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CUBE CORNER SHEETIING MOLD AND OF 
MAKING THE SAME 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This is a continuation application of prior US. 
patent application Ser. No. 09/636,520, ?led Aug. 9, 2000, 
noW allowed, Which is a continuation of prior US. patent 
application Ser. No. 08/886,074, ?led Jul. 2, 1997, noW 
abandoned. 

FIELD OF THE INVENTION 

[0002] The present invention relates generally to molds 
suitable for use in forming cube corner retrore?ective sheet 
ing and to methods for making the same. In particular, the 
present invention relates to molds formed from a plurality of 
thin laminae and to methods for making the same. 

BACKGROUND OF THE INVENTION 

[0003] Retrore?ective materials are characteriZed by the 
ability to redirect light incident on the material back toWard 
the originating light source. This property has led to the 
Wide-spread use of retrore?ective sheeting in a variety of 
conspicuity applications. Retrore?ective sheeting is fre 
quently used on ?at, rigid articles such as, for example, road 
signs and barricades; hoWever, it is also used on irregular or 
?exible surfaces. For example, retrore?ective sheeting can 
be adhered to the side of a truck trailer, Which requires the 
sheeting to pass over corrugations and protruding rivets, or 
the sheeting can be adhered to a ?exible body portion such 
as a road Worker’s safety vest or other such safety garment. 
In situations Where the underlying surface is irregular or 
?exible, the retrore?ective sheeting desirably possesses the 
ability to conform to the underlying surface Without sacri 
?cing retrore?ective performance. Additionally, retrore?ec 
tive sheeting is frequently packaged and shipped in roll 
form, thus requiring the sheeting to be su?iciently ?exible to 
be rolled around a core. 

[0004] TWo knoWn types of retrore?ective sheeting are 
microsphere-based sheeting and cube corner sheeting. 
Microsphere-based sheeting, sometimes referred to as 
“beaded” sheeting, employs a multitude of microspheres 
typically at least partially embedded in a binder layer and 
having associated specular or diffuse re?ecting materials 
(e.g., pigment particles, metal ?akes or vapor coats, etc.) to 
retrore?ect incident light. Illustrative examples are disclosed 
in US. Pat. No. 3,190,178 (McKenzie), US. Pat. No. 
4,025,159 (McGrath), and Us. Pat. No. 5,066,098 (Kult). 
Advantageously, microsphere-based sheeting can generally 
be adhered to corrugated or ?exible surfaces. Also, due to 
the symmetrical geometry of beaded retrore?ectors, micro 
sphere based sheeting exhibits a relatively orientationally 
uniform total light return When rotated about an axis normal 
to the surface of the sheeting. Thus, such microsphere-based 
sheeting has a relatively loW sensitivity to the orientation at 
Which the sheeting is placed on a surface. In general, 
hoWever, such sheeting has a loWer retrore?ective e?iciency 
than cube corner sheeting. 

[0005] Cube corner retrore?ective sheeting comprises a 
body portion typically having a substantially planar base 
surface and a structured surface comprising a plurality of 
cube corner elements opposite the base surface. Each cube 
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corner element comprises three mutually substantially per 
pendicular optical faces that intersect at a single reference 
point, or apex. The base of the cube corner element acts as 
an aperture through Which light is transmitted into the cube 
corner element. In use, light incident on the base surface of 
the sheeting is refracted at the base surface of the sheeting, 
transmitted through the bases of the cube corner elements 
disposed on the sheeting, re?ected from each of the three 
perpendicular cube-corner optical faces, and redirected 
toWard the light source. The symmetry axis, also called the 
optical axis, of a cube corner element is the axis that extends 
through the cube corner apex and forms an equal angle With 
the three optical faces of the cube corner element. Cube 
corner elements typically exhibit the highest optical effi 
ciency in response to light incident on the base of the 
element roughly along the optical axis. The amount of light 
retrore?ected by a cube corner retrore?ector drops as the 
incidence angle deviates from the optical axis. 

[0006] The maximum retrore?ective e?iciency of cube 
corner retrore?ective sheeting is a function of the geometry 
of the cube corner elements on the structured surface of the 
sheeting. The terms ‘active area’ and ‘effective aperture’ are 
used in the cube corner arts to characteriZe the portion of a 
cube corner element that retrore?ects light incident on the 
base of the element. A detailed teaching regarding the 
determination of the active aperture for a cube corner 
element design is beyond the scope of the present disclosure. 
One procedure for determining the effective aperture of a 
cube corner geometry is presented in Eckhardt, Applied 
Optics, v. 10, n.7, July, 1971, pp. 1559-1566. US. Pat. No. 
835,648 to Straubel also discusses the concept of effective 
aperture. At a given incidence angle, the active area can be 
determined by the topological intersection of the projection 
of the three cube corner faces onto a plane normal to the 
refracted incident light With the projection of the image 
surfaces for the third re?ections onto the same plane. The 
term ‘percent active area’ is then de?ned as the active area 
divided by the total area of the projection of the cube corner 
faces. The retrore?ective e?iciency of retrore?ective sheet 
ing correlates directly to the percentage active area of the 
cube corner elements on the sheeting. 

[0007] Additionally, the optical characteristics of the ret 
rore?ection pattern of retrore?ective sheeting are, in part, a 
function of the geometry of the cube corner elements. Thus, 
distortions in the geometry of the cube corner elements can 
cause corresponding distortions in the optical characteristics 
of the sheeting. To inhibit undesirable physical deformation, 
cube corner elements of retrore?ective sheeting are typically 
made from a material having a relatively high elastic modu 
lus sufficient to inhibit the physical distortion of the cube 
corner elements during ?exing or elastomeric stretching of 
the sheeting. As discussed above, it is frequently desirable 
that retrore?ective sheeting be su?iciently ?exible to alloW 
the sheeting to be adhered to a substrate that is corrugated or 
that is itself ?exible, or to alloW the retrore?ective sheeting 
to be Wound into a roll to facilitate storage and shipping. 

[0008] Cube corner retrore?ective sheeting is manufac 
tured by ?rst manufacturing a master mold that includes an 
image, either negative or positive, of a desired cube corner 
element geometry. The mold can be replicated using nickel 
electroplating, chemical vapor deposition or physical vapor 
deposition to produce tooling for forming cube corner 
retrore?ective sheeting. US. Pat. No. 5,156,863 to Pricone, 



US 2002/0028263 A1 

et al. provides an illustrative overview of a process for 
forming tooling used in the manufacture of cube corner 
retrore?ective sheeting. Known methods for manufacturing 
the master mold include pin-bundling techniques, direct 
machining techniques, and laminate techniques. Each of 
these techniques has bene?ts and limitations. 

[0009] In pin bundling techniques, a plurality of pins, each 
having a geometric shape on one end, are assembled 
together to form a cube-corner retrore?ective surface. US. 
Pat. No. 1,591,572 (Stimson), US. Pat. No. 3,926,402 
(Heenan), US. Pat. No. 3,541,606 (Heenan et al.) and US. 
Pat. No. 3,632,695 (HoWell) provide illustrative examples. 
Pin bundling techniques offer the ability to manufacture a 
Wide variety of cube corner geometries in a single mold. 
HoWever, pin bundling techniques are economically and 
technically impractical for making small cube corner ele 
ments (e.g. less than about 1.0 millimeters). 

[0010] In direct machining techniques, a series of grooves 
is formed in a unitary substrate to form a cube-corner 
retrore?ective surface. US. Pat. No. 3,712,706 (Stamm) and 
US. Pat. No. 4,588,258 (Hoopman) provide illustrative 
examples. Direct machining techniques offer the ability to 
accurately machine very small cube corner elements Which 
are compatible With ?exible retrore?ective sheeting. HoW 
ever, it is not presently possible to produce certain cube 
corner geometries that have very high effective apertures at 
loW entrance angles using direct machining techniques. By 
Way of example, the maximum theoretical total light return 
of the cube corner element geometry depicted in US. Pat. 
No. 3,712,706 is approximately 67%. 

[0011] In laminate techniques, a plurality of laminae, each 
lamina having geometric shapes on one end, are assembled 
to form a cube-corner retrore?ective surface. German Pro 
visional Publication (OS) 19 17 292, International Publica 
tion Nos. WO 94/18581 (Bohn, et al.), WO 97/04939 
(Mimura et al.), and WO 97/04940 (Mimura et al.), disclose 
a molded re?ector Wherein a grooved surface is formed on 
a plurality of plates. The plates are then tilted by a certain 
angle and each second plate is shifted crossWise. This 
process results in a plurality of cube corner elements, each 
element formed by tWo machined surfaces on a ?rst plate 
and one side surface on a second plate. German Patent DE 
42 36 799 to Gubela discloses a method for producing a 
molding tool With a cubical surface for the production of 
cube corners. An oblique surface is ground or cut in a ?rst 
direction over the entire length of one edge of a band. A 
plurality of notches are then formed in a second direction to 
form cube corner re?ectors on the band. Finally, a plurality 
of notches are formed vertically in the sides of the band. 
German Provisional Patent 44 10 994 C2 to Gubela is a 
related patent. The re?ectors disclosed in Patent 44 10 994 
C2 are characteriZed by the re?ecting surfaces having con 
cave curvature. 

BRIEF SUMMARY OF THE INVENTION 

[0012] The present invention relates to providing a master 
mold suitable for use in forming retrore?ective sheeting 
from a plurality of laminae and methods of making the same. 
Advantageously, master molds manufactured according to 
methods disclosed herein enable the manufacture of retrore 
?ective cube corner sheeting that exhibits retrore?ective 
ef?ciency levels approaching 100%. To facilitate the manu 

Mar. 7, 2002 

facture of ?exible retrore?ective sheeting, the disclosed 
methods enable the manufacture of cube corner retrore?ec 
tive elements having a Width of 0.010 millimeters or less. 
Additionally, the present application enables the manufac 
ture of a cube corner retrore?ective sheeting that exhibits 
symmetrical retrore?ective performance in at least tWo 
different orientations. 

[0013] Ef?cient, cost-effective methods of making molds 
formed from a plurality of laminae are also disclosed. In 
particular, a reduction of the number of laminae necessary to 
produce a given density of cube corner elements in a 
sheeting is disclosed, thereby reducing the time and expense 
associated With manufacturing such molds. 

[0014] In one embodiment, a lamina suitable for use in a 
mold for use in forming retrore?ective cube corner articles 
is provided, the lamina having opposing ?rst and second 
major surfaces de?ning therebetWeen a ?rst reference plane, 
the lamina further including a Working surface connecting 
the ?rst and second major surfaces, the Working surface 
de?ning a second reference plane substantially parallel to 
the Working surface and perpendicular to the ?rst reference 
plane and a third reference plane perpendicular to the ?rst 
reference plane and the second reference plane. The lamina 
includes: (a) a ?rst groove set including at least tWo parallel 
adjacent V-shaped grooves in the Working surface of the 
lamina, each of the adjacent grooves de?ning a ?rst groove 
surface and a second groove surface that intersect substan 
tially orthogonally to form a ?rst reference edge; (b) a 
second groove set including at least tWo parallel adjacent 
V-shaped grooves in the Working surface of the lamina, each 
of the adjacent grooves de?ning a third groove surface and 
a fourth groove surface that intersect substantially orthogo 
nally to form a second reference edge; and (c) a third groove 
set including at least one groove in the Working surface of 
the lamina, the groove de?ning a ?fth groove surface and a 
sixth groove surface, the ?fth groove surface intersecting 
substantially orthogonally With the ?rst and second groove 
surfaces to form at least one ?rst cube corner disposed in a 
?rst orientation and the sixth groove surface intersecting 
substantially orthogonally With the third and fourth groove 
surfaces to form at least one second cube corner disposed in 
a second orientation different than the ?rst orientation. 

[0015] In one embodiment, the ?rst and second groove 
sets are formed such that their respective reference edges 
extend along axes that, in a top plan vieW, are perpendicular 
to the ?rst reference plane. The third groove set includes a 
single groove having a vertex that extends along an axis 
contained by the third reference plane. In this embodiment, 
the lamina comprises a ?rst roW of cube corner elements 
de?ned by the grooves of the ?rst groove set and the third 
groove and a second roW of cube corner elements de?ned by 
the grooves of the second groove set and the third groove. 

[0016] The three mutually perpendicular optical faces of 
each cube corner element are preferably formed on a single 
lamina. All three optical faces are preferably formed by the 
machining process to ensure optical quality surfaces. A 
planar interface is preferably maintained betWeen adjacent 
?rst and second major surfaces during the machining phase 
and subsequent thereto so as to minimiZe alignment prob 
lems and damage due to handling of the laminae. 

[0017] Also disclosed is a method of manufacturing a 
lamina for use in a mold suitable for use in forming 
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retrore?ective cube corner articles, the lamina having oppos 
ing ?rst and second major surfaces de?ning therebetWeen a 
?rst reference plane, the lamina further including a Working 
surface connecting the ?rst and second major surfaces, the 
Working surface de?ning a second reference plane substan 
tially parallel to the Working surface and perpendicular to 
the ?rst reference plane and a third reference plane perpen 
dicular to the ?rst reference plane and the second reference 
plane. The method includes: (a) forming a ?rst groove set 
including at least tWo parallel adjacent V-shaped grooves in 
the Working surface of the lamina, each of the adjacent 
grooves de?ning a ?rst groove surface and a second groove 
surface that intersect substantially orthogonally to form a 
?rst reference edge; (b) forming a second groove set includ 
ing at least tWo parallel adjacent V-shaped grooves in the 
Working surface of the lamina, each of the adjacent grooves 
de?ning a third groove surface and a fourth groove surface 
that intersect substantially orthogonally to form a second 
reference edge; and (c) forming a third groove set including 
at least one groove in the Working surface of the lamina, the 
groove de?ning a ?fth groove surface and a sixth groove 
surface, the ?fth groove surface intersecting substantially 
orthogonally With the ?rst and second groove surfaces to 
form at least one ?rst cube corner disposed in a ?rst 
orientation and the sixth groove surface intersecting sub 
stantially orthogonally With the third and fourth groove 
surfaces to form at least one second cube corner disposed in 
a second orientation different than the ?rst orientation. 

[0018] Further disclosed is a mold assembly comprising a 
plurality of laminae, the laminae including opposed parallel 
?rst and second major surfaces de?ning therebetWeen a ?rst 
reference plane, each lamina further including a Working 
surface connecting the ?rst and second major surfaces, the 
Working surface de?ning a second reference plane substan 
tially parallel to the Working surface and perpendicular to 
the ?rst reference plane and a third reference plane perpen 
dicular to the ?rst reference plane and the second reference 
plane. The Working surface of a plurality of the laminae 
includes: (a) a ?rst groove set including at least tWo parallel 
adjacent V-shaped grooves in the Working surface of each of 
the laminae, each of the adjacent grooves de?ning a ?rst 
groove surface and a second groove surface that intersect 
substantially orthogonally to form a ?rst reference edge on 
each of the respective laminae; (b) a second groove set 
including at least tWo parallel adjacent V-shaped grooves in 
the Working surface of each of the laminae, each of the 
adjacent grooves de?ning a third groove surface and a fourth 
groove surface that intersect substantially orthogonally to 
form a second reference edge on each of the respective 
laminae; and (c) a third groove set including at least one 
groove in the Working surface of a plurality of the laminae, 
each groove de?ning a ?fth groove surface and a sixth 
groove surface, the ?fth groove surface intersecting substan 
tially orthogonally With the ?rst and second groove surfaces 
to form at least one ?rst cube corner disposed in a ?rst 
orientation and the sixth groove surface intersecting sub 
stantially orthogonally With the third and fourth groove 
surfaces to form at least one second cube corner disposed in 
a second orientation different than the ?rst orientation. 

[0019] In one embodiment of such mold assembly, the ?rst 
groove set extends substantially entirely across the respec 
tive ?rst major surfaces of the plurality of laminae and the 
second groove set extends substantially entirely across the 
respective second major surfaces of the plurality of laminae. 
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Additionally, the ?rst and second groove sets are formed 
such that their respective reference edges extend along axes 
that, in a top plan vieW, are perpendicular to the respective 
?rst reference planes. Finally, the third groove set comprises 
a single groove in each respective lamina having a vertex 
that extends along an axis parallel to the respective lamina’s 
third reference plane. According to this embodiment, each 
respective lamina comprises a ?rst roW of cube corner 
elements de?ned by the grooves of the ?rst groove set and 
the third groove and a second roW of cube corner elements 
de?ned by the grooves of the second groove set and the third 
groove. 

[0020] Also disclosed is a method of manufacturing a 
plurality of laminae for use in a mold suitable for use in 
forming retrore?ective cube corner articles, each lamina 
having opposing ?rst and second major surfaces de?ning 
therebetWeen a ?rst reference plane, each lamina further 
including a Working surface connecting the ?rst and second 
major surfaces, the Working surface de?ning a second ref 
erence plane substantially parallel to the Working surface 
and perpendicular to the ?rst reference plane and a third 
reference plane perpendicular to the ?rst reference plane and 
the second reference plane. The method includes: (a) ori 
enting a plurality of laminae to have their respective ?rst 
reference planes parallel to each other and disposed at a ?rst 
angle relative to a ?xed reference axis; (b) forming a ?rst 
groove set including at least tWo parallel adjacent V-shaped 
grooves in the Working surface of each of the laminae, each 
of the adjacent grooves de?ning a ?rst groove surface and a 
second groove surface that intersect substantially orthogo 
nally to form a ?rst reference edge on each of the respective 
laminae; (c) orienting the plurality of laminae to have their 
respective ?rst reference planes parallel to each other and 
disposed at a second angle relative to the ?xed reference 
axis; (d) forming a second groove set including at least tWo 
parallel adjacent V-shaped grooves in the Working surface of 
each of the laminae, each of the adjacent grooves de?ning a 
third groove surface and a fourth groove surface that inter 
sect substantially orthogonally to form a second reference 
edge on each of the respective laminae; and (e) forming a 
third groove set including at least one groove in the Working 
surface of a plurality of the laminae, each groove de?ning a 
?fth groove surface and a sixth groove surface, the ?fth 
groove surface intersecting substantially orthogonally With 
the ?rst and second groove surfaces to form at least one ?rst 
cube corner disposed in a ?rst orientation and the sixth 
groove surface intersecting substantially orthogonally With 
the third and fourth groove surfaces to form at least one 
second cube corner disposed in a second orientation differ 
ent than the ?rst orientation. 

[0021] In one disclosed method, the plurality of laminae 
are assembled in a suitable ?xture that de?nes a base plane. 
The ?xture secures the laminae such that their respective 
?rst reference planes are substantially parallel and are dis 
posed at a ?rst angle that preferably measures betWeen about 
1° and about 85°, and more preferably measures betWeen 
about 10° and about 60° relative to a ?xed reference axis that 
is a normal vector to the base plane. The ?rst groove set is 
then formed by removing portions of each of the plurality of 
lamina proximate the Working surface of the plurality of 
laminae by using a suitable material removal technique such 
as, for example, ruling, ?y-cutting, grinding, or milling. The 
plurality of laminae are then reassembled in the ?xture and 
secured such that their respective ?rst reference planes are 
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substantially parallel and are disposed at a second angle that 
preferably measures betWeen about 1° and about 85°, and 
more preferably measures betWeen about 10° and about 60° 
relative to a ?xed reference axis that is a normal vector to the 
base plane. The second groove set is then formed using 
suitable material removal techniques as describe above. The 
plurality of laminae are then reassembled in the ?xture and 
secured such that their respective ?rst reference planes are 
substantially parallel to the reference axis. The third groove 
set is then formed using suitable material removal tech 
niques as describe above. Preferably, the third groove set 
de?nes a single groove in each respective lamina. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0022] FIG. 1 is a perspective vieW of a single lamina 
suitable for use in the disclosed methods. 

[0023] FIG. 2 is an end vieW of a single lamina folloWing 
a ?rst machining step. 

[0024] FIG. 3 is a side vieW of a single lamina folloWing 
a ?rst machining step. 

[0025] FIG. 4 is a top vieW of a single lamina folloWing 
a ?rst machining step. 

[0026] FIG. 5 is an end vieW of a single lamina folloWing 
a second machining step. 

[0027] FIG. 6 is a side vieW of a single lamina folloWing 
a second machining step. 

[0028] FIG. 7 is a top vieW of a single lamina following 
a second machining step. 

[0029] FIG. 8 is a perspective vieW of a single lamina 
folloWing a second machining step. 

[0030] FIG. 9 is an end vieW of a single lamina folloWing 
a third machining step. 

[0031] FIG. 10 is a side vieW of a single lamina folloWing 
a third machining step. 

[0032] FIG. 11 is a top vieW of a single lamina folloWing 
a third machining step. 

[0033] FIG. 12 is a perspective vieW of a single lamina 
folloWing a third machining step. 

[0034] FIG. 13 is a top vieW of an alternate embodiment 
of a single lamina folloWing a third machining step. 

[0035] FIG. 14 is an end vieW of an alternate embodiment 
of a single lamina folloWing a third machining step. 

[0036] FIG. 15 is a side vieW of an alternate embodiment 
of a single lamina folloWing a third machining step. 

[0037] FIG. 16 is a perspective vieW of a plurality of 
laminae. 

[0038] FIG. 17 is an end vieW of the plurality of laminae 
oriented in a ?rst orientation. 

[0039] FIG. 18 is an end vieW of the plurality of laminae 
folloWing a ?rst machining operation. 

[0040] FIG. 19 is a side vieW of the plurality of laminae 
folloWing a ?rst machining operation. 

[0041] FIG. 20 is an end vieW of the plurality of laminae 
oriented in a second orientation. 
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[0042] FIG. 21 is an end vieW of the plurality of laminae 
folloWing a second machining operation. 

[0043] FIG. 22 is a side vieW of the plurality of laminae 
folloWing a second machining operation. 

[0044] FIG. 23 is an end vieW of the plurality of laminae 
folloWing a third machining operation. 

[0045] FIG. 24 is a top vieW of the plurality of laminae 
folloWing a third machining operation. 

[0046] FIG. 25 is a top plan vieW of a portion of the 
Working surface of a single lamina. 

[0047] FIG. 26 is a side elevation vieW of the Working 
surface depicted in FIG. 25. 

[0048] FIG. 27 is a side elevation vieW of the Working 
surface depicted in FIG. 25. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0049] In describing various embodiments, speci?c termi 
nology Will be used for the sake of clarity. Such terminology 
is not, hoWever, intended to be limiting and it is to be 
understood that each term so selected includes all technical 
equivalents that function similarly. Related applications ?led 
on the same date hereWith include: Retrore?ective Cube 
Corner Sheeting Mold and Sheeting Formed Therefrom 
(U.S. Ser. No. 08/886,998 ?led Jul. 2, 1997 now US. Pat. 
No. 5,981,032); Retrore?ective Cube Corner Sheeting, 
Molds Therefore, and Methods of Making the Same (U.S. 
Ser. No. 08/887,390 ?led Jul. 2, 1997); Tiled Retrore?ective 
Sheeting Composed of Highly Canted Cube Corner Ele 
ments (U.S. Ser. No. 08/887,389 ?led Jul. 2, 1997 now US. 
Pat. No. 5,989,523); Retrore?ective Cube Corner Sheeting 
Mold and Method of Making the Same (U.S. Ser. No. 
08/887,084 ?led Jul. 2, 1997); and Dual Orientation Ret 
rore?ective Sheeting (U.S. Ser. No. 08/887,006 ?led Jul. 2, 
1997 now US. Pat. No. 5,936,770). 

[0050] The disclosed embodiments can utiliZe full cube 
corner elements of a variety of siZes and shapes. The base 
edges of adjacent full cube corner elements in an array are 
not all in the same plane. By contrast, the base edges of 
adjacent truncated cube corner elements in an array are 
typically coplanar. Full cube corner elements have a higher 
total light return than truncated cube corner elements for a 
given amount of cant, but the full cubes lose total light return 
more rapidly at higher entrance angles. One bene?t of full 
cube corner elements is higher total light return at loW 
entrance angles, Without too large of a loss in performance 
at higher entrance angles. 

[0051] Predicted total light return (TLR) for a cube corner 
matched pair array can be calculated from a knoWledge of 
percent active area and ray intensity. Ray intensity may be 
reduced by front surface losses and by re?ection from each 
of the three cube corner surfaces for a retrore?ected ray. 
Total light return is de?ned as the product of percent active 
area and ray intensity, or a percentage of the total incident 
light Which is retrore?ected. Adiscussion of total light return 
for directly machined cube corner arrays is presented in US. 
Pat. No. 3,712,706 (Stamm). 

[0052] One embodiment of a lamina, as Well as a method 
of making the same, Will noW be described With reference to 
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FIGS. 1-12. FIGS. 1-2 depict a representative lamina 10 
useful in the manufacture of a mold suitable for forming 
retrore?ective sheeting. Lamina 10 includes a ?rst major 
surface 12 and an opposing second major surface 14. 
Lamina 10 further includes a Working surface 16 and an 
opposing bottom surface 18 extending betWeen ?rst major 
surface 12 and second major surface 14. Lamina 10 further 
includes a ?rst end surface 20 and an opposing second end 
surface 22. In a preferred embodiment, lamina 10 is a right 
rectangular polyhedron Wherein opposing surfaces are sub 
stantially parallel. HoWever, it Will be appreciated that 
opposing surfaces of lamina 10 need not be parallel. 

[0053] For purposes of description, lamina 10 can be 
characteriZed in three dimensional space by superimposing 
a Cartesian coordinate system onto its structure. A ?rst 
reference plane 24 is centered betWeen major surfaces 12 
and 14. First reference plane 24, referred to as the X-Z plane, 
has the y-axis as its normal vector. Asecond reference plane 
26, referred to as the x-y plane, extends substantially copla 
nar 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 ?rst 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 embodiments 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. 

[0054] FIGS. 2-12 illustrate the formation of a structured 
surface comprising a plurality of optically opposing cube 
corner elements in the Working surface 16 of lamina 10. In 
brief, according to a preferred embodiment a ?rst groove set 
comprising at least tWo parallel, adjacent grooves 30a, 30b, 
30c, etc. (collectively referred to as 30) is formed in the 
Working surface 16 of lamina 10 (FIGS. 2-4). A second 
groove set comprising at least tWo parallel, adjacent grooves 
38a, 38b, 38c, etc. (collectively referred to as 38) is also 
formed in the Working surface 16 of lamina 10 (FIGS. 5-7). 
Preferably, the ?rst and second groove sets intersect approxi 
mately along a ?rst reference plane 24 to form a structured 
surface including a plurality of alternating peaks and 
v-shaped valleys (FIG. 8). It is not necessary for the groove 
sets 30, 38 to be aligned, as illustrated in FIG. 8. Alterna 
tively, the peaks and v-shaped valleys can be off-set With 
respect to each other, such as illustrated in FIG. 13. 

[0055] A third groove 46 is then formed in the Working 
surface 16 of lamina 10 (FIGS. 9-11). Preferably, third 
groove 46 extends along an axis approximately perpendicu 
lar to the direction in Which the ?rst and second groove sets 
Were formed. Formation of third groove 46 results in a 
structured surface that includes a plurality of cube corner 
elements having three mutually perpendicular optical faces 
on the lamina (FIG. 12). As used herein, the term ‘groove 
set’ refers to all parallel grooves formed in Working surface 
16 of the lamina 10. 

[0056] The embodiments Will noW be explained in greater 
detail. Referring to FIGS. 2-4, a ?rst groove set comprising 
at least tWo parallel, adjacent grooves 30a, 30b, 30c, etc. 
(collectively referred to by the reference numeral 30) is 
formed in the Working surface 16 of lamina 10. The grooves 
de?ne ?rst groove surfaces 32a, 32b, 32c, etc. (collectively 
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referred to as 32) and second groove surfaces 34b, 34c, 34d, 
etc. (collectively referred to as 34) that intersect at groove 
vertices 33b, 33c, 33d, etc. (collectively referred to as 33). 
At the edge of the lamina, the groove forming operation may 
form a single groove surface 32a. Groove surfaces 32a and 
34b of adjacent grooves intersect approximately orthogo 
nally along a reference edge 36a. As used herein, the terms 
‘substantially orthogonally’ or ‘approximately orthogonally’ 
shall mean that the dihedral angle betWeen the respective 
surfaces measures approximately 90°; slight variations in 
orthogonality as disclosed and claimed in US. Pat. No. 
4,775,219 to Appeldorn are contemplated. Similarly, adja 
cent groove surfaces 32b and 34c intersect approximately 
orthogonally along ?rst reference edge 36b. Preferably this 
pattern is repeated across the entire Working surface 16 of 
lamina 10 as illustrated in FIGS. 3-4. The respective groove 
vertices 33 are preferably separated by a distance that 
measures betWeen about 0.01 millimeters and about 1.0 
millimeters. 

[0057] In the embodiment of FIG. 2, the grooves 30 are 
formed such that the respective groove vertices 33 and the 
respective ?rst reference edges 36 extend along an axis that 
intersects the ?rst major surface 12 and the Working surface 
16 of lamina 10. In this embodiment, the Working surface 16 
of the lamina 10 includes a portion Which remains unaltered 
by the formation of the plurality of grooves 30. It Will be 
appreciated that the grooves can also be formed such that the 
respective groove vertices 33 and ?rst reference edges 36 
extend along an axis that intersects the ?rst major surface 12 
and the second major surface 14 of lamina 10 by forming the 
grooves deeper into the Working surface 16. Additionally, in 
the embodiment of FIGS. 2-4 the grooves 30 are formed 
such that each of the ?rst reference edges 36 are disposed in 
planes that intersect the ?rst reference plane 24 and the 
second reference plane 26 at orthogonal angles such that, in 
the top vieW of FIG. 4, the reference edges 36 appear 
perpendicular to reference plane 24. 

[0058] In the embodiment of FIGS. 2-4, the grooves 30 are 
formed such that the ?rst reference edges 36 are all disposed 
in a common plane that intersects the second reference plane 
26 at an acute angle 01 of approximately 278°. Grooves 30 
can alternately be formed such that the reference edges 36 
intersect reference plane 26 at angles different than 278°. In 
general, it is feasible to form grooves such that the respec 
tive reference edges 36 intersect reference planes 26 at any 
angle betWeen about 1° and about 85°, and more preferably 
betWeen about 10° and about 60°. 

[0059] Referring noW to FIGS. 5-8, a second groove set 
comprising at least tWo parallel, adjacent grooves 38a, 38b, 
38c, etc. (collectively referred to as 38) is formed in the 
Working surface 16 of lamina 10. Grooves 38 de?ne third 
groove surfaces 40a, 40b, 40c, etc. (collectively referred to 
as 40) and fourth groove surfaces 42b, 42c, 42d, etc. 
(collectively referred to as 42) that intersect at groove 
vertices 41b, 41c, 41d, etc. (collectively referred to as 41) as 
shoWn. At the edge of the lamina, the groove forming 
operation may form a single groove surface 40a. Groove 
surfaces 40a and 42b of adjacent grooves intersect approxi 
mately orthogonally along a reference edge 44a, Which, for 
the purposes of the present disclosure, means that the 
dihedral angle betWeen surfaces 40a and 42b is approxi 
mately 90°. Similarly, adjacent groove surfaces 40b and 42c 
intersect approximately orthogonally along a second refer 
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ence edge 44b. Preferably this pattern is repeated across the 
entire Working surface 16 of lamina 10. Groove vertices 41 
are preferably spaced apart by betWeen about 0.01 millime 
ters and 0.10 millimeters. 

[0060] Referring particularly to FIG. 5 it can be seen that 
the grooves 38 are formed such that the reference edges 44 
extend along an axis that intersects the second major surface 
14 and the Working surface 16 of lamina 10. In this embodi 
ment, the reference edges 44 (and groove vertices 41) 
intersect the second reference plane 26 of lamina 10 at an 
acute angle 02 that measures approximately 27.8°. As dis 
cussed above, it is feasible to form grooves that intersect 
reference plane 26 at any angle betWeen about 1° and 85°. 

[0061] In the embodiment of FIGS. 5-8, grooves 38 are 
formed such that the respective reference edges 44 are 
disposed in planes that intersect the ?rst reference plane 24 
and second reference plane 26 at orthogonal angles such 
that, in the top vieW of FIG. 7, reference edges 44 appear 
perpendicular to ?rst reference plane 24. Additionally, refer 
ring particularly to FIG. 7, grooves 38 are preferably formed 
such that the groove vertices 41 are substantially coplanar 
With groove vertices 33, and the reference edges 44 are 
substantially coplanar With reference edges 36. Alterna 
tively, groove vertices 33, 41 and reference edges 36, 44 can 
be shifted With respect to each other. In another alternate 
embodiment, the depth of the groove vertices 33, 41 can 
vary With respect to one another. 

[0062] FIG. 8 presents a perspective vieW of a represen 
tative lamina 10 upon completion of forming the grooves 38. 
Lamina 10 includes a series of grooves 30, 38 formed in the 
Working surface 16 thereof as described above. The refer 
ence edges 36, 44 intersect approximately along the ?rst 
reference plane 24 to de?ne a plurality of peaks. Similarly, 
groove vertices 33, 41 intersect approximately along the ?rst 
reference plane to de?ne a plurality of valleys betWeen the 
peaks. 

[0063] FIGS. 9-12 illustrate an embodiment of lamina 10 
folloWing formation of a third groove 46 in lamina 10. In this 
embodiment third groove 46 de?nes a ?fth groove surface 
48 and a sixth groove surface 50 that intersect at a groove 
vertex 52 along an axis that is contained by the ?rst 
reference plane 24. Importantly, third groove 46 is formed 
such that ?fth groove surface 48 is disposed in a plane that 
is substantially orthogonal to the ?rst groove surfaces 32 and 
the second groove surfaces 34. This can be accomplished by 
forming third groove 46 such that ?fth groove surface 48 
forms an angle equal to angle 01 With ?rst reference plane 
24; sixth groove surface likeWise preferably forms an angle 
equal to angle 02 With ?rst reference plane 24, Where 01 and 
02 are the same 01 and 02 illustrated in FIG. 5. Formation of 
the ?fth groove surface 48 yields a plurality of cube corner 
elements 60a, 60b, etc. (collectively referred to as 60) in 
Working surface 16 of lamina 10. Each cube corner element 
60 is de?ned by a ?rst groove surface 32, a second groove 
surface 34, and a portion of ?fth groove surface 48 that 
mutually intersect at a point to de?ne a cube corner peak, or 
apex 62. Similarly, sixth groove surface 50 is disposed in a 
plane that is substantially orthogonal to the third groove 
surfaces 40 and the fourth groove surfaces 42 that mutually 
intersect at a point to de?ne a cube corner peak, or apex 72. 
Formation of the sixth groove surface 50 also yields a 
plurality of cube corner elements 70a, 70b, etc. (collectively 
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referred to as 70) in Working surface 16 of lamina 10. Each 
cube corner element 70 is de?ned by a third groove surface 
40, a fourth groove surface 42 and a portion of sixth groove 
surface 50. Preferably, both ?fth groove surface 48 and sixth 
groove surface 50 form a plurality of cube corner elements 
on the Working surface 16 of lamina 10. HoWever, it Will be 
appreciated that third groove 46 can be formed such that 
only the ?fth groove surface 48 or the sixth groove surface 
50 forms cube corner elements. 

[0064] Referring particularly to FIGS. 11 and 12, various 
features of lamina 10 Will be discussed. In the disclosed 
embodiment, the dihedral angle de?ned by opposing sur 
faces of grooves 30 and 38 measures 90°. The ?rst and 
second reference edges 36, 44 are disposed in planes that 
intersect the ?rst reference plane 24 at an orthogonal angle 
and that intersect the second reference plane 26 at an 
orthogonal angle. Thus, in the plan vieW of FIG. 11, the 
reference edges 36 and 44 extend along axes that are 
substantially perpendicular to ?rst reference plane 24. Ref 
erence edges 36 extend along axes that intersect the ?rst 
major surface 12 of lamina 10 and that intersect the second 
reference plane 26 at an acute angle of approximately 27.8°. 
Reference edges 44 likeWise extend along axes that intersect 
the second major surface 14 of lamina 10 and that intersect 
the second reference plane 26 at an acute angle of approxi 
mately 27.8°. The vertex of third groove 46 extends along an 
axis that is substantially parallel to ?rst reference plane 24 
and the dihedral angle betWeen ?fth groove surface 48 and 
sixth groove surface 50 is approximately 556°. 

[0065] Preferably, Working surface 16 is formed using 
conventional precision machining tooling and techniques 
such as, for example, ruling, milling, grooving, and ?y 
cutting. In one embodiment second major surface 14 of 
lamina 10 can be registered to a substantially planar surface 
such as the surface of a precision machining tool and each 
groove 30a, 30b, etc. of the ?rst groove set can be formed 
in Working surface 16 by moving a V-shaped cutting tool 
having an included angle of 90° along an axis that intersects 
the ?rst Working surface 12 and the second reference plane 
26 at an angle 01 of 27.8°. In the disclosed embodiment each 
groove 30 is formed at the same depth in the Working surface 
and the cutting tool is moved laterally by the same distance 
betWeen adjacent grooves such that grooves are substantially 
identical. Next, ?rst major surface 12 of lamina 10 can be 
registered to the planar surface and each groove 38a, 38b, 
etc. can be formed in Working surface 16 by moving a 
V-shaped cutting tool having an included angle of 90° along 
an axis that intersects the second Working surface 14 and the 
second reference plane 26 at an angle 02 of 27.8°. Finally, 
bottom surface 18 of lamina 10 can be registered to the 
planar surface and third groove 46 may be formed in 
Working surface 16 by moving a V-shaped cutting tool 
having an included angle of 55.6° along an axis substantially 
parallel With base surface 18 and contained by ?rst reference 
plane 24. While the three groove forming steps have been 
recited in a particular order, one of ordinary skill in the art 
Will recogniZe that the order of the steps is not critical; the 
steps can be practiced in any order. Additionally, one of 
ordinary skill in the art Will recogniZe that the three groove 
sets can be formed With the lamina registered in one posi 
tion; the present disclosure contemplates such a method. 
Furthermore, the particular mechanism for securing the 
lamina, Whether physical, chemical, or electromagnetic, is 
not critical. 
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[0066] To form a mold suitable for use in forming retrore 
?ective articles, a plurality of laminae 10 having a Working 
surface 16 that includes cube corner elements 60, 70 formed 
as described above can be assembled together in a suitable 
?xture. Working surface 16 is then replicated using precision 
replication techniques such as, for example, nickel electro 
plating to form a negative copy of Working surface 16. 
Electroplating techniques are knoWn to one of ordinary skill 
in the retrore?ective arts. See eg US. Pat. Nos. 4,478,769 
and 5,156,863 to Pricone et al. The negative copy of Working 
surface 16 can then be used as a mold for forming retrore 
?ective articles having a positive copy of Working surface 
16. More commonly, additional generations of electro 
formed replicas are formed and assembled together into a 
larger mold. It Will be noted that the original Working 
surfaces 16 of the lamina 10, or positive copies thereof, can 
also be used as an embossing tool to form retrore?ective 
articles. See, JP 8-309851 and US. Pat. No. 4,601,861 
(Pricone). Those of ordinary skill Will recogniZe that the 
Working surface 16 of each lamina 10 functions indepen 
dently as a retrore?ector. Thus, adjacent lamina in the mold 
need not be positioned at precise angles or distances relative 
to one another. 

[0067] FIGS. 16-24 present another method for forming a 
plurality of laminae suitable for use in a mold suitable for 
forming retrore?ective articles. In the embodiment of FIGS. 
16-24, a plurality of cube corner elements are formed in the 
Working surfaces of a plurality of laminae While the laminae 
are held together in an assembly, rather than individually, as 
described above. The plurality of laminae 10 are preferably 
assembled such that their Working surfaces 16 are substan 
tially co-planar. In brief, the laminae 10 are oriented such 
that their respective ?rst reference planes are disposed at a 
?rst angle, [31, relative to a ?xed reference axis 82 (FIG. 17). 
A?rst groove set including at least tWo V-shaped grooves is 
formed in the Working surface 16 of the plurality of laminae 
10 (FIGS. 18-19). The laminae are then oriented such that 
their respective ?rst reference planes are disposed at a 
second angle, [32, relative to the reference axis 82 (FIG. 20). 
Asecond groove set including at least tWo V-shaped grooves 
is formed in the Working surface 16 of the plurality of 
laminae 10 (FIGS. 21-22). Athird groove set that preferably 
includes at least one V-shaped groove in the Working surface 
16 of each lamina 10 is also formed (FIG. 23). Formation of 
the third groove set results in a structured surface that 
includes a plurality of cube corner elements on the Working 
surface of the plurality of laminae 10 (FIG. 24). 

[0068] FIGS. 16-24 Will noW be described in greater 
detail. In FIG. 16, a plurality of thin laminae 10 are 
assembled together such that the ?rst major surface 12 of 
one lamina 10 is adjacent the second major surface 14 of an 
adjacent lamina 10. Preferably, the laminae 10 are 
assembled in a conventional ?xture capable of securing the 
plurality of laminae adjacent one another. Details of the 
?xture are not critical. HoWever, the ?xture de?nes a base 
plane 80 Which is preferably substantially parallel to the 
bottom surfaces 18 of the laminae 10 When the laminae 10 
are positioned as depicted in FIG. 16. The plurality of 
laminae 10 can be characteriZed by a Cartesian coordinate 
system as described above. Preferably, the Working surfaces 
16 of the plurality of laminae 10 are substantially coplanar 
When the laminae are positioned With their respective ?rst 
reference planes 24 perpendicular to base plane 80. 
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[0069] In FIG. 17, the laminae 10 are oriented to have 
their respective ?rst reference planes 24 disposed at a ?rst 
angle [31, from a ?xed reference axis 82 normal to base plane 
80. In one embodiment, [31 is approximately 278°. HoWever, 
[31 can alternately be betWeen about 1° and about 85°, but 
more preferably is betWeen about 10° and about 60°. 

[0070] Referring to FIGS. 18-19, a ?rst groove set com 
prising a plurality of parallel adjacent V-shaped grooves 
30a, 30b, 30c, etc. (collectively referred to as 30) is formed 
in the Working surfaces 16 of the plurality of laminae 10 
With the lamina disposed at angle [31. At least tWo adjacent 
grooves 30 are formed in Working surface 16 of the plurality 
of laminae 10. The grooves 30 de?ne ?rst groove surfaces 
32a, 32b, 32c, etc. (collectively referred to as 32) and second 
groove surfaces 34b, 34c, 34d, etc. (collectively referred to 
as 34) that intersect at groove vertices 33b, 33c, 33d, etc. 
(collectively referred to as 33) as shoWn. At the edge of the 
lamina, the groove forming operation may form a single 
groove surface 32a. Signi?cantly, groove surfaces 32a and 
34b of adjacent grooves intersect approximately orthogo 
nally along a reference edge 36a. Similarly, adjacent groove 
surfaces 32b and 34c intersect approximately orthogonally 
along reference edge 36b. Preferably this pattern is repeated 
across the entire Working surfaces 16 of the laminae 10. 

[0071] The grooves 30 can be formed by removing por 
tions of Working surface 16 of the plurality of laminae using 
a Wide variety of material removal techniques including 
precision machining techniques such as milling, ruling, 
grooving and ?y-cutting, as Well as chemical etching or laser 
ablation techniques. In one embodiment, the grooves 30 are 
formed in a high-precision machining operation in Which a 
diamond cutting tool having a 90° included angle repeatedly 
moves transversely across the Working surfaces 16 of the 
plurality of laminae 10 along an axis that is substantially 
parallel to base plane 80. The diamond cutting tool can 
alternately move along an axis that is non-parallel to base 
plane 80 such that the tool cuts at a varying depth across the 
plurality of laminae 10. It Will also be appreciated that the 
machining tool can be held stationary While the plurality of 
laminae are placed in motion; any relative motion betWeen 
the laminae 10 and the machining tool is contemplated. 

[0072] In the embodiment of FIGS. 18-19, the grooves 30 
are formed at a depth such that the respective ?rst reference 
edges 36 intersect the ?rst major surface 12 and the second 
major surface 14 of each lamina. Thus, in the end vieW 
depicted in FIG. 18, the reference edges 36 and groove 
vertices 33 form substantially continuous lines that extend 
along an axis parallel to base plane 80. Further, grooves 30 
are formed such that the reference edges 36 are disposed in 
a plane that intersects the respective ?rst reference planes 24 
and the second reference plane 26 at orthogonal angles. 
Thus, in a top plan vieW analogous to FIG. 4, the ?rst 
reference edges 36 Would appear perpendicular to the 
respective ?rst reference planes 24. HoWever, the grooves 30 
can also be formed at lesser depths, as depicted in FIGS. 2-4, 
or along different axes. 

[0073] In FIG. 20, the laminae 10 are next oriented to 
have their respective ?rst reference planes 24 disposed at a 
second angle [32, from ?xed reference axis 82 normal to base 
plane 80. In one embodiment, [32 is approximately 278°. 
HoWever, [32 can alternately be betWeen about 1° and about 
85°, and preferably betWeen about 10° and about 60°. The 
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angle [32 is independent of angle PI and need not be equal to 
PI. To orient the plurality of laminae 10 at angle [32, the 
laminae 10 are preferably removed from the ?xture and 
reassembled With their respective ?rst reference planes 
disposed at angle [32. 

[0074] In FIGS. 21-22, a second groove set comprising a 
plurality of parallel adjacent V-shaped grooves 38b, 38c, etc. 
(collectively referred to as 38) is formed in the Working 
surfaces 16 of the laminae 10 With the laminae disposed at 
angle [32. At least tWo adjacent grooves 38 are formed in 
Working surface 16 of the plurality of laminae 10. The 
grooves 38 de?ne third groove surfaces 40a, 40b, 40c, etc. 
(collectively referred to as 40) and fourth groove surfaces 
42b, 42c, 42d, etc. (collectively referred to as 42) that 
intersect at groove vertices 41b, 41c, 41d, etc. (collectively 
referred to as 41) as shoWn. At the edge of the lamina, the 
groove forming operation may form a single groove surface 
40a. Signi?cantly, the groove surfaces 40a and 42b of 
adjacent grooves intersect approximately orthogonally along 
a reference edge 44a. Groove surfaces 40b and 42c likeWise 
intersect approximately orthogonally along reference edge 
44b. Preferably this pattern is repeated across the entire 
Working surfaces 16 of the plurality of laminae 10. 

[0075] Grooves 38 are also preferably formed by a high 
precision machining operation in Which a diamond cutting 
tool having a 90° included angle is repeatedly moved 
transversely across the Working surfaces 16 of the plurality 
of laminae 10 along a cutting axis that is substantially 
parallel to base plane 80. It is important that the surfaces of 
adjacent grooves 38 intersect along the reference edges 44 to 
form orthogonal dihedral angles. The included angle of each 
groove can measure other than 90°, as Will be discussed in 
connection With FIG. 15. Grooves 38 are preferably formed 
at approximately the same depth in Working surface 16 of 
the plurality of laminae 10 as grooves 30 in ?rst groove set. 
Additionally, the grooves 38 are preferably formed such that 
the groove vertices 41 are substantially coplanar With groove 
vertices 33, and the reference edges 44 are substantially 
coplanar With reference edges 36. After forming the grooves 
38, each lamina 10 preferably appears as shoWn in FIG. 8. 

[0076] In FIGS. 23-24, a third groove set that preferably 
includes at least one groove 46 in each lamina 10 is formed 
in the Working surface 16 of the plurality of laminae 10. In 
the disclosed embodiment the third grooves 46a, 46b, 46c, 
etc. (collectively referred to as 46) de?ne ?fth groove 
surfaces 48a, 48b, 48c, etc. (collectively referred to as 48) 
and sixth groove surfaces 50a, 50b, 50c, etc. (collectively 
referred to as 50) that intersect at groove vertices 52a, 52b, 
52c, etc. (collectively referred to as 52) along axes that are 
parallel to the respective ?rst reference planes 24. Signi? 
cantly, the third grooves 46 are formed such that respective 
?fth groove surfaces 48 are disposed in a plane that is 
substantially orthogonal to the respective ?rst groove sur 
faces 32 and the respective second groove surfaces 34. 
Formation of the ?fth groove surfaces 48 yields a plurality 
of cube corner elements 60a, 60b, etc. (collectively referred 
to as 60) in Working surface 16 of the respective laminae 10. 

[0077] Each cube corner element 60 is de?ned by a ?rst 
groove surface 32, a second groove surface 34 and a portion 
of a ?fth groove surface 48 that mutually intersect at a point 
to de?ne a cube corner peak, or apex 62. Similarly, sixth 
groove surface 50 is disposed in a plane that is substantially 
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orthogonal to the third groove surfaces 40 and the fourth 
groove surfaces 42. Formation of the sixth groove surface 50 
also yields a plurality of cube corner elements 70a, 70b, etc. 
(collectively referred to as 70) in Working surface 16 of 
laminae 10. Each cube corner element 70 is de?ned by a 
third groove surface 40, a fourth groove surface 42 and a 
portion of sixth groove surface 50 that mutually intersect at 
a point to de?ne a cube corner peak, or apex 72. Preferably, 
both ?fth groove surface 48 and sixth groove surface 50 
form a plurality of cube corner elements on the Working 
surface 16 of lamina 10. HoWever, third groove 46 could 
alternately be formed such that only ?fth groove surface 48 
or sixth groove surface 50 forms cube corner elements. 

[0078] The three mutually perpendicular optical faces 32, 
40, 48 and 34, 42, 50 of each cube corner element 60, 70, 
respectively, are preferably formed on a single lamina. All 
three optical faces are preferably formed by the machining 
process to ensure optical quality surfaces. Aplanar interface 
12, 14 is preferably maintained betWeen adjacent laminae 
during the machining phase and subsequent thereto so as to 
minimiZe alignment problems and damage due to handling 
of the laminae. 

[0079] In a preferred method the plurality of laminae 10 
are re-oriented to have their respective ?rst reference planes 
24 disposed approximately parallel to reference axis 82 
before forming the plurality of grooves 46. HoWever, the 
grooves 46 can be formed With the lamina oriented such that 
their respective ?rst reference planes are angled relative to 
reference axis 82. In particular, in some embodiments it may 
be advantageous to form the respective third grooves 46 
With the respective lamina 10 disposed at angle [32 to avoid 
an additional orientation step in the manufacturing process. 
Preferably, grooves 46 are also formed by a high precision 
machining operation. In the disclosed embodiment a dia 
mond cutting tool having an included angle of 556° is 
moved across the Working surface 16 of each lamina 10 
along an axis that is substantially contained by the ?rst 
reference plane 24 of the lamina 10 and that is parallel to 
base plane 80. Grooves 46 are preferably formed such that 
the respective groove vertices 52 are slightly deeper than the 
vertices of the grooves in the ?rst and second groove sets. 
Formation of grooves 46 result in a plurality of laminae 10 
having a structured surface substantially as depicted in FIG. 
12. 

[0080] Working surface 16 exhibits several desirable char 
acteristics as a retrore?ector. The cube corner element 
geometry formed in Working surface 16 of lamina 10 can be 
characteriZed as a ‘full’ or ‘high ef?ciency’ cube corner 
element geometry because the geometry exhibits a maxi 
mum effective aperture that approaches 100%. Thus, a 
retrore?ector formed as a replica of Working surface 16 Will 
exhibit high optical efficiency in response to light incident 
on the retrore?ector approximately along the symmetry axes 
of the cube corner elements. Additionally, cube corner 
elements 60 and 70 are disposed in opposing orientations 
and are symmetrical With respect to ?rst reference plane 24 
and Will exhibit symmetric retrore?ective performance in 
response to light incident on the retrore?ector at high 
entrance angles. It is not required, hoWever, that the cube 
corner elements be symmetrical about the reference planes. 

[0081] In the embodiments presented in FIGS. 1-12 and 
16-24 the laminae Were formed using consistent groove 
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spacing, depths and tool angles to produce a Working surface 
Wherein the cube corner elements are substantially identical. 
However, these factors can be varied to produce a Working 
surface having cube corner elements of different siZes, 
shapes and orientations. FIGS. 13-15 illustrate exemplary 
alternate embodiments lamina manufactured Within the 
scope of the present disclosure. 

[0082] FIG. 13 shoWs a lamina 110 that includes an array 
of cube corner elements 160a, 160b, 160c, etc. (collectively 
referred to as 160) disposed in a ?rst orientation and an array 
of cube corner elements 170a, 170b, 170c, etc. (collectively 
referred to as 170) disposed in a second orientation. The 
lamina 110 of FIG. 13 is characteriZed by the various groove 
sets being formed at angles that are not, in plan vieW, 
perpendicular to the reference plane 24. Lamina 110 can be 
formed either individually or as part of an assembly, as 
described above, by forming the ?rst and second groove sets 
such that the respective reference edges are disposed in 
planes that intersect the third reference plane 28 at an 
oblique angle, (1)1, and that intersect the second reference 
plane 26 at an orthogonal angle. Similarly, the third groove 
is formed along an aXis that intersects ?rst reference plane 
24 at an oblique angle, (1)1. Indeed, in this instance each 
groove in the third groove set is formed along an aXis 
intersecting the ?rst reference plane 24 at oblique angle (1)1. 
Additionally, the cube corner elements 160 are not aligned 
With the cube corner elements 170 on the lamina 110. 
Lamina 110 includes a plurality of cube corner elements 
having apertures of varying siZes and shapes. This variation 
in aperture siZe and shape may be desirable to accomplish 
certain optical objectives such as, for eXample, to enhance 
the uniformity of the retrore?ection pattern of a retrore?ec 
tive article formed as a replica of lamina 110. 

[0083] FIG. 14 shoWs a lamina 210 in Which the third 
groove 246 is formed along an aXis 216 that is parallel to but 
displaced from ?rst reference plane 24. Additionally, the 
angles 01 and 02 differ from one another such that the 
symmetry aXes of the respective opposing cube corner 
elements 214, 216 are canted at different angles relative to 
second reference plane 26. 

[0084] FIG. 15 shoWs a lamina 310 Wherein the grooves 
A1, A2, A3, A4, A5 in the ?rst and/or second groove sets are 
formed With tools of varying included angles to yield a 
structured surface having a plurality of cube corner elements 
312a, 312b, 312c, 312d, 3126 and 312f of varying siZes and 
having varying included angles. By Way of eXample, the ?rst 
and second groove sets can have grooves Whose included 
angle measures betWeen about 10° and about 170°. For 
eXample, the grooves A1, A4, A5 can measure 90°, While 
groove A2 measures 105° and the groove A3 measures 75°. 
Additionally, the respective peaks and vertices of the cube 
corner elements 312 are disposed at varying distances from 
the bottom surface 318 of the lamina 310. By Way of 
eXample, the distance betWeen adjacent reference edges in 
the ?rst and second groove sets can measure betWeen about 
10 and about 1000 microns. 

[0085] Methods described above enable the manufacture 
of a Wide range of cube corner geometries. The siZe, 
orientation, and degree of canting of the cube corner ele 
ments formed on the surface of the plurality of laminae can 
be varied. Articles can be manufactured as replicas of the 
laminae. The preceding discussion disclosed several 
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embodiments of cube corner geometries. The folloWing 
paragraphs provide a generic description of the angular 
relationships betWeen the faces of the cube corner elements 
such that one of ordinary skill in the art could produce a Wide 
variety of cube corner element geometries. 

[0086] FIGS. 25-27 present a top plan vieW and side 
elevation vieWs of the Working surface of a lamina 410 that 
has an opposing pair of cube corner elements 460, 470 
formed therein. Lamina 410 can be characteriZed in 3-di 
mensional space by reference planes 424, 426 and 428, as 
discussed above. For purposes of illustration, cube corner 
element 460 can be de?ned as a unit cube having three 
substantially mutually perpendicular optical faces 432, 434, 
448. Optical faces 432 and 434 are formed by opposing 
surfaces of parallel grooves 430a and 430b that intersect 
along a reference edge 436. Optical face 448 is formed by 
one surface of groove 446. Grooves 430a and 430b have 
respective vertices 433a and 433b that eXtend along aXes 
that intersect third reference plane at an arbitrary angle 4). 
Similarly, groove 446 eXtends along an aXis that intersects 
?rst reference plane at an arbitrary angle 4). The angle 4) 
corresponds to the degree of angular rotation of the cube 
corner element on the surface of the lamina. Subject to 
machining limitations, the angle 4) can range from 0°, such 
that the groove sets are formed along aXes substantially 
coincident With reference planes 424 and 428, to nearly 90°. 
Preferably, however 4) is betWeen 0° and 45°. 

[0087] FIG. 26 presents a side elevation vieW of unit cube 
460 taken along lines 26-26. A reference plane 456 is 
coincident With the vertex of groove 446 and is normal to 
second reference plane 426. Angle (x1 de?nes the acute angle 
betWeen cube face 448 and reference plane 456. Groove 
vertices 433a and 433b are disposed at an acute angle 0 
relative to second reference plane 426. FIG. 27 presents a 
side elevation vieW of unit cube 460 taken along lines 27-27. 
Planes 450a and 450b are coincident With the vertices 433a 
and 433b, respectively. The angle (x2 de?nes the acute angle 
betWeen cube face 432 and reference plane 450a. Similarly, 
the angle (x3 de?nes the acute angle betWeen cube face 434 
and reference plane 450b. 

[0088] Asecond Cartesian coordinate system can be estab 
lished using the groove vertices that form unit cube 460 as 
reference aXes. In particular, the X-aXis can be established 
parallel to the intersection of plane 456 and second reference 
plane 426, the y-aXis can be established parallel to the 
intersection of plane 450b and second reference plane 426, 
and the Z-aXis eXtends perpendicular to second reference 
plane 426. Adopting this coordinate system, unit normal 
vectors N1, N2 and N3 can be de?ned for the unit cube 
surfaces 448, 432, and 434, respectively as folloWs: 

[0089] Surfaces 432, 434 and 448 must be substantially 
mutually perpendicular. Thus, the dot products of the normal 
vectors equal Zero. 

N1-N2=N2-N3=N1-N3=O. 

[0090] Therefore, the folloWing conditions hold: 

(11=74 ; and 








