamina thickness was 0.0075

20 inches (0.1905 111111) and the side groove spacing was 0.005625 inches (0.1428 mm) except
for the slight variations just described. A repeating pattemn of eight cubes was sequentially
formed on each lamina. This repeating pattern of cubes was formed by varying the half
angle errors, skew, and inclination of the side grooves as set forth in forthcoming Tables
10-14. Each row in the tables defines the parameters used during machining of an

25 individual side groove. The cube corner dihedral errors, as defined in FIG. 22, are formed
by the two adjacent side grooves that intersect the primary groove surface to form each
cube. Hence, the rows defining dihedral angle errors are offset in the table to clarify their
adjacent side grooves.

Eight laminae that differed with regard to the angle error and/or skew and/or

30 inclination of the side grooves were formed such that the dihedral angle errors reported in

each of the following Tables 10-14 were obtained with the exception of Table 13 wherein

the skew of a portion of the side grooves was modified.
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each of the follow ng Tables 10-14 were obtained with the excepti on of Tabl e
13 wherein the skew of a portion of the side grooves was nodifie

2004/ 0816%8 PHHUBUE3004/ 005672 Lanina | and Lanina 2 ThECEfUc‘iéO"é/P?fév%
paranmeters of the first lamna as well as the second |am na, the second

| am na being an opposing lamna to the first lamna, are reported in Tables
10 and 5 11, respectively. The primary groove half angle error was -8 arc
m nutes for all the primary grooves. Side groove nom nal included angles
(the angl %%fﬁlﬁgylaﬁ@gaﬁlg@% oduce orthogonal cubes) were 75.226 and 104. 774.
The inclu gre error tor all side grooves was -9.2 are m nutes,
resulting in adlthea[d@grd@vegrmnﬁelisrmlthﬂﬁdt lamghacs vodll 83hOFRond tandnd, Glde 621.

Whil e the included n |l e error, s constant for.the S|de$ '&bj?ﬁ t he half

10 angl e EFFAILARERDPEAINPPOFIRE {AnMAY FUINE HFY damingy are FRpofte

rang fr x 4dm 3 of
Tabl esjlo O@ﬁ ﬁ ?élg %gﬁfféfogyghﬁggé%%%%ﬁ 83?83%2%%? &t aﬁ tot al i ng
-9.2 arc rprnmrgg)oo(ves r&d@gmdwegommaﬂ e lded ahglkd (teeglghs red}lﬂl‘ed&api‘bdscde
groove. The dihedral 2-3 error results fromthe conbination of half angle

errors on GHjogersheubssieern BeildS aahd04-874ukharindeded anstegiipniowpll Wlhedr al’ 2-3
15 d f 1.6 t 6.8 tes, f Jirst
o . S (RO R b BB I 1
res peafn diogle¥ie. S\K?ﬁ}'ve hnaedadd /e é-{& v@a[s%gﬁét%ltf&sthk Qld%r&)v@é q}é@hﬂﬁt es for
a s to 1

theflrst m na. Ination varied from 1 arc m nut 8 are
m nul@s. Tiglelerdrawerelatiedi Helfrragle eeorsoivosthedist lamitg tipaomnmgddefrormntid.8 arc

i nclination of the side. grooves ares own _i n e fina 20 columms. Note
that di hedPHuies{Q 66@%@%&8@@%&%? Yopg oéﬂagkelltor oﬂfﬂe bamfwlgift eIFIRSTe one

cube int r t rent "
b e PSB! by S eSS plstont] Byt et
sumar i zedfor eac]ﬁaiﬂe@rddveaﬂﬁheldmwfaiQe’i grrorrredudts dicbnt thetchmblirmiion af hdlf dd e 10.

The first and second cql ums t. set forth the no i de groove
angl e as VIETOPS Qs adgaceat ﬂ?%&?@v?w%dﬂ%n@ﬁﬁ?@%ﬁ?@m rggl h&@ﬁf%?ﬁmr%l ot her

col u NQPME nRAE 86 dbabfut £ inaSkew and inclination)
as we I saﬁg?%‘g raqpang e tgérqr%z)rssgar eﬁlllnuv%?tgggleﬁ:ﬁ tﬂe atl on to Table 10. This
reflects the feﬁktewtdmdhncamatlmppmser@nhmoianmsﬁmphnd:aklof’[iaﬂlerlm cal toits

counterpart except tated Oabot the t-
P respect?w y. ew ranged from —8 arc minutes to 1% Sarc minutes for the first lamina.

Inclination varied from -6.1 arc minutes to 10.8 arc minutes. The 1-2 and 1-3 dihedral
errors resulting from skew and inclination of the side grooves are shown in the final two
20 columns. Note that dihedral errors 1-2 and 1-3 varied in opposition, with at least one cube
in the lamina comprising dihedral errors 1-2 and 1-3 with different magnitudes and/or
signs.
The side grooves of the second lamina, is summarized in Table 11 and is closely
related to the lamina of Table 10. The first and second columns, that set forth the nominal
25 side groove angle as well as side groove included angle error, are identical. All other
columms for side groove parameters (half angle errors, skew and inclination) as well as
dihedral angle errors are inverted in relation to Table 10. This reflects the fact that an
opposing lamina is optically identical to its counterpart except rotated 180° about the z-
axis.
30
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30 44 WO 2004/ 081619 PCT/ US2004/ 005672 Lam na 4, Lamna 6 and Lam na 8 For
sinplicit e side groove paraneters of the fourth, si 1d.el.ght
| am na t%’éﬁogﬁgssl?‘gspecti vely opposing the third, fifth m%@@@&%& am na
are notreiterated since 5 the side grooves paraneter have this sane
inverted relationship as just described. Lamna 3 The side groove paraneter
of the third lamna is set forth in Table 12. Primary groove half angle
error was -8 arc mnutes. The basic geonetry (dinmensions and nom nal 10

si de gr ooVEammial 4 defi@Oues) aiag st he same as the first |lamna type. The
actual included angle error for all side grooves was again -9.2 arc mnutes.

Hal f angl e err oFer siwpli¢ifie thesudmgraoveparameterssd ths @arthr ohesndragydemmaom - 14. 8

arc minutes to 5. 6 arc.mnutes. L he | 2-3 errors varied fr -1.6 are
i nut es. t otk fegege@ T b ER e MR R R i s 8y R SRR 5?1 S
arc nsnut egewiid fobwes phald@mavathieshnid ibvertciZeldtiGisRipasjuétesdribed> 16.8 are
mnutes for this lamna type. The 1-2 and 1-3 dihedral errors (shown in the

final two colums) varied in opposition. Lami na 5 The groove paraneters of
the fifth arring is set forth in Table 13. The primary 20 groove half angle
error was m nutes. The basic geonetry (dinensions and nom nal side
groove i ncl udedTROGUE SloowB patalifetey dMherRird EniRs BCGREFORG ih dAbRAS. Fh@ahynCl uded
angle error for all side grooves was -1.6 are mnutes, resulting in actual
si de gr ooverdone helfenzle angt was -of arz30in0@s.ahke hBic geometryd limensipne arg neminal or

the third Lamna t nged fro -5.2 e-mnutes.to 6 arc,mnputes.

i hedPal o5 afbsh YRGdeR ERR bR e s AT DR . o BB ALY siew
ranged froghglé eflolfos a%ﬂ@%?&ﬁe@m@s Bgdh 00 PhRUbRatesh i HAf ii}d émakifenthe var i ed
ffom-8.2 arc mnutes to 1.4 are mnutes. The 1-2 and 1-3 di hedral errors
(shown i n sedeadfdnpias tipReidedroetes yangad ifiom 14 8opp ounutenie. 5.0 aigitAEuEs30 The side
groove par ter for the seventh.lamna i.S se orth.in Table 14. .The

o oy or OB 1 G ot B 0t ity @%he R il SR 8iritiga e

(di mensi ons14. ek miRdics @ 2538 df MiReEeviiRGhéERHoR R ASToMaE. B BBiRsas t he

first lamna type. The 45 . i
15 16.8 arc minutes for this lamina type. The 1-2 and 1-3 dihedral errors (shown in the final

two columns) varied in opposition.

Lamina 5
 The groove parameters of the fifth lamina is set forth in Table 13. The primary
20 gfééife half angle error was -4 arc minutes. The basic geometry (dimensions and nominal
side groove included angles) was the same as the preceding laminae. The included angle
error for all side grooves was -1.6 arc minutes, resulting in actnal side groove included
angles of 75.199° and 104.747°. Half angle errors for the third lamina type ranged from
-5.2 arc minutes to 3.6 arc minutes. Dihedral 2-3 errors varied from -7.2 arc minutes to
25 4.0 arc minutes. Skew ranged from -7.0 arc minutes to 9.5 arc minutes while inclination
varied from -8.2 arc minutes to 1.4 arc minutes. The 1-2 and 1-3 dihedral errors (shown in

the final two columns) varied in opposition.

Lamina 7 .
30 The side groove parameter for the seventh lamina is set forth in Table 14. The
primary groove half angle error was -4.0 arc minutes. The basic geometry (dimensions

and nominal side groove included angles) was the same as the first lamina type. The
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WO 2004/ 081619 PCT/ US2004/ 005672 actual included angle error for all side

grooves aln.-1.6 arc mnutes. Half angle errorsr r -5.2 are
m nut es %ﬁ)@f}gﬁ{lgwm nutes. Dihedral 2-3 errors varied g}ﬁ%ﬁs‘la&,@?&gh

mnutes to 4.0 are mnutes. Skew ranged from-5.3 arc mnutes to 5.3 arc
mnutes while inclination varied from-2.1 arc mnutes to 4.6 arc m nutes

for this |am na . The 5 1-2 and 1-3 di hedral errors.(sho i.n_the final
two col amaod e ene Bpas Ao e P i PeSnal b am R Toier Rl edfo) e
such that ghes ReRedinbadsal atdasseolho 3.68c BhaMBNDIhkal2PPegdB FatialFoRe
contacted each other to a precision such that the assenbly was

subst ant i at?3art mgisutss tosbP aiccainuigs| Skew sanged figim <. 3yawsaniantes hah3 a00@inites

| ateral di sionps)..  The.l.am nae wer.e assenpbl ed such that .the | am or der

15 vas el PRI pn R ia 2o FUOURCA R A TaCLgr s e ERARE r 8 ur ed

surfage of 1Hh@1355EMBAMI ¥asts (M8Wnlif Md il BFb SdtumBlPeiic@iPsfPosRioho Create a -
cube cavity tool- The assenbly and el ectroform ng ‘process i's further

descri bed in prAvodtalief 208damerke Wes: asPanklad sugipthatcthe nom dBediahbdgdds of 1@/ 383039,
filed March 6, 2003, U S Patent | i catijon Serial No.. 10/383039 s filed
conour r ent Fie AL OPiasTIEIBHAF CPiel SRS R FBTFoBieH Sieh R TcPasasa o

whi ch the RLHESHHNAAR fr&Adf RRichPwall SdelB whlls %fe}(a%e)‘ thdi000PSRTRERAL Hiﬁaen"siébﬁs)t. ool

was used in a conpression nolding press wt he pressing perfornmed at a
t enper at ur €hofanaperwere asscaibjed3nblthat the Gmine 0B85 H-§ wasSquentiallyresmtede of

i mately 1600, psi, and LIt f 2 . _Th | ded
oy bondrdrehadt pf diserBiasi 1o Simsoid Sisthee oA B8 ar<OvRY "5S R THERIYror
Exanpl e 2AqleHRIfb@MnR @) HeAehANBE 82 Ios1aShe ARethtl{End a@&u&&&ﬁjﬁ%groes@ssqﬁs cribed
in previously cited U S. Patent Application Serial No. 10/382375, filed :

March 6, 20@@er dagcdhediapesviousptiteddi.f obat@dipplicatenn S@1aBBR3TH3§HS 9f filedd

t i i Si Pat ent i i i . 060/ 452464 t
Cor i oo Wt RS SR aaBAR SERBNG T3 el A 12,
dual | ayer pafR@fioral PafempylicatidiIS&Rial NB! 6674 5164es tdlich Be Rﬁaaéht@pﬁl&aﬁbhs
anor phous copol yester was applied to the backside of the cube-corner

el enddt s bylagesnraeity.ng t he anor phous copol yester containing surface to the
m crostructured ycarb e fi.l msurf.ace in a continuous seali process.
The Cconst r et | B TGS Rt ook Beny compsRgi o B P St e Phavi ng a
Teflon sl e?r‘é@siﬁg‘ﬁerf&m@@% @E&nﬁie?a%re;?gh]%pro{iﬁﬁate‘lyBﬁ?’qﬁe(lgi°r(12:i‘<l?385@fl{?96°@),}3a roll

was about 165F and the surface of he heated st eel was about’® 405F.
The ni p pr pssureofwpradtinately71H00@si dsd pdwell tinssof 20isacdndan@hs peéttdnas 20 f eet

Per Ut € amalt was thes 001t DoutFooRF AR ovar s Fnides. 0%
20 For Example 2A, molten polycarbonate was cast onto the tool surface as described
in previously cited U.S. Patent Application Serial No. 10/382375, filed March 6, 2003.
U.S. Patent Application Serial No. 10/382375 was filed concurrently with Provisional

Patent Application Serial No. 60/452464 to which the present application claims priority.
For both Example 1A and 1B, a dual layer seal film comprising 0.7 mils polyester
25 and 0.85 mils amorphous copolyester was applied to the backside of the cube-comer
elements by contacting the amorphous copolyester containing surface to the
microstructured polycarbonate film surface in a continuous sealing process. The
construction was passed continuously through a rubber nip roll having a Teflon sleeve and
a heated steel roll. The surface of the rubber nip roll was about 165°F and the surface of
30 the heated steel roll was about 405°F. The nip pressure was about 70 pounds/per linear

inch and speed was 20 feet per minute. Brightness retention after sealing was about 70%.
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46 WD 2004/ 081619 PCT/ US2004/ 005672 The resulting sheeting neets brightness
specifications called out in ASTM D4956 | a "The Standard i.ficatign for
Ret r or ef | eq PPAVEHERY i ng for Traffic Control" for Type I%ﬁggw@gﬁéﬁ
Additionally, specified bri ght ness mninmuns are significantly exceeded for
-4 entrance, an aver age of and 90 orientation, O presentation and vari ous

observati on | es bl ive r.at, le 1A
Exanpl e 1B etro T’feé]é]t%f’%ég %’P ﬁat@'@]lh%/eés ]rcéé%rils Cﬁﬁoﬁﬁdﬂ#\@ﬁ%iﬁ@g& ng 2
Sheeting 3 Whkipdsiohesd sEanﬁ&matfbmeMﬂ&w@ SH&@n@f@ﬂTﬁ\fﬂc 069801 AYE 0
Observation An le CPL CPL CPL 2 726 489 788 740 0.33 660 432 748 700
0.5 276 348135116@@2 Additionpig, spedified brighingss1gingyugy agssignifcantlylescagdehns

t hat the ret oreflective she |;8§Bthe?%}res§ in entlora has a _hi gher

bri ght ness Ceoim £YrEage i 20d 0o BRI nprﬁ@} O, 30C VEHAYT FRSEYatieR
Conmparative ctive Sheeting 2 and Conparative Retroreflective
Sheet i %g 3. a%gé{i%gé‘l\ggd brightness in the region around 0.5 observation
angle is particularly inportant for viewing traffic signs (e.g. right

shoul d nmount ed) from passenger vehicles_ at distances of roughly 15 200 to
400 feet and for the viewing of traffic §W§r?s (e.g. right shoul d nounted)
from drivers of large trucks at distances of about 450 to 950 feet. The
sheeting of Exanple 1A was found to have a neasured uniformty index of

2.04 for tdtal Iight ret]ildmpuﬁahive Thnphrativy aExampld/eA i oBsarapdilBi dat i ons
and al teratfions of this |RuteireflediveiRdirdreAQiReERRRIeHod Ext#isibhosg skil | ed
in the art \without depar ghggm%‘%gm U RGeSmAPs anfici@éd 't Ofshelling! nvgntion. 47
WO 20041081619 PCT/ US200§ Sheeting
( Avg 0/90 Ave 0/90 Avg0/90  Avg 0/90
Observation Angle CPL CPL CPL CPL
0.2 726 489 788 740
0.33 660 432 748 700
0.5 276 348 554 502
1 37 106 141 162
1.5 13 24 32 35
10 Table 9 shows that the retroreflective sheeting of the present invention has a higher

brightness at each of the indicated observation angles in comparison to Comparative
Retroreflective Sheeting 2 and Comparative Retroreflective Sheeting 3. The improved
brightness in the region around 0.5 observation angle is particularly important for viewing
traffic signs (e.g. right should mounted) from passenger vehicles at distances of roughly
‘ 15 200 to 400 feet and for the viewing of traffic signs (e.g. right should mounted) from

drivers of large trucks at distances of about 450 to 950 feet.

The sheeting of Example 1A was found to have a measured uniformity index of
2.04 for total light return within 2.0° observation.

Various modifications and alterations of this invention will become apparent to

20 those skilled in the art without departing from the scope and spirit of this invention.
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Tabl e 10 Nom nal Side Side G oove Side Goove D hedral D hedral D hedral

G oove Incl. Angle Half Angle 2-3 Error Skew Inclination 13 E&}r‘})rﬁ%-z Error -
I ncl uded WOBPVEMIY) Errors (min) (min) (min) (min) (mi AF{HENY %G1 e (Deg)
75.226 -9.2 -2.0 15.0 2.5 -9.2 -16.1 -6.0 104.774 9.2 -10 Q0 0.4 -9.2 -6.0
-16.0 9.2 -72 75.226 -2.0 -7.0 10.8 -9.2 -7.0 -12.8 104.774 -9.2 2 -8.0
3.1 16.8 -4.8 -5.7 5 75.226 -9.2 -14.8 -7.0 -6.0 -1.6 3.3 1.9 104.774 -0.2
-2.014.7 -1.2 -9.2 -12.7 -7.0 75.226 -9.2 ~2-1.02.5-16.8 -5.8 -4.9
104.774 -9.2 145.6.8 6.7 -6.1 -1.6 1. ;3,30 75.226 -9.2 _2 2 15.0 2.5 5 48
WD 2004/ 081619 PCT/ US2004/ 005672 Table 11 Nominal Side Side Goove Side

Groove Di Néldmital Side i, bi hiedral, egr:%.wenahz&.lar Angl e Hal f..A;tgh.su.%f fﬁgﬁl Skew -
I nc! I nat i qn Lradver r py Ryte! nﬁﬂﬁ ale’ 053 €L SE!_M orlscll(l_atam 3ER | 4R [(mn)
(rain) A IQL'%[;S'[@[E!?}) Error {min) | Errors {min) | (min} (min) (min) {min} {min)
i
75.228 8.2 ;g S 150 | 25 = -+ =
=3 8.2 -16.1 60
104.774 92 ';U 0.0 0.4
T 9.2 80 | -160
75.226 82 - ;S 7.0 108
= 9.2 70 -128
104.774 8.2 :;"U' -8.0 3.1
i -16.8 48 57
75.226 92 - = 70 -B.0
=3 1.6 33 18
104.774 -9.2 5T , 14.7 -1.2
=5 9.2 127 70
75.226 -9.2 :9'0 -1.0 25
134' : 16.8 5.8 48
104.774 892 - 6 -B.7 -B.1
- 16 18 3.3
75.228 -9.2 'é'ﬁ ] o0 28 e
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75.226 9 2

16.8 -5.8 -4.9 75226 -92 7.02 -1.0 2.5 9.2 -12.7 -7.0 104.774 -92

-. -7.215.02.56 -1.6 1.9 3.3 104.774 -9.2

-14.9 -

6.7 61
14.7

C-1.2 -1. 6V 20044816¥5226 -9.2 5.6 -7.0 -6.0 -16.8 -4.8 5PC7T/U§%S’24/‘?°’91¥_ 9.2
2.0 -8.03.19.2-7.0-12.B 75.226 -9.2 7D -7.0 10.8 -9.2 -6.0 -16.0

104.774 -9.2 --70 0.0 -0A -9.2

-16.1 -6.0 75.226 -92 -2.0 15.0 2.5 7.2 5

Tabl e 12 Nom nal Side Side Goove Side Goove D hedral Dihedral D hedral
Groove Incl. Angle Hal (Angle 23 Error Skew Inclination 13 Error 1-2 Error
I ncl uded Error (rain) Errors (mn) (T%f%) l(mn) (mn) (mn) (mn) Angle
(Dog) nrr~ 75.226 -9.2 221320 I‘:1 -9.2 -19.8 -8.7 104.774 -9.2 ~
0 00 3.0 -S)N:ﬁmn:ﬂ.S?de— 7. 2 1E 8 -9.2(-.10 - 15A
104. 774 -9)2 Giob® - 1 quz B ii?[ % (ggﬂzzig‘ 1. Skew |Inclination Biketral | Dihial
el Atigle alf oy . . 13 Error | 12 Error
Included Error imini | Errors [mm} [min} {min) (min) {min) {tmin)
Angle Deg)
75,226 82 = 150 | 23
,é -1.6 1.8 3.3
104.774 8.2 j; - 8.7 -B.1
- 5 ‘D -16.8 -5.8 -4.8
75.226 82 :75 -1.0 25
_2'0 82 =127 -7.0
104774 -82 _?'? 147 -1.2
5E -1.6 33 18
[ 75.228 -9.2 - 14 5 -7.0 -B.0
=5 El -16.8 -4 8 57
104.774 -8.2 _’7",) -8.0 3.1
_25 9.2 -7.0 -12.8
7h.226 82 _?',} -7.0 10.8
- 2'6 9.2 -BD -16.0
104.774 -8.2 55 00 -04
‘2‘0 8.2 -16.1 6.0
75.226 8.2 . e 18.0 24 e FTT T
-71.2 seisniniisinial miniiniminnirmniiniinl
5 Table 12
Hominal Side Side Groove| Side Groove | Dihedral o s Dihedral | Dihedral
Groove Incl. &ngle | Half Sngle | 23 Errar SE’_“?W lnclm_:atmn 13 Error | 9-2 Error
Included Error (inin) | Errors (min) {min} {min) {min) {min} {min}
Angle (Deg)
- 732
75.228 -8.2 S0 21.3 2.0
104.774 92 ,’)g 0.0 30
= 9.2 87 | 197
¥9.226 -92 _2'5 -7.2 168
_?'2 0.2 -10.8 -15.4
104.774 92 -’)‘.U -14.0 26
XY -16.8 14 | 15
75.226 -92 56" -B.7 127
= -1.6 72 50
104.774 0.2 -Q.D - 205 -14
=5 9.2 -184 | -108
75.226 -9.2 20 -7.0 2.0
XY -16.8 16 | -14
104.774 -82 - -B.7 -10.8
56
7.2
75.226 -g.2 0 21.3 20




75.226 -9.2 5.6 -6.7 -12.7 1.6 7.2 5.0 104.774 -9.2 0 20.5 -1.4 -9.2

-15.4 -10.6 75.226 -9.2 Z -7.0 2.0 _-140 -16.0 -1.6 .4 104.774 -9.2 -6.7-
-10.5 5. 6WA2WBIEI, 7 75 226 -9.2 T2.0 21.3 2.0 49 WO MHUTOR{¥WIG?
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What is Clainmed is: | . Retroreflective sheeting conprising a row of
preferred geonetry cube corner elenents having faces defined by a side
.groove set wherein at |east two grooves within the set are nonparallel by
anounts ranging fromgreater than nomnally parallel to about 1. 2. The
sretroreflective sheeting of claim1 wherein the el enents conprise a |ateral
di mensi on of | ess than about 0.020 inches. 3. The retroreflective sheeting
of claim1l wherein the elenments conprise a |ateral dinension of |ess than
about 1. Qifa{iDehSsieads: The retroreflective sheeting of claim1l wherein the
grooves conprise skew.” 5. The retroreflective sheeting of claim1l wherein a
first groove conprises positive and a second groove conprises negative
skew. 6. -The retroref]|ective sheethng clain1% wherein the ske%/of a first
groove vari es ReHoreflgefhvier thesting GRTPRYNG gel V1o aprsfgers%cse@ms%w}l ¢ COME

retroref begldnkha$hgahdel deMied Wy FclardbR! Rt WhékR HIQANMERD LIRS Wiin the
inclination. 8. The retrorefléctive sheeting of claim1 wherein a first

groove ceoffar¢ senparallpldsyi amaenmts jangihg frami eaterrtbarancaseivahdpagalied teeabovht | ses a
negative inclination. 9. The retroreflective sheeting of claiml| wherein the
inclination of a first groove varies in magnitude fromthe inclination of a
second grRoove Thé QetrdrbRecti®t lshédink &dtdlaim §arRtdim gheotlegikbmts Bompyeadhtdral he si de
grooves cqonprise skew and inclination. 52 1 1. The retroreflective sheeting
of cl ai mimghsianeatiess hanabew§20 iggheh have a first face and the first faces
define a primary groove face. 53

3. The retroreflective sheeting of claim 1 wherein the elements comprise a lateral

dimension of less than about 1.010 inches.
4. The retroreflective sheeting of claim 1 wherein the grooves comprise skew.

5. The retroreflective sheeting of claim 1 wherein a first groove comprises positive

and a second groove comprises negative skew.

6. The retroreflective sheeting claim 1 wherein the skew of a first groove varies in

magnitude from the skew of a second groave.
7. The retroreflective sheeting of claim 1 wherein the grooves comprise inclination.

8. The retroreflective sheeting of claim 1 wherein a first groove comprises a positive

inclination and a second groove comprises a negative inclination.

9. The retroreflective sheeting of claim 1 wherein the inclination of a first groove

varies in magnitude from the inclination of a second groove.

10.  The retroreflective sheeting of claim 1 wherein the side grooves comprise skew

and inclination.
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11.  The retroreflective sheeting of claim 1 wherein the elements each have a first face

and the first faces define a primary groove face.
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