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(57) ABSTRACT 
A retroreflective sheeting is disclosed which comprises a top 

(21) Appl. No.: 14/791,411 transmissive layer including a plurality of parallel channel 
formed perpendicular to a surface of the layer, and a reflective 
bottom layer including a specular surface or a corrugated 

(22) Filed: Jul. 4, 2015 transmitting Surface. The corrugated Surface includes a plu 
rality of linear prismatic elements extending perpendicular to 
the channels of the top layer. The top and bottom layers reflect 

O O light in orthogonal directions and act cooperatively to retrore Related U.S. Application Dat 
e pplication Uata flect incident light back toward the Source, particularly at high 

(60) Provisional application No. 62/024,444, filed on Jul. incidence angles. Various light management devices employ 
14, 2014. ing the retroreflective sheeting are also disclosed. 
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HIGH INCIDENCE ANGLE 
RETROREFLECTIVE SHEETING 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application claims priority from U.S. provi 
sional application Ser. No. 62/024,444 filed on Jul. 14, 2014, 
incorporated herein by reference in its entirety. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH ORDEVELOPMENT 

0002. Not Applicable 

INCORPORATION-BY-REFERENCE OF 
MATERIAL SUBMITTED ON A COMPACT DISC 

0003) Not Applicable 

NOTICE OF MATERIAL SUBJECT TO 
COPYRIGHT PROTECTION 

0004. A portion of the material in this patent document is 
Subject to copyright protection under the copyright laws of 
the United States and of other countries. The owner of the 
copyright rights has no objection to the facsimile reproduc 
tion by anyone of the patent document or the patent disclo 
sure, as it appears in the United States Patent and Trademark 
Office publicly available file or records, but otherwise 
reserves all copyright rights whatsoever. The copyright owner 
does not hereby waive any of its rights to have this patent 
document maintained in secrecy, including without limitation 
its rights pursuant to 37 C.F.R.S 1.14. 

BACKGROUND OF THE INVENTION 

0005 1. Field of the Invention 
0006. The present invention relates to retroreflective mate 

rials which are effective at off-axis light incidence and are 
particularly effective within a range of incidence angles of 
about 20° to about 85°. More particularly, this invention 
relates to retroreflective materials such as sheeting or films 
useful for marking Surfaces which are positioned at relatively 
low angles with respect to light rays directed towards Such 
Surfaces. 
0007 2. Description of Background Art 
0008 Various types of optical retroreflectors used to direct 
light back toward the light source employ prismatic cube 
corner elements or tiny glass beads. Retroreflective materials 
are useful since they appear brightest to observers located 
near the light source, such as a car's driver nearheadlights, for 
example, and can be effective in a broad range of incidence or 
Viewing angles. 
0009. However, the retroreflective properties and, hence, 
the apparent brightness of conventional retroreflective mate 
rials diminishes rapidly with the increase of the incidence 
angle. For example, the cube corner retroreflective sheeting, 
which provides some of the highest reflectivity of any known 
retroreflective sheeting, loses nearly all of its reflectivity 
when the incidence angle becomes greater than about 40°. 
which limits its use. 
0010. It is therefore an object of the present invention to 
provide an improved retroreflective sheeting structure that 
enhances retroreflectivity at high entrance angles. 
0.011 Raised retroreflective elements or retroreflectors 
consisting of array of individually assembled retroreflective 
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elements have been proposed which lack the utility and cost 
benefits of continuous retroreflective sheeting. Accordingly, 
practical retroreflective materials are needed that could be 
implemented within a compact form factor of a continuous 
sheet or film and which could maintain high brightness at high 
incidence angles. It is therefore another object of the present 
invention to provide an improved retroreflective structure that 
provides advanced retroreflectivity at high incidence angles 
within a sheet-form material. 
0012. The design and optical efficiency of retroreflective 
sheeting, while improved over the last two decades, may still 
be improved even further in terms of the overall light return. 
For example, the state-of-the-art encapsulated glass bead 
sheeting reflects only 14% of light back toward its source, the 
most common truncated cube corner sheeting reflects a maxi 
mum of about 32%, and the most advanced full-cube sheeting 
reflects a maximum of about 58%. It is therefore another 
object of the present invention to provide an improved ret 
roreflective sheeting structure that enhances the overall light 
return at least for some observation and/or incidence angles. 
0013 These needs and others are met within the present 
invention, which provides an improved retroreflective sheet 
ing structure for redirecting angle incident at high entrance 
angles, particularly achieving relatively high retroreflectivity 
at incidence angles above 20° and achieving Superior retrore 
flectivity at incidence angles of about 40°-85°. The improved 
structure employs internal TIR surfaces and a rear reflective 
surface to efficiently intercept and retroreflect light towards 
the source. Such structure can be made thin and flexible, 
finding utility in various retroreflective systems such as road 
pavement marking, high visibility sheeting or films, light 
redirecting materials, light rejecting materials, and the like. 

BRIEF SUMMARY OF THE INVENTION 

0014. The present invention solves problems of retrore 
flecting light at high incidence within a thin sheet-form struc 
ture having a top optically transmissive layer and a bottom 
reflective layer. The top layer includes at least one parallel 
array of straight and narrow channels formed within the lay 
er's material. The channels may also be arranged in two 
parallel array oriented perpendicular to each other. The chan 
nels have Smooth parallel Surfaces which are configured to 
reflect light propagating through the top layer by means of a 
total internal reflection (TIR). The channels may be spaced 
according to a predefined ratio with respect to the channel 
depth to maximize retroreflectivity for a particular angular 
range. The bottom reflective layer may include a mirrored 
Surface and may also be configured to include linear prismatic 
Surface corrugations extending perpendicular to the channels 
of the top layer. Each of the corrugations should preferably be 
shaped in the form of an isosceles right-angle linear prism 
which retroreflects light at least in one plane which is perpen 
dicular to the longitudinal axis of the prism and parallel to the 
linear channels of the top layer. The retroreflective sheeting 
may be preferably operable in an orientation in which the 
incident light enters the surface of the sheet-form structure at 
an off-normal angle and in which the channels of the top layer 
are perpendicular or near perpendicular to the incident light 
direction. 
0015. In at least one embodiment, the invention features a 
retroreflective sheet structure having a top layer of an opti 
cally transmissive material and a bottom reflective layer. The 
top layer has a plurality of channels formed within its opti 
cally transmissive material. Each channel is configured to 
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reflect light by means of a total internal reflection. The chan 
nels can be arranged into various configurations. In one 
implementation, the channels are arranged into a parallel 
array. In one implementation, the channels are arranged into 
a first parallel array and a second parallel array having an 
orientation perpendicular to the first parallel array. In one 
implementation, the first and second array are disposed in a 
Staggered arrangement. 
0016. In at least one embodiment, each of the channels is 
defined by a pair of opposing walls extending between oppos 
ing major Surfaces of the top layer parallel to each other and 
perpendicular to the major Surfaces. 
0017. In various implementations, the optically transmis 
sive material of the top layer is selected from the group of 
polymeric materials consisting of optically clear or translu 
cent plasticized polyvinyl chloride, thermoplastic elas 
tomers, polyurethanes, and silicones. In further implementa 
tions, the bottom reflective layer comprises a refractive 
material selected from the group of consisting of glass, poly 
(methyl methacrylate), polycarbonate, polystyrene, rigid 
polyvinyl chloride, polyester, and cyclic olefin copolymer. In 
yet further implementations, the bottom reflective layer 
includes a mirrored Surface. 

0.018. In at least one embodiment, the bottom reflective 
layer comprises a linear array of isosceles prisms having 
Substantially perpendicular sides arranged side-by-side to 
form a plurality of peaks and grooves, wherein the perpen 
dicular sides of the isosceles prisms make an angle of 
approximately 45° with a surface plane of the bottom reflec 
tive layer. In at least one implementation, the orientation of 
the channels is perpendicular to the orientation of the isosce 
les prisms. In at least one implementation, a depth of the 
channels is at least 5 times greater than a height of the isos 
celes prisms. 
0019. In at least one embodiment, a distance between adja 
cent channels of formed in the top layer of the retroreflective 
structure is at least 6 times an average width of the channels. 
In at least one embodiment, a distance between adjacent 
channels of formed in the top layer of the retroreflective 
structure is at least 10 times an average width of the channels. 
In at least one embodiment, a depth of each said channel is at 
least ten times an average width of the channel. 14. In at least 
one embodiment, the plurality of channels is arranged into an 
parallel array in which the channels are spaced from each 
other by a distance that is greater thana depth of each channel 
by a factor of at least 1.2 and at most 1.8. 
0020. In at least one embodiment, the retroreflective sheet 
structure is formed into an elongated shape and each of the 
plurality of channels is aligned parallel to a longer dimension 
of the elongated shape. In at least one embodiment, the ret 
roreflective sheet structure is formed into an elongated shape 
and each of the plurality of channels is aligned parallel to a 
shorter dimension of the elongated shape. 
0021. In various embodiments, the walls of the channels 
can have different Surface roughness characteristics. In one 
implementation, a root mean Square surface profile roughness 
parameter of the walls of the channels is at most about 60 
nanometers at a sampling length of between 20 and 100 
micrometers. In one implementation, a root mean square 
Surface profile roughness parameter of at least a substantial 
portion of the surface of each of the channels is at least about 
10 nanometers at a sampling length of between 20 and 100 
micrometers. 
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0022. In at least one embodiment, the thickness of the top 
layer of the retroreflective sheet structure is between 100 
micrometers and 2 millimeters. 
0023. In at least one embodiment, at least one of the top 
and bottom layers comprises light diffusing features. In at 
least one embodiment, either one of said top and bottom 
layers has a predefined visually conspicuous color or tint. 
0024. In at least one embodiment, at least one edge of the 
retroreflective sheet structure is made impermeable to mois 
ture and/or air. In at least one embodiment, the retroreflective 
sheet structure includes at least one layer of optically clear 
adhesive bonding together the top and bottom layers. 
0025. In at least one embodiment, the retroreflective sheet 
structure comprises a prismatic Surface as a top layer. In 
different implementations, the top prismatic Surface is 
formed by a plurality of linear microprisms that can have 
asymmetric or symmetric configurations in which the sloped 
faces of the microprisms are configured to receive at least 
light rays propagating at extremely high angles with respect 
to a surface normal or near-parallel to a surface of the sheet 
structure and refract such rays towards the bottom reflective 
layer. 
0026. In at least one embodiment, the invention features a 
retroreflective material, comprising a thin, flexible film of a 
transparent polymeric material, comprising a structured Sur 
face on one side, a smooth Surface opposite the structured 
surface on the other side, and a plurality of linear reflectors 
formed between the structured and smooth surfaces and 
extending generally perpendicular to the Smooth surface, 
wherein the structured Surface includes a linear array of min 
iature isosceles prisms having Substantially perpendicular 
sides arranged side-by-side to form a plurality of peaks and 
grooves, the perpendicular sides of said prisms make an angle 
of approximately 45° with said Smooth Surface opposite said 
structured surface. In at least one implementation of the ret 
roreflective material, the plurality of linear reflectors is 
arranged in a parallel array extending generally perpendicular 
to the linear array of miniature isosceles prisms. 
0027. In at least one embodiment, the invention features a 
retroreflective sheeting configured to retroreflect more than 
60% of light incident onto the surface of the sheeting at an 
off-normal incidence angle. 
0028. In at least one embodiment, the invention features a 
retroreflective sheeting having omnidirectional retroreflec 
tive operation. In various implementations, such omnidirec 
tional retroreflective sheeting having a plurality of areas each 
configured for a different azimuth acceptance angle. In one 
implementation, such areas are arranged into circular seg 
ments each being a rotated copy of an adjacent segment. In 
one implementation, the omnidirectional retroreflective 
sheeting further includes areas having conventional retrore 
flectors such as on cube corners, full-cubes or glass beads. 
0029. In at least one embodiment, the invention features a 
slat of a window or door blind, comprising a strip of an 
optically clear plastic material having a plurality of linear 
reflectors embedded into the clear plastic material; and a 
reflective layer underneath the strip, wherein each of the 
linear reflectors has at least one surface configured to reflect 
light by means of a total internal reflection. In at least one 
implementation, each of the linear reflectors is aligned paral 
lel to a longitudinal dimension of the Strip. 
0030. Further embodiments and elements of the invention 
will be brought out in the following portions of the specifi 
cation, wherein the detailed description is for the purpose of 
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fully disclosing preferred embodiments of the invention with 
out placing limitations thereon. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWING(S) 

0031. The invention will be more fully understood by ref 
erence to the following drawings which are for illustrative 
purposes only: 
0032 FIG. 1 is a fragmentary, schematic cross section 
view of a layered retroreflective sheet material, according to 
at least one embodiment of the present invention. 
0033 FIG. 2 is a fragmentary, schematic cross section 
view of a top layer of a retroreflective sheet material, accord 
ing to at least one embodiment of the present invention. 
0034 FIG. 3 is a schematic perspective view of a retrore 
flective sheet, according to at least one embodiment of the 
present invention. 
0035 FIG. 4 is a fragmentary, schematic cross section 
view and raytracing of a retroreflective sheet material, show 
ing a retroreflective operation, according to at least one 
embodiment of the present invention. 
0036 FIG. 5 is a fragmentary, schematic cross section 
view and raytracing of a retroreflective sheet material, show 
ing a retroreflective operation with a reverse path of a light 
ray, according to at least one embodiment of the present 
invention. 
0037 FIG. 6 is a fragmentary, schematic perspective view 
and raytracing of a retroreflective sheet material, showing a 
retroreflective operation of the material at least in one plane, 
according to at least one embodiment of the present invention. 
0038 FIG. 7 is a schematic perspective view of a retrore 
flective sheet configured for retroreflecting light in orthogo 
nal angular dimensions, according to at least one embodiment 
of the present invention. 
0039 FIG. 8 is a schematic cross section view and ray 
tracing of an individual linear prismatic element, showing a 
retroreflective operation in a cross-sectional plane, according 
to at least one embodiment of the present invention. 
0040 FIG.9 is a fragmentary, schematic perspective view 
of a reflective layer including a plurality of linear prismatic 
elements, according to at least one embodiment of the present 
invention. 

0041 FIG. 10 is a fragmentary, schematic cross section 
view and raytracing of a reflective layer including a plurality 
of linear prismatic elements, according to at least one 
embodiment of the present invention. 
0042 FIG. 11 is a schematic perspective view of a reflec 

tive layer portion, showing a light ray entering a smooth 
Surface of the layer at an off-normal angle, according to at 
least one embodiment of the present invention. 
0043 FIG. 12 is a schematic bottom view of retroreflective 
sheet shaped in the form of a strip, showing linear prismatic 
elements expending perpendicular to a longitudinal axis of 
the strip, according to at least one embodiment of the present 
invention. 

0044 FIG.13 is a schematic bottom view of retroreflective 
sheet shaped in the form of a strip, showing linear prismatic 
elements expending parallel to a longitudinal axis of the strip, 
according to at least one embodiment of the present invention. 
0045 FIG. 14 is a schematic view showing an example of 
using a retroreflective sheeting for road marking, according to 
at least one embodiment of the present invention. 
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0046 FIG. 15 is a schematic view showing an example of 
using a retroreflective sheeting for vehicular marking, 
according to at least one embodiment of the present invention. 
0047 FIG. 16 is a schematic view of a retroreflective 
sheeting applied to a road warning cone, according to at least 
one embodiment of the present invention; 
0048 FIG. 17 is a schematic view of a retroreflective 
sheeting applied to a road marker pole, according to at least 
one embodiment of the present invention. 
0049 FIG. 18 is a schematic view of a retroreflective 
sheeting portion, showing a diverging beam of retroreflected 
light, according to at least one embodiment of the present 
invention. 
0050 FIG. 19 is a schematic view of a retroreflective 
sheeting portion, showing a non-Zero angle between an inci 
dent ray and a retroreflected ray, according to at least one 
embodiment of the present invention. 
0051 FIG. 20 is a schematic view and raytracing of a 
reflective layer portion, showing a retroreflected light deviat 
ing from an incidence direction, according to at least one 
embodiment of the present invention. 
0.052 FIG. 21 is a schematic view and raytracing of a 
reflective layer portion, showing different dihedral angles of 
prismatic element faces with respect to a sheet Surface, 
according to at least one embodiment of the present invention. 
0053 FIG. 22 is a schematic fragmentary view and ray 
tracing of a retroreflective sheeting, showing a plurality of 
rays retroreflected toward a source direction, according to at 
least one embodiment of the present invention. 
0054 FIG. 23 is a schematic fragmentary view and ray 
tracing of a retroreflective sheeting, showing a refractive pris 
matic element configured to bend high-incidence-angle light 
rays, according to at least one embodiment of the present 
invention. 
0055 FIG. 24 is a schematic top view of an omnidirec 
tional retroreflective sheeting, according to at least one 
embodiment of the present invention. 
0056 FIG. 25 is a schematic top view of an alternative 
configuration of an omnidirectional retroreflective sheeting, 
according to at least one embodiment of the present invention. 
0057 FIG. 26 is a schematic top view of an optically 
transmissive layer, showing a plurality of linear channels 
arranged into two parallel arrays crossed at a right angle with 
respect to each other, according to at least one embodiment of 
the present invention. 
0.058 FIG. 27 is a schematic perspective view of a retrore 
flective sheeting, showing a plurality of intersecting linear 
channels formed in a top transmissive layer, according to at 
least one embodiment of the present invention. 
0059 FIG. 28 is a schematic fragmentary perspective bot 
tom view and raytracing of an optically transmissive layer, 
showing individual full-cube retroreflective cells formed by a 
plurality of intersecting linear channels, according to at least 
one embodiment of the present invention. 
0060 FIG. 29 is a schematic fragmentary view of a hori 
Zontal window blind employing retroreflective sheeting, 
showing a plurality of adjustable light deflecting slats in a 
fully open position, according to at least one embodiment of 
the present invention. 
0061 FIG. 30 is a schematic fragmentary view of a hori 
Zontal window blind employing retroreflective sheeting, 
showing a plurality of adjustable light deflecting slats in a 
fully closed position, according to at least one embodiment of 
the present invention. 
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DETAILED DESCRIPTION OF THE INVENTION 

0062 Referring more specifically to the drawings, for 
illustrative purposes the present invention is embodied in the 
apparatus and method generally shown in the preceding fig 
ures. It will be appreciated that the apparatus and method may 
vary as to configuration and as to details of the parts without 
departing from the basic concepts as disclosed herein. Fur 
thermore, elements represented in one embodiment as taught 
herein are applicable without limitation to other embodi 
ments taught herein, and in combination with those embodi 
ments and what is known in the art. 
0063. The present invention particularly seeks to provide 
retroreflective sheeting capable of redirecting light back to 
the Source with high efficiency at off-normal incidence angles 
and particularly at high angles of incidence. The following 
embodiments of the present invention are generally directed 
to a retroreflective sheet material which may be configurable 
for light redirecting operation in response to light incident 
onto Such material from off-normal angles and may be further 
configurable for maintaining a certain minimum level of ret 
roreflectivity for relatively high entrance angles or even for 
the case when the incident light propagates near parallel to the 
surface of the material. 
0.064 FIG.1 illustrates a first embodiment of a retroreflec 
tive sheeting of the invention. In this embodiment, a retrore 
flective sheet 2 has a layered structure and is formed by an 
optically transmissive top layer 4 and a reflective bottom layer 
20. Top layer 4 is defined by a first major surface 10 and an 
opposing second major surface 12 that extends parallel to 
surface 10. Bottom layer 20 is defined by a major surface 22 
facing away from layer 4 and an opposing major Surface 24 
facing layer 4. Each of the layers 4 and 20 extends both 
longitudinally and laterally and forms a continuous sheet or 
sheet-form structure. Accordingly, major surfaces 22 and 10 
of the respective layers 20 and 4 define opposing outer bound 
aries of retroreflective sheet 2. 
0065 Top layer 4 is made from an optically transmissive 
material and configured for light input and output to and from 
sheet 2. Such material should preferably be optically clear 
with relatively high light transmissivity so that layer 4 can 
effectively transmit substantially all of the light to and from 
layer 20. 
0066. In one embodiment, reflective layer 20 may be 
formed by a reflective coating deposited onto surface 12 of 
layer 4. In one embodiment, reflective layer 20 can be made 
from an opaque Substrate material. Such as metal or plastic, 
with its surface 24 being smooth and mirrored for specular 
reflectivity. Mirroring may be performed by any suitable 
means, for example, including but not limited to vacuum 
metallization of Surface 24 or laminating a mirror film onto 
such surface. Alternatively, layer 20 may be made from an 
optically transmissive material and its reflectivity may be 
provided by mirroring the opposite Surface 22. 
0067. The thickness of layer 4 should preferably be within 
a range typical for film or thin sheet materials. In one embodi 
ment, the thickness of layer 4 may be within the range from 50 
micrometers to 2 millimeters and more preferably within the 
range of 100 micrometers to 1 millimeter. 
0068. Layer 20 can be made rigidor flexible, depending on 
the application and can also be made to any desired thickness. 
From the practical point of view, the overall thickness of sheet 
2 and its layers may be selected from the range of thicknesses 
that is typical to films or thin flexible sheets. In a preferred 
embodiment, the thickness of sheet 2 may be selected from 
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the range between 100 micrometers and 2 millimeters which 
may further include any auxiliary layers such as an adhesive 
or protective layer. 
0069. Retroreflective sheeting can be made operable with 
layers 4 and 20 being detached from each other and even 
spaced apart by a relatively small distance. However, it at 
least one embodiment, it may be preferred that layer 20 is 
disposed as close to layer 4 as possible, end even more pre 
ferred that the layers are disposed in a close contact with each 
other. It is noted that many applications may require mono 
lithic retroreflective sheeting with a good structural integrity, 
in which case layer 20 should be bonded, welded, laminated 
or otherwise attached to layer 4 with good and durable physi 
cal contact so that channels 6 are permanently encapsulated 
and embedded into the material of sheet 2. 

0070 Any suitable lamination and/or bonding technique 
may be used. For example, layers 4 and 20 may be bonded by 
an optically clear adhesive using roll lamination, press lami 
nation, vacuum press lamination, encapsulation and the like. 
The bonding process may also include curing the adhesive 
layer using heat, moisture, UV light or other techniques 
depending on the type of adhesive used. Layers 4 and 20 may 
bonded together using an alternative technique which does 
not involve any adhesives. Examples of such bonding include 
but are not limited to heat welding, ultrasonic welding, radio 
frequency (RF) welding, Solvent welding, and the like. 
0071 Layer 4 includes an array of deep, narrow and sub 
stantially parallel channels 6 formed in its body between 
Surfaces 10 and 12 and extending perpendicularly to Such 
surfaces into the bulk of the material that forms layer 4. Each 
channel 6 has a first wall 7 and an opposing second wall 8 
extending parallel to the first wall. Channels 6 should be as 
narrow as practically possible with spacing between walls 7 
and 8 being just sufficient to prevent optical contact. 
(0072 Walls 7 and 8 should also be as parallel to each other 
as practically possible. The parallelism of such walls should 
preferably be within a small predefined angular range. In one 
embodiment, each pair of walls 7 and 8 should be parallel 
within 2 degrees, more preferably within 1 degree, and even 
more preferably within 0.5 degree. 
0073. Each of the walls 7 and 8 should also extend into the 
depth of the material of layer 4 substantially perpendicular to 
surface 10. In one embodiment, the deviation of walls 7 and 8 
from a normal to surface 10 should preferably be within 1 
degree, more preferably within 0.5 degree, and even more 
preferably within 0.3 degrees. 
0074 The width of channel 6 is defined by the distance 
between the respective opposing walls 7 and 8. It is preferred 
that the width of each channel 6 is less than 100 micrometers, 
more preferred that is less than 60 micrometers, even more 
preferred that it is less than 40 micrometers, and even more 
preferred that it is less than 20 micrometers. In the extreme 
cases, the width of channels 6 may also be made as Small as 10 
micrometers or even less, Such as, for example 1 to 5 
micrometers. On the other hand, it may also be preferred that 
there is a certain minimum channel width of at least a few 
micrometers is maintained in order to prevent or reduce the 
risk of opposing walls 7 and 8 of channels 6 to closeupon each 
other and thus create an optical contact. Channels 6 are hol 
low and designed to internally reflect light by means of a total 
reflection (TIR) which requires an optical interface between a 
higher-index transmissive material and air having refractive 
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index of about 1. Accordingly, the optical contact between 
walls 7 and 8 is generally unwanted since it may suppress 
TIR. 
0075. The depth of each channel 6 should be substantially 
greater than its width. According to one embodiment of the 
present invention, the depth of each channel 6 may be at least 
approximately ten times the average width of the channel. By 
way of example and not limitation, the average width of each 
channel 6 may be approximately 20 micrometers and the 
depth of the channel may be at least 200 micrometers. In at 
least some embodiments, the ratio between the depth and 
width of channels 6 (an aspect ratio) may be advantageously 
selected to exceed 15 or 20 times. 
0.076 On the other hand, the channel width should also be 
significantly less than the spacing between adjacent channels 
to minimize the percentage of incident light that can be inter 
cepted by the channel ends. According to one embodiment of 
the present invention, a distance between adjacent channels is 
at least 6 times an average width of the channels, more pref 
erably at least 8 times an average width of the channels, and 
more preferably at least 10 times an average width of the 
channels. 
0077. Each of the walls 7 and 8 should have a substantially 
smooth surface capable of reflecting light by means of TIR in 
a specular or near-specular regime while minimizing scat 
tered light. It should be understood that the surfaces of walls 
7 and 8 do not have to be absolutely smooth to provide such 
operation. It can be shown that walls 7 and 8 may provide 
good TIR reflectivity even with some non-negligible surface 
roughness as long as such roughness is significantly less than 
the wavelength. It is generally preferred that a root-mean 
square (RMS) roughness parameter of the surface of walls 7 
and 8 is below 0.1 micrometers (100 nanometers). According 
to one embodiment, the RMS surface roughness parameter 
should be within the range between 0.01 micrometers (10 
nanometers) and 0.1 micrometers (100 nanometers), more 
preferably between 0.01 micrometers (10 nanometers) and 
0.06 micrometers (60 nanometers), and more preferably 
between 0.01 micrometers (10 nanometers) and 0.03 
micrometers (30 nanometers). According to one embodi 
ment, the preferred sampling length for measuring Such RMS 
roughness parameter can be between 20 and 100 micrometers 
and should not generally exceed the depth of channels 6. 
0078. According to a preferred embodiment, channels 6 
should be formed in the material of layer 4 to a depth that 
preserves the integrity of the layer, prevents material tearing 
or separation at the locations of channels 6 and allows layer 4 
to retain its continuous sheet form. Accordingly, it is preferred 
that channels 6 extend into the bulk material through only a 
portion of the thickness of layer 4 so that all of the channels 
are formed on a common Substrate. At least some portion of 
the thickness of the material should remain uncut and at least 
one major Surface of layer 4 should be Smooth and generally 
uninterrupted across the entire width of sheet 2. 
0079 While forming extremely narrow, smooth-surface 
TIR channels with vertical walls in optically clear materials 
may be challenging using conventional techniques such as 
molding or embossing, Suitable new techniques have recently 
been developed. By way of example, U.S. Pat. No. 8,824,050, 
published Sep. 2, 2014 and herein incorporated by reference 
in its entirety, discloses forming narrow TIR-quality channels 
in a soft optically clear material, such as plasticized PVC 
(PVC-P), using one or more ultra-sharp rotary blades. It also 
discloses examples of forming slits having TIR walls with 
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RMS surface roughness between about 0.01 micrometers (10 
nanometers) and 0.03 micrometers (30 nanometers). Like 
wise, a sheet or film of optically clear PVC-P or a similar 
material can be used for forming layer 4 and a finely honed 
rotary blade may be used to slit the material to a prescribed 
depth to produce channels 6 which opposing walls 7 and 8 
will be capable of reflecting light by means of TIR. Since slits 
produced by a thin and extremely sharp rotary blade in a soft 
and elastic material, such as PVC-P or thermoplastic poly 
urethane (TPU), allow for maintaining a very small width of 
the formed slits and high parallelism of the opposing walls of 
Such slits, good-quality channels 6 may be produced using 
Such technique. 
0080. It is noted that, where a definition or use of a term in 
a reference, which is incorporated by reference herein is 
inconsistent or contrary to the definition of that term provided 
herein, the definition of that term provided herein applies and 
the definition of that term in the reference does not apply. 
0081. It is further noted that the use of PVC-P material 
(also frequently referred to as plasticized PVC, flexible PVC 
or simply vinyl) for sheet 4 and the use of surface slitting 
technique for forming channels 6 are not prescriptive and are 
described here by way of non-limiting examples. Other mate 
rials that may potentially be suitable for slitting and produc 
ing narrow TIR channels 6 include but are not limited to 
optically clear or translucent thermoplastic elastomers, opti 
cally clear or translucent polyurethanes, including TPU, and 
optically clear or translucent silicones. Furthermore, other 
types of optically transmissive materials can be used with an 
appropriate technique of forming channels 6 with the 
described properties. Such materials may include but are not 
limited to glass, poly(methyl methacrylate) (PMMA, 
acrylic), polycarbonate, polystyrene, rigid polyvinyl chlo 
ride, butyrate, polyester, and cyclic olefin copolymer. 
I0082 It is essential that each channel 6 forms a highly 
efficient reflector embedded into the material of layer 4 and 
extending generally perpendicular to the layer's Surface. 
While the technique of slitting may be preferred for making 
deep and narrow channels 6 in certain soft materials. Such as 
PVC-P or TPU, it may also be possible that the certain tech 
niques related to micro- and nano-texturing, Such as hot 
embossing, molding, imprinting, UV-curable embossing, 
etching, and the like, can be adapted for producing the 
described structure of layer 4 in rigid materials such as 
PMMA, PET, clear epoxies or polycarbonate. 
I0083 FIG. 2 depicts layer 4 without layer 20 attached to it 
and shows that high-aspect-ratio channels 6 may beformed in 
surface 12 without disrupting the overall planarity and 
Smoothness of Such surface. The channels may extend only 
partially into the material of layer 4 so that the opposite 
surface 10 may be left uninterrupted. It will be appreciated 
that when Such layer 4 is Subsequently co-laminated with 
layer 20 to form sheet 2, channels 6 will become fully 
enclosed with their forming TIR surfaces embedded into the 
final retroreflective structure. Such encapsulation may be 
advantageous for protecting channels 6 and Surfaces of walls 
7 and 8 from the environment and for providing dimensional 
stability of the embedded TIR reflectors. An additional ben 
efit of such encapsulation can be the prevention of closing the 
walls of channels 6 upon themselves. 
I0084 FIG.3 shows rectangularly shaped sheet 2 and illus 
trates its retroreflective operation. Linear channels 6 of layer 
4 are arranged into a parallel array and extend parallel to a 
reference line 400 which, in turn, is parallel to a pair of 
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opposing edges of the rectangular sheet. In one embodiment, 
reference line 400 is parallel to a longer major dimension of 
rectangular sheet 2. In one embodiment, reference line 400 is 
parallel to a shorter major dimension of rectangular sheet 2. 
I0085 While sheet 2 of FIG.3 is shown having a generally 
planarappearance, it should be understood that such sheet can 
be made flexible and bendable to any shape. Alternatively, 
sheet 2 may also be made rigid to maintain Such planar shape 
or any other prescribed shape depending on the application. 
One or more edges of sheet 2 may be sealed using an air 
and/or moisture impermeable encapsulating resin or tape. 
Such sealing or encapsulation may be useful for preventing 
the delamination of the layers, and/or preventing the moisture 
ingress or contamination of channels 6 with dust or dir 
through the edges. In one embodiment, the entire perimeter of 
sheet 2 may be sealed. In a further embodiment, the entire 
sheet 2 may be encapsulated within another material or struc 
ture or overmolded with a clear plastic material. 
I0086 A preferred orientation of sheet 2 with respect to a 
light source and the viewer is such that light rays should enter 
sheet 2 at a relatively high off-normal incidence angle and 
also propagate along a direction perpendicular to reference 
line 400. In other words, since line 400 defines the alignment 
of parallel channels 6, light rays should enter sheet 2 perpen 
dicular or near-perpendicular to the longitudinal orientation 
of channels 6. In the context of the present invention, the term 
“off-normal” is meant to characterize light rays having Sub 
stantially non-Zero incidence angles with respect to a Surface 
normal, in contrast to “normal rays having incidence angles 
equal to or Substantially close to Zero with respect to the 
Surface normal. 
0087. In operation, an incident light ray 62 emanated by a 
distant source strikes surface 10 of the top layer 4 at an 
incidence angle 32. The incidence angle is defined as an angle 
that the incident ray makes with a normal to the surface at the 
point of incidence. Referring to FIG. 2, ray 62 makes inci 
dence angle with respect to a normal 160. Ray 62 also makes 
an angle 34 with surface 10 of sheet 2 at the point of inci 
dence. It will be appreciated that angle 32 and 34 are comple 
mentary. 
0088 Ray 62 is internally redirected and retroreflected by 
sheet 2 and forms a retroreflected ray 64 upon the exit from 
surface 10. The retroreflected ray 64 emerges at the same 
angle with respect to surface 10 as the angle of incidence 32 
and propagates generally back towards the Source. 
I0089. The retroreflective operation of sheet 2 is further 
explained in reference to FIG. 4 which shows a fragmentary 
schematic cross section of sheet 2 with the plane of the draw 
ing being generally perpendicular to reference line 400 of 
FIG.3 and thus also perpendicular to the longitudinal axis of 
channels 6. Surface 24 of reflective layer 20 in FIG. 4 is 
mirrored for high specular reflectivity. Incident ray 62 strik 
ing the light input Surface 10 at incidence angle 32 refracts 
into the material of layer 4 and propagates in this layer 
between a pair of adjacent parallel channels 6. Upon reaching 
the opposite surface 12 of layer 4, ray 62 reflects from reflec 
tive layer 20 by means of a specular reflection and further 
reflects from wall 7 of channel 6 by means of TIR. As a matter 
of optics, the reflection angle for both specular reflection and 
TIR is the same as the angle of incidence. Since wall 7 is 
perpendicular to the reflective surface of layer 20, ray 62 is 
further propagated parallel to the original propagation direc 
tion after the two consecutive reflections from reflective layer 
20 and wall 7 and forms retroreflected ray 64 upon the exit 
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from surface 10 which propagates back toward the source. An 
emergence angle 42 that retroreflected ray 64 forms with a 
normal to surface 10 is equal to the incidence angle 32 of 
incident ray 62 and a complementary angle 44 is thus equal to 
angle 34. Accordingly, the retroreflective structure of sheet 2 
shown in FIG. 4 retroreflects light at least in a plane which is 
perpendicular to the longitudinal axis of linear channels 6. 
0090. It is noted that the light path of rays 62 and 64 of 
FIG. 4 is reversible. In other words, depending on the point of 
incidence into surface 10, ray 62 may undergo a first reflec 
tion from wall 7 of the respective channel 6 and then undergo 
a second reflection from reflective layer 20. This is illustrated 
in FIG. 5 which shows that the retroreflected ray 64 may be 
directed back toward the source regardless of the point of 
entry onto sheet 2. 
(0091 Referring further to FIG. 4 and FIG. 5, the parallel 
array of linear channels 6 of layer 4 and mirrored surface 24 
oflayer 20 form a linear array of long and narrow retroreflec 
tive cells each shaped as a rectangular prism with a right 
angle reflection geometry. More specifically, an individual 
retroreflective cell is defined by a pair of adjacent walls 7 and 
8 together with the respective portion of mirrored surface 24 
disposed between such walls. 
0092 Referring to FIG. 5, the spacing of channels 6 may 
be characterized by a distance L between adjacent channels in 
a plane perpendicular to the longitudinal axis of the channels. 
A depth D of channels 6 may be defined as the distance from 
a base to a tip of the respective channel. 
0093. According to one embodiment, it is preferred that 
the L/D ratio is generally greater than 1 and less than 2. In 
other words, the distance L between adjacent channels should 
be greater than the depth D of such channels but less than 
twice the depth D. More specifically, the maximum practical 
L/D ratio may also be defined based on the refractive index of 
the material of layer 4 in which channels 6 are formed. In one 
embodiment, it may be defined as follows: 

where n is the refractive index of the material of layer 4. For 
example, if the refractive index of the material of layer 4 is 
1.51, the L/D ratio should be at most around 1.8. In one 
embodiment, the L/D ratio should be approximately (within a 
20% error) equal to 1.5 (the distance between adjacent chan 
nels being greater than the channel depth by a factor of at least 
1.2 and at most 1.8). 
0094. It may be appreciated that the combination of planar 
mirrored surface 24 and TIR walls 7 and 8 ensures retrore 
flectivity only in one angular dimension which is perpendicu 
lar to the common longitudinal axis of parallel channels 6. It 
may further be appreciated that, in an orthogonal angular 
dimension, Such structure may have Substantially no retrore 
flective properties. Accordingly, a light ray propagating in a 
plane which is parallel to the common axis of linear channels 
6 may simply be reflected by sheet 2 without redirecting back 
to the source. 
0095. This is illustrated in FIG. 6 which shows further 
aspects on light redirection operation of sheet 2 which layer 
20 has a planar, specularly reflective surface. Referring to 
FIG. 6, ray 62 enters surface 10 of sheet 2 from an off-normal 
direction and makes incidence angle 32 with respect to nor 
mal 160 at the point of entry. A plane of incidence of ray 62 is 
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defined as the plane that encompasses the propagation vector 
of ray 62 upon the incidence onto surface 10 and surface 
normal 160. A reference line 72 indicates the projection of 
incident ray 62 onto surface 10. Ray 62 makes angle 34 with 
the prevailing plane of surface 10 and with reference line 72. 
Ray 34 is complementary to incidence angle 32. 
0096. A primary retroreflection plane 800 is defined as the 
plane which is perpendicular to reference line 400 (perpen 
dicular to linear channels 6). Since light rays entering onto 
sheet 2 in plane 800 may be retroreflected exactly towards the 
source, it may be preferred that the orientation of sheet 2 is 
Such that the actual incidence plane and the preferred inci 
dence plane coincide or otherwise parallel to each other. A 
reference line 70 indicates an imaginary line at which plane 
800 and sheet 2 intersect. 
0097. Retroreflected ray 64 makes emergence angle 42 
with respect to surface normal 160 and forms angle 44 with 
respect to surface 10. A reference line 74 indicates the pro 
jection of ray 64 onto surface 10 so that angle 44 is also the 
angle between ray 64 and reference line 74. 
0098. In the illustrated example, the incidence plane does 
not coincide with primary retroreflection plane 800 and make 
an angle 36 with respect to plane 800. Accordingly, while 
retroreflected ray 64 makes the same angle with respect to 
normal 160 as the incident ray 62 (the emergence angle equals 
to the angle of incidence) it is not pointed exactly back 
towards the Source as it emerges at a different azimuth angle 
(turning angle with respect to normal 160). As it will be 
understood from FIG. 6, the plane of emergence of ray 64 and 
plane 800 make an angle 46 with respect to each other. The 
total azimuthal turn angle of retroreflected ray 64 with respect 
to ray 62 is the sum of angles 36 and 46. 
0099. It can be shown that at the planar geometry of the 
reflective surface of layer 20, angle 46 will be equal to angle 
36. Accordingly, the deviation of ray 64 from the direction to 
the light source will be twice the misalignment angle 36 of 
sheet 2 from the “ideal' orientation in which linear channels 
6 would be perpendicular to the source direction. In other 
words, retroreflective sheet 2 employing a planar mirrored 
surface in layer 20 can be configured to retroreflect light in a 
first angular dimension, Such as an elevation angle, and reflect 
like a mirror in a second angular dimension, Such as an 
azimuth angle, which is orthogonal to the first angular dimen 
Sion. The respective azimuth/elevation angular coordinate 
system may be defined, for example, as follows: the coordi 
nate system origin is located at the point of entry of ray 62 
onto surface 10, the azimuth angle is a +180° rotational angle 
with respect to normal 160 with a Zero-point in the plane of 
incidence, and the elevation angle is an 0°-90° angle with 
respect to the plane of surface 10. 
0100 While retroreflecting light in a single angular 
dimension (such as an elevation angle) may find utility in 
many applications, at least some application will benefit from 
a full retoreflectivity in both angular dimensions (e.g., eleva 
tion and azimuth) so that the retroreflected rays could be 
directed back towards the source even when sheet 2 is not 
oriented with its channels 6 being perpendicular to the Source 
direction. 
0101. An embodiment of sheet 2 configured to retroreflect 
light towards the Source in abroad range of orientations of the 
sheet with respect to the source direction in both orthogonal 
angular dimensions is shown in FIG. 7. 
0102 Referring to FIG. 7, reflective layer 20 of sheet 2 is 
formed from an optically transmissive material and includes 
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a parallel array of linear prismatic elements 50 formed in 
surface 22. Each prismatic element 50 includes two planar 
faces which are perpendicular to each other and form dihedral 
angles of approximately 45° with respect to the prevailing 
plane of surface 22. In a cross section, each prismatic element 
50 has an isosceles right-angle triangular shape in which the 
sides corresponding to the planar faces intersect at about 90° 
and each make an angle of 45° with respect to the base of the 
triangle. Each of the linear prismatic elements 50 extends 
perpendicularly to linear channels 6. Since channels 6 and 
prismatic elements 50 are formed in different layers of sheet 
2, the respective perpendicular arrays of channels 6 and ele 
ments 50 are stacked on top of one another and do not physi 
cally intersect. 
0103. It is generally preferred that the height of prismatic 
elements 50 is considerably less than the depth of channels 6. 
In one embodiment, it is preferred that the height of prismatic 
elements 50 is less than the depth of channels 6 by at least a 
factor of two, more preferred by a factor of five or more, and 
even more preferred by a factor often or more. One advantage 
of such configuration may be that the effective depth of the 
retroreflective cells formed by pairs of adjacent channels 6 
can be kept at approximately constant depth. Another advan 
tage may be that by making prismatic elements 50 consider 
ably smaller, possible light leakage into an adjacent retrore 
flective cell can be reduced or virtually eliminated. It may also 
be preferred that the thickness of layer 20 is substantially less 
than the thickness of layer 4 and, even more preferably, con 
siderably less than the depth of channels 6. In one embodi 
ment, the height of prismatic elements 50 is between 20 and 
100 micrometers and the depth of channels 6 is at least 200 
micrometers. 
0104 Suitable materials for such microstructured layer 20 
may include but are not limited to glass, acrylic (PMMA), 
polycarbonate, polyurethane, polyester, certain optically 
clear epoxies, and the like. Prismatic elements 50 may be 
formed from the same or a different material than the main 
body of layer 20. By way of example and not limitation, 
miniature prismatic elements 50 can beformed from polycar 
bonate or PMMA on a polyester film substrate. 
0105 Layer 20 may conventionally have the same or simi 
lar structure as optical lighting films utilized to transport light, 
as illustrated in U.S. Pat. No. 4,260,220 to Whitehead, herein 
incorporated by reference in its entirety. Such films are made 
of flexible polymeric sheets of a transparent material having 
a structured prismatic Surface on one side and a smooth Sur 
face on the opposite side. The structured Surface includes a 
linear array of miniature Substantially right angled isosceles 
prisms which are arranged side-by-side to form a plurality of 
peaks and grooves. The perpendicular sides of the prisms 
make an angle of approximately 45 degrees with the Smooth 
surface. The structure of such films enables light entering the 
smooth side to be reflected by the structured side as long as 
the angle by which the light rays deviate from the longitudinal 
axis of the microprisms does not exceed a certain maximum 
angle, which depends upon the refractive index of the film 
material. 
0106. In a further non-limiting example, layer 20 may 
comprise Brightness Enhancement Film (BEF) or Optical 
Lighting Film (“OLF) available from 3M Corporation, both 
of which having linear, right-angle prismatic Surface struc 
tures. 

0107. It will be appreciated by those skilled in the art that 
the right-angle prismatic structures 50 can make Surface 22 
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reflective for rays entering onto the smooth surface 24 of layer 
20 in a broad range of propagation angles. In particular, Such 
prismatic structures can reflect light by means of TIR from the 
respective planar faces when the incidence angle is within a 
certain acceptance angle from a Surface normal. The accep 
tance angle of such reflection varies depending on the orien 
tation of the incidence ray with respect to the Surface plane 
and to the longitudinal axis of prismatic elements 50. 
0108. An advantage of employing prismatic elements 50 

is that, in addition to providing reflective properties for Sur 
face 22, each of Such elements retroreflects light in a second 
plane which is perpendicular to its longitudinal axis thus 
complementing the single-plane retroreflection of the top 
layer 4. 
0109. In operation, referring further to FIG. 7, channels 6 
and prismatic elements 50 work cooperatively to retroreflect 
incident ray 62 back towards the source, as indicated by the 
propagation path of retroreflected ray 64 which emerges par 
allel or near parallel to the incident ray. It is noted that such 
“full-angle' or “dual-axis' retroreflection occurs despite the 
incidence plane of ray 62 is not parallel to either channels 6 or 
prismatic elements 50. In this case, angle 36 characterizing 
the azimuth deviation of incident ray 62 from primary ret 
roreflection plane 800 is still equal to angle 46 that charac 
terizes the respective azimuth deviation of retroreflected ray 
64. However, unlike the structure of FIG. 6, the retroreflected 
ray 64 of FIG. 7 is deflected into the same hemisphere with 
respect to plane 800 as the incident ray 62. Accordingly, with 
the elevation angle of retroreflected ray 64 being the same as 
that of incident ray 62 (angles that are complementary to the 
incidence angle 32 and the emergence angle 42, respectively) 
and the azimuth turn angle of retroreflected ray 64 with 
respect to normal 160 and the source direction being also the 
same as that of ray 62, the incident light undergoes a full 
bidirectional retroreflection in sheet 2 and is directed back 
towards the Source. 
0110. The operating principle of retroreflecting light by 
sheet 2 in the azimuthal angular dimension will now be fur 
ther explained. FIG. 8 schematically shows a transversal 
cross section of individual prismatic element 50 in a plane 
perpendicular to the longitudinal axis of Such prismatic ele 
ment. Prismatic element 50 includes a first planar face 14 and 
an adjacent second planar face 16 which is perpendicular to 
face 14. Light rays are respectively shown in a projection onto 
a plane of the transversal cross section of prismatic element 
50. It will be appreciated that TIR is virtually lossless pro 
vided the faces 14 and 16 are sufficiently smooth. Accord 
ingly, those light rays entering the light receiving aperture of 
prismatic element 50 for which the TIR condition is met at 
both faces 14 and 16 can be losslessly reflected by the respec 
tive faces and reversed into retroreflected rays propagating 
parallel to the incident rays in Such projection. As it is further 
illustrated in FIG. 8, various light rays incident at different 
angles within a certain acceptance angle are retroreflected 
towards the respective incident directions 
0111. In FIG. 9, showing a portion of prismatic reflective 
layer 20, multiple linear prismatic elements 50 are disposed 
adjacently to each other and form a continuous corrugated 
surface 22 which has retroreflective properties at least in a 
plane perpendicular to the longitudinal axis of the prismatic 
corrugations. 
0112 Turning now back to FIG. 7, the bi-directional ret 
roreflectivity at off-normal incidence angles is achieved due 
to the triple reflection of light rays in sheet 2 at right-angle 
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reflection geometry: one reflection from a wall of channel 6 
and two more reflections from the planar perpendicular faces 
of prismatic elements 50. Each of the reflection occurs by 
means of lossless TIR which ensures very high overall reflec 
tion efficiency. 
0113. Since walls 7 and 8 are perpendicular to each other 
and to channels 6, incident ray 62 undergoes three consecu 
tive reflections from mutually orthogonal TIR surfaces in 
sheet 2 and is therefore retroreflected in a fashion which is 
somewhat similar to that of a truncated-cube or full-cube 
corner retroreflector. However, it should be understood that 
the retroreflector structure and the orientation of TIR surfaces 
in sheet 2 are different from the traditional cube corner ret 
roreflectors and configured in favor of the relatively high 
off-axis incidence angles. It may be appreciated that Such 
configuration of sheet 2 virtually eliminates the “dead' areas 
for Such incidence angles. 
0114 Referring to FIG. 10, the angle by which any ray 
deviates from normal 160 in a cross-section perpendicular to 
the longitudinal axis of prismatic elements 50 must be less 
than a predetermined maximum angle 0 to prevent light 
incidence onto the prismatic faces at angles that are greater 
than the critical TIR angle. Accordingly, a normal-incidence 
light ray 142 and off-normal rays 144 and 146 propagating in 
layer 20 at angles below 0, with respect to normal 160 are 
retroreflected while an extreme off-normal ray 148 exits from 
surface 22 after reflecting from one of the faces 16 and strik 
ing an opposing face 14 at a below-TIR incidence angle. 
0115. It may be appreciated that the least favorable con 
ditions for TIR operation of surface 22 is when the incidence 
plane of an incident light ray is perpendicular to the longitu 
dinal axis of linear prismatic elements 50 (perpendicular to 
reference line 70 in FIG. 7). At such incidence and prismatic 
elements 50 having right-angle isosceles configuration, it can 
be shown that the maximum angle 0 can be found from the 
following relationship: 0–45'-(p, where p is a criti 
cal angle of (TIR) that characterizes an optical interface 
between the material of layer 20 and the outside medium. The 
critical TIR angle p is defined by the refractive properties 
of the material and may be found from the following expres 
Sion: (p, arcsin(n2/nsin 90)-arcsin(n/n), where n and 
in are the refractive indices of the material of layer 20 and the 
outside medium, respectively. In an exemplary case of the 
interface between PMMA with the refractive index n of 
about 1.49 and air with n of about 1, p. is approximately 
equal to 42. 
0116. Accordingly, if the surrounding medium is air, then 

1 
6 = 45- arcsin). in 

which gives approximately 3° in case of acrylic (PMMA) 
material and about 6° for polycarbonate (PC). It can be shown 
that the 3° and about 6° propagation angles within layer 20 
correspond to the outside incidence angles of approximately 
4° and 9° for PMMA and PC, respectively. Obviously, 0. 
will be higher for a higher refractive index of the material of 
layer 20. 
0117. As a matter of optics, light rays may deviate from the 
Surface normal by any angle in a plane that is parallel to the 
longitudinal axis of prismatic elements 50 with no adverse 
effect on TIR operation. Moreover, 0, increases with the 
increase of the incidence angle in this plane. Accordingly, the 
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acceptance angle of sheet 2 having prismatic bottom layer 20 
can be significantly increased by operating sheet 2 at rela 
tively high incidence angles and especially at grazing inci 
dence of light onto surface 10. 
0118. In determining the angular limits of retroreflective 
operation of the retroreflective sheet material of the present 
invention, the path of a ray entering layer 20 via surface 24 
can be considered. In FIG. 11, showing a planar portion of 
layer 20 having corrugated prismatic Surface 22 and opposing 
smooth surface 24, an incident ray 152 makes an angle 182 
with Surface 24 in a plane perpendicular to the prevailing 
plane of layer 20. Angle 182 is also an angle between ray 152 
and a ray projection 206 onto Surface 24. In conjunction with 
ray 152 and surface 24, an angle 184 can be defined as the 
angle between projection 206 of ray 152 and longitudinal axis 
70 of linear prismatic elements 50 in the plane of surface 24. 
Accordingly, an acceptance angle 186 may be defined as the 
angle of the cone which limits the angular deviation of inci 
dent rays from axis 70 for which the requirement of light 
reflection by layer 20 can still be satisfied. In other words, 
acceptance angle 186 is defined by the uttermost ray paths 
202 and 204 in the plane of surface 24. 
0119. When no TIR reflection by surface 22 occurs, the 
incident light received by surface 24 will be transmitted by 
layer 20. When surface 24 is contacting with air or vacuum 
and n is the refractive index of layer 20, it can be shown that 
acceptance angle 186 can be found from the following 
expression: 

2 - W2 2cos' 1 - (n-1) V2 
2+ V2 

For layer 20 layer made from acrylic (n=1.49), angle 186 is 
about 54.5° (+27.2 half-angle). For polycarbonate (n=1. 
58), angle 186 is about 60° (+30° half-angle). 
0120 While such acceptance angle 186 may suit many 
applications, it may nevertheless be increased even further, 
for example, by providing a higher refractive index material 
for layer 20 or by mirroring prismatic elements 50. In one 
embodiment, at least a portion of the microprosmatic Surface 
22 of layer 20 may be mirrored with a reflective coating so 
that faces 14 and 16 will remain reflective even when the TIR 
condition is not met. Prismatic elements 50 may be metalized, 
for example, with an aluminum or silver layer using a vacuum 
deposition method. 
0121 Sheet 2 can be attached to any suitable substrate 
which can have any suitable thickness, including film thick 
nesses. Suitable substrate materials include but are not lim 
ited to wood, glass, fabric, metal or plastic sheeting, plastic 
films, and various composite laminates. An adhesive layer 
also can be disposed behind the bottom layer 20 to secure 
sheet 2 to a substrate. When layer 20 includes non-metalized 
microprismatic corrugations, such as prismatic elements 50. 
creating airpockets between prism Surfaces and the adhesive/ 
substrate may be required to maintain TIR reflectivity. To 
achieve this, an intermediate Support film or a mesh material 
may also be provided between layer 20 and the adhesive/ 
Substrate. The Support film may also be permanently attached 
to layer 20 by ultrasonic welding in a plurality of locations 
distributed over surface 22. Since welding may melt, destroy 
or distort microprismatic Surface corrugations and Suppress 
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TIR, the cumulative area of the weld seams should be rela 
tively small compared to the area of layer 20 so that the overall 
retroreflective operation of sheet 2 is not significantly 
impaired. 
0.122 The retroreflective material of this invention can be 
made in the form of large format sheets or a continuous roll 
and then cut to any suitable dimensions or shape. The dimen 
sions of retroreflective sheet 2 may vary in a broad range. 
Particularly, the retroreflective material of sheet 2 can be cut 
into Strips of any suitable length, width and aspect ratio. 
Depending on the application, the longer and shorter dimen 
sions of such strips can be oriented relatively to channels 6 
and prismatic elements 50 in any suitable way. In FIG. 12, 
sheet 2 is shown shaped in the form of a strip in which linear 
prismatic elements 50 extend perpendicular to a longitudinal 
axis of the strip. In FIG. 13, linear prismatic elements 50 are 
aligned parallel to such axis. 
I0123. Such retroreflective strips can be used, for example, 
in high-conspicuity pavement or road structure markers. Par 
ticularly, a suitably shaped and dimensioned retroreflective 
strip can be adhered to or embedded into various roadside 
structures to enhance the conspicuity and visibility of the 
structures to the drivers of approaching cars. This is illus 
trated in FIG. 14 which depicts a strip of sheet 2 attached to a 
guard rail 540 extending along a road 486. A car 450 
approaching the strip location illuminates sheet 2 by its head 
lights 228 at high incidence angle 32 with respect to normal 
160. 

(0.124. Sheet 2 receives beams of light 462 and 464 from the 
left and right headlamps, respectively, and retroreflects each 
of the beams back towards the car with high efficiency and 
within a narrow cone including an area 252 where the car 
driver is located. Since sheet 2 can be particularly configured 
for high incidence angles, it can provide fairly high light 
output in the retroreflective operation despite the light receiv 
ing Surface of the sheet being near parallel to the incident light 
beam. Accordingly, the illuminated strip of sheet 2 will 
appear bright to the car driver and the conspicuity and vis 
ibility of the guard rail 540 will thus be enhanced. 
0.125 FIG. 15 shows an example of incorporating retrore 
flective strips of sheet 2 material into the side trim of a truck 
470. Such strips can be configured to retroreflect light back 
toward the Source at high incidence angles, particularly 
including angles above 40° or so, and to appear bright to the 
drivers of passing cars who would normally view the sides of 
the truck at relatively sharp angles. 
0.126 The retroreflective material of the present invention 
can also be used in pavement markers, road signs, emergence 
vehicle markers, road worker clothing marking, etc. Sheet 2 
can be made flexible so that it could be wrapped around 
objects. In a more particular example, referring to FIG. 16, a 
strip of the retroreflective material of sheet 2 can be applied to 
a plastic or rubber road sign cone which is on roads under 
repair. In a further example shown in FIG. 17, sheet 2 is 
wrapped around a road marking pole while having the same 
basic structure and operation. Similarly, retroreflective strips 
of sheet 2 material can be attached to road-side poles or tree 
trunks to provide visually conspicuous marking of Such 
objects. 
I0127. When a conventional low-incidence-angle retrore 
flective material is used to mark a round object, only the 
central area of the wrapped-around strip is usually visible in 
a high brightness, while the peripheral left and right areas 
may appear dim due to the reduced retroreflectivity at high 
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incidence angles. Accordingly, such conventional marking 
does not emphasize the dimensions of the round road-side 
structure. In contrast, the material of sheet 2 may be config 
ured to maximize the retroreflectivity at high incidence 
angles, such as, for example, 60 to 85 degrees. Accordingly, 
when sheet 2 is used to mark a round object, the opposing 
sides of the visible strip area will appear in increased bright 
ness, thus providing dimensional information on the object to 
the driver of an approaching vehicle. It is noted that sheet 2 
configured for Superior high-incidence-angle retroreflection 
will still provide at least some retroreflectivity even at rela 
tively low incidence angles since at least a portion of light 
striking the entrance aperture of the sheet will be reflected not 
only by reflective layer 20 but also by channels 6. Therefore, 
the entire visible area of sheet 2 wrapped around an object 
may appear Sufficiently bright to a car driver. 
0128. The retroreflective sheeting of the present invention 
may be adapted to disperse the retroreflected light within a 
predetermined range of directions in one or more angular 
dimensions. This may be useful, for example, to include the 
eyes of a car driver into the retroreflected light beam, consid 
ering that the light-emitting headlights and the driver's eyes 
are typically not on the same line of sight when viewed from 
the surface of sheet 2. 

0129. This may be accomplished by different means. In 
one embodiment, one of the layers or materials of sheet 2 may 
be provided with weak light scattering properties which 
would cause an increase in the divergence of the retroreflected 
light. In one embodiment, certain angular bias may be incor 
porated into various optical interfaces of sheet 2. For 
example, an angular bias may be added to walls 7 and/or 8 in 
the form of providing random slopes to such walls with 
respect to a normal to the surface of sheet 2 within a small 
predefined angular range (0.1-2). In another example, Such 
angular bias may be implemented in the form of some Surface 
waviness of walls 7 and 8. 

0130. A further alternative of increasing light output 
towards off-axis directions (at higher observation angles) 
may include providing controlled Surface structure or haze for 
either one of surfaces 10, 12, 24 and 22 or any combination 
thereof. Such light-diffusing surface structure or haze can be 
introduced, for example, by chemical etching and/or electro 
plating of the tool Surface used to produce the respective 
layers of sheet 2. For example, surface 10 may be textured 
with shallow microstructures to cause slight dispersion of the 
retroreflected beam. 

0131. In one embodiment, channels 6 can be made slightly 
curved in order to introduce controlled divergence into the 
retroreflected beam in an incidence plane, a plane which is 
orthogonal to the incidence plane, or both. Furthermore, it 
may be appreciated that the natural Surface roughness of walls 
7 and 8 resulting from the process of making channels 6 by 
means of material slitting using a blade may also result in 
Some angular divergence of retroreflected rays which can be 
advantageously exploited to increase light output into direc 
tions other than the source direction. 

(0132 Referring to FIG. 18, sheet 2 retroreflects incident 
ray 62 in the form of a divergent beam which is confined 
within a predetermined angular range 84. When sheet 2 is 
used for road signs or pavement marking, the angle of Such 
divergent beam may be selected to advantageously encom 
pass the angular size of the approaching vehicles in a range of 
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useful distances from the sheet so that the drivers will be able 
to see the respective signs or markings in increased bright 
CSS. 

0.133 Sheet 2 may also be configured to retroreflect light 
with a predetermined angular offset with respect to the inci 
dent light direction. This is illustrated in FIG. 19 in which 
retroreflected ray 64 makes an angle 100 with respect to 
incident ray 62. In one embodiment, angle 100 can be made 
greater than an angle 102 of the divergence cone of the ret 
roreflected light, as shown in FIG. 19. 
I0134. The angular shift of the retroreflected beam (as 
defined by angle 100) can be enabled using different 
approaches. One approach is to make walls 7 and 8 of chan 
nels 6 slightly tilted with respect to a normal by a predefined 
Small angle. It can be shown that the angle at which channels 
6 should be tilted with respect to the “ideal normal orienta 
tion to produce a desired angle 100 should be one half of angle 
100. For example, in order to shift the retroreflected beam 
form the source direction by 1, channels 6 should be tilted at 
a 0.5° angle with respect to a normal to sheet 2. 
0.135 An angular shift of the retroreflected beam in an 
orthogonal angular dimension may be enabled by appropri 
ately designing prismatic elements 50. 
0.136. In one embodiment, an angle 254 between faces 14 
and 16 can be made slightly lower or slightly greater than 90° 
to steer the retroreflected light away from the original propa 
gation direction in a controlled fashion. This is illustrated in 
FIG. 20 which shows angle 254 being not exactly 90 degrees 
which causes the retroreflected ray to deviate from the direc 
tion of the respective incident ray. 
0.137 In one embodiment, prismatic elements 50 can be 
canted to either side by a predetermined angle so that their 
faces 14 and 16 will make different dihedral angles 256 and 
258 to a prevailing plane or surface of sheet 2, which should 
also cause controlled deviation of the retroreflected rays from 
the source direction, as illustrated in FIG. 21. 
0.138. Further modifications of the structure of sheet 2 may 
include selecting angular and/or dimensional parameters of 
the plurality of channels 6 or prismatic elements 50 so as to 
provide various dynamic visual effects and further enhance 
the conspicuity of the retroreflective sheeting. For example, 
in one embodiment, the L/D ratio characterizing the array of 
channels 6 may be selected to provide variable degree of 
retroreflectivity (and, hence, variable apparent brightness) as 
the observation angle of sheet 2 by a distant viewer changes. 
In an alternative embodiment, the dihedral angles 256 and 
258 of faces 14 and 16 and/or angles 254 may be varied 
according to a predetermined pattern. For example, one or 
both of the dihedral angles 256 and 268 can be varied across 
the Surface 22 in predetermined increments which can cause 
retroreflection of the incident light beam into a plurality of 
distinct directions. As the geometry of retroreflection changes 
for a moving observer and/or a light source (such as is the case 
of a car or truck driver and headlights moving with respect to 
a road sign or marking), the observer may see sheet 2 in 
variable brightness. 
0.139. It is noted that the retroreflective sheet material 
described in the foregoing embodiments may be configured 
to return almost 100% of the incident light back towards the 
source. This is illustrated in FIG. 22 which shows an indi 
vidual retroreflective cell formed by a pair of adjacent chan 
nels 6 and a portion of reflective bottom layer 20 underneath. 
A plurality of high-incidence-angle light rays are distributed 
over an area of surface 10 which is roughly equivalent to the 
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entrance aperture of the retroreflective cell formed by the 
adjacent channels 6 of the top layer 4 and the reflective 
surface 24 of the bottom layer 20. 
0140. The illustrated example corresponds to an L/D ratio 
of about 1.5, a refractive index of layer 4 of about 1.51 and an 
incidence angle of approximately 65° (25° angle with respect 
to Surface 10). As it can be seen, at Such an incidence angle, 
sheet 2 orientation with respect to a light source, and channels 
6 depth and spacing, each of the light rays incident onto 
surface 10 of sheet 2 is retroreflected and returned toward the 
source direction. Since light rays of FIG.22 cover practically 
the entire light receiving aperture of the retroreflective cell, 
substantially all of the light incident onto such aperture will 
be retroreflected. 
0141. It will be appreciated that, in practice, the actual 
retroreflection efficiency will be lower than 100% due to a 
number of factors, such as the Fresnel reflection from surface 
10, light absorption or scattering in the transmissive materials 
of sheet 2 and manufacturing imperfections. If layer 20 com 
prises a specular material, the reflectivity of Such material 
will also be factored into the resulting light output efficiency. 
Accordingly, as a practical consideration, it may be possible 
to design the retroreflective sheeting of the present invention 
to return above 90% of light toward the source at least at 
optimal incidence angles. In one embodiment, sheet 2 may be 
configured to retroreflect more than 60% of the incident light 
at an optimal incidence angle or within a range of incidence 
angles approximating the optimal incidence angle. In one 
embodiment, sheet 2 may be configured to retroreflectat least 
75% of the incident light. 
0142. It is noted that, while the retroreflective sheeting of 
the present invention is primarily designed to provide 
enhanced retroreflectivity at high incidence angles and spe 
cific orientations with respect to the light Source, it is also 
operable to provide retrorectivity at lower incidence angles 
and other orientations. For example, it can be shown that the 
structure of sheet 2 will reflect essentially all of the normal 
incidence light back towards the Source. It can also be shown 
that, at relatively low incidence angles, the retroreflective 
sheet 2 structure of FIG. 7 will retroreflect at least a portion of 
the incident light. 
0143. The retroreflection efficiency off sheet 2 at lower 
incidence angles may be increased by lowering the L/D ratio. 
Accordingly, by varying the L/D ratio, the structure of ret 
roreflective sheeting may be optimized for a specific angular 
range. 

014.4 FIG. 23 illustrates an embodiment of retroreflective 
sheeting 2 which is similar to that shown in FIG.22 but which 
further includes a prismatic layer on top of layer 4. Such 
prismatic layer can be formed by a plurality of prismatic 
elements 300 distributed over the surface of sheet 2. An 
individual prismatic element 300 is illustrated in FIG. 23. 
Such prismatic element 300 is formed by an asymmetric 
triangular prism defined by faces 302, 304 and 306 and is 
made from an optically transmissive polymeric material. 
0145 Face 302 is configured for receiving light from 
directions that represent extremely high incidence angles, 
including the case when the incident rays propagate parallel 
or near parallel to the prevailing plane of sheet 2. In operation, 
face 302 intercepts Such extremely high incidence angle rays 
and refract them light into the body of layer 4. As a matter of 
optics, a sloped orientation of face 302 reduces Fresnel reflec 
tions from sheet 2 compared to the case when sheet 2 has a 
planar outer Surface and directs the received light rays at 
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angles more favorable for high-efficiency retroreflection. For 
the described operation, sheet 2 may need to be oriented such 
that faces 302 of the respective prismatic elements 300 are 
facing the expected light Source direction. Possible variations 
of prismatic elements 300 may include various base angles 
(dihedral angles that said faces form with surface 10 or the 
prevailing plane of sheet 2) of faces 302 and 304 as well as 
symmetrical configurations in which faces 302 and 304 form 
the same base angle and can receive high-incidence-angle 
light on either one or both faces. 
0146 The top prismatic layer including prismatic ele 
ments 300 may be formed by a sheet-form prism array 
molded or extruded on a flexible film substrate or directly on 
surface 10. Alternatively, prismatic elements 300 may be 
formed directly in the material of layer 4. 
0147 Sheet 2 may be configured to include areas in which 
portions of retroreflective sheeting are disposed in different 
orientation with respect to each other. This may be useful, for 
example, for providing an omnidirectional retroreflective 
device. 

0.148. One embodiment of omnidirectional retroreflective 
sheeting is illustrated in FIG. 24 in which a circular sheet 2 
includes eight identical segments 1002 being a rotated copy 
of an adjacent segment. Each segment 1002 has channels 6 
aligned perpendicular to a radius of the circle (reference lines 
70 of the respective segments are aligned along the radius) 
covering the entire 360° angular range of the circle. It may be 
appreciated that, when each segment is configured for an 
azimuth acceptance angle of about 30° and elevation accep 
tance angle of 0°-90°, at least one of such segments will 
always operate at the prescribed acceptance angle range. 
Accordingly, at least 15% of the area of sheet 2 will efficiently 
retroreflect light regardless of the incidence angle, thus pro 
viding omnidirectional operation. 
0149 Furthermore, sheet 2 may also be operated together 
with conventional retroreflectors, e.g., those based on cube 
corners, full-cubes or glass beads. In one embodiment, sheet 
2 may be optimized for high incidence angles and include 
areas which comprise such other types of retroreflectors 
designed to efficiently retroreflect light incident at low, nor 
mal or near-normal angles. In one embodiment, the retrore 
flective sheeting of this invention may be alternated with such 
conventional retroreflective sheeting to provide a full angular 
coverage (incidence angles from 0 to almost 90°). 
0150. An alternative configuration of omnidirectional ret 
roreflective sheeting is shown in FIG. 25 which further 
includes a central area 1006 formed by a conventional cube 
corner or full-cube retroreflective material configured for 
high-efficiency retroreflection at low incidence angles. 
Accordingly, the omnidirectional structure of FIG. 25 may 
exhibit fairly high retroreflective efficiency for the entire 
0°-90° range of incidence angles. 
0151 FIG. 26 shows an embodiment of retroreflective 
sheeting 2 in which layer 4 includes a second array of parallel 
channels 6 extending generally perpendicular to the channels 
6 of the first array. Such perpendicular arrays of channels 6 
may be formed in the same Surface of layer 4, as shown in 
FIG. 27. Alternatively, layer 4 may beformed by two or more 
Sub-layerS Superimposed on one another and the respective 
arrays of channels 6 may be formed in those sub-layers. 
0152. It will be appreciated that sheet 2 having layer 4 with 
two perpendicular arrays of channels 6 may be used for ret 
roreflecting light in two orthogonal angular dimensions using 



US 2016/0011346 A1 

smooth-surface specularly reflective layer 20 and without 
using Surface corrugations such as triangular prismatic ele 
ments 50. 

0153. Referring to FIG. 27, the perpendicular grid of chan 
nels 6 formed by the intersecting arrays essentially forms a 
plurality of light-channeling cells. Both of the arrays of chan 
nels 6 are shown to be formed in surface 10. However, it 
should be understood that Such intersecting channels arrays 
may also be formed in Surface 12. Each light-channeling cell 
will have a shape of rectangular parallelepiped defined by 
four vertical walls of intersecting channels 6 and a horizontal 
terminal wall represented by an uncut portion of surface 10. 
When such top layer 4 is coupled to specularly reflective 
bottom layer 20, as further shown in FIG. 27, and with the 
appropriate dimensioning of channels 6, each light channel 
ing cell can have retroreflective properties. In other words, 
each light channeling cells coupled to the reflective layer 20 
forms a full-cube retroreflective cell 30. 

0154) The operation of full-cube retroreflective cells 30 is 
illustrated in FIG. 28 for a case where channels 6 are formed 
in surface 12 and surface 10 is made smooth. Off-normal 
incident ray 62 entering one of the cells 30 undergoes two 
reflections from a pair of adjacent orthogonal faces of the cell, 
which also form TIR walls 7 and/or 8, and from a mirrored 
surface of reflective layer 20 which is perpendicular to both of 
the orthogonal faces. Accordingly, it can be shown that at 
Such rectangular geometry of reflection, ray 62 emerges from 
cell 30 as retroreflected ray 64 and propagates back to toward 
the source. Accordingly, the structure of sheet 2 of FIG. 28 
represents an alternative full-cube retroreflective sheeting 
structure which can efficiently retroreflect light, particularly 
at high angles of incidence (high entrance angles). 
0155 The retroreflective sheeting of this invention can be 
used for light rejection in which case sheet 2 may be config 
ured to retroreflect at least a portion of light incident from an 
unwanted range of directions. Such configuration of retrore 
flective sheeting may find utility in various daylight control 
devices such as window blinds or louvers. 

0156 For example, a strip of light directing material hav 
ing the structure of sheet 2 may be incorporated into horizon 
tal Venetian blind structure or into a vane of a horizontal 
louver system. One or more slats of the horizontal blinds may 
be formed by a strip-shaped sheet 2 where each channel 6 
extends parallel to the longitudinal dimension of the strip. 
Such horizontal slat may have notches formed at least the 
ends of the respective strip for passing a Support cord through 
them and can also be operable by a manual or automatic 
position control mechanism that allows for changing the 
angle or position of the slat and thus varying the amount of 
transmitted and/or rejected light. 
O157 An embodiment of a horizontal window blind struc 
ture 900 is illustrated in FIG. 29 which shows three venetian 
blind slats 920 adjustably operable by cords 912 and 914. 
Each of slats 920 has a slightly curved shape for structural 
rigidity and includes a light redirecting structure of retrore 
flective sheet 2 attached to a rigid substrate layer 928. 
Depending on the orientation of slats 920, window blind 
structure 900 may be configured to reject various amounts of 
Sunlight and prevent the associated heat from entering a 
building interior. Substrate layer 928 is optional and may 
conventionally include materials and structures used in win 
dow louvers and blinds, such as for example, natural wood, 
faux wood, vinyl, sheet metal and the like. 
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0158. As shown in FIG. 29, when slats 920 are in a fully 
open position, a light ray 922 exemplifying a beam of direct 
sunlight strikes one of the slats 920 and is redirected back 
towards the exterior of a building by the retroreflective struc 
ture of sheet 2. The retroreflective operation is provided by the 
reflection of ray922 from one of the channels 6 using TIR and 
from the bottom reflective layer 20. Layer 20 can be config 
ured to include a mirrored surface in which case it will reflect 
light by means of a specular reflection. Alternatively, layer 20 
can be provided with a microprismatic Surface. Such as that 
shown in FIG. 7, in which case it will reflect light by means of 
TIR from the respective faces of the micro prisms. 
0159. Accordingly, such operation of blind structure 900 
may be useful for rejecting at least a portion of the Solar beam 
and thus reducing the heat gain and glare associated with 
direct Sunlight. It is noted that, unlike the conventional win 
dow blinds that can only block solar heat by also blocking the 
view, window blind structure 900 may achieve similar solar 
heat rejection results while essentially preserving the view. 
This is illustrated by the unimpeded path of a ray 924 exem 
plifying diffuse light incident into the building interior from 
various outdoor objects. 
0160. At an optimal orientation of slats 920, window blind 
structure 900 can potentially reject substantially all of the 
direct daylight and the heat associated with the direct solar 
beam. It may be appreciated that a relatively small portion of 
the direct solar beam intercepted by slats 920 may still reach 
the building interior even at an optimal orientation and spac 
ing of slats 920. For example, some light (~4%) can be 
reflected through Fresnel reflection from the top surface of 
sheet 2. 
0.161. At non-optimal slat orientations, the fraction of 
admitted light may increase due to an increased fraction of 
light which is not intercepted by slats 920 or channels 6 in 
each slat. This can essentially provide means for controlling 
the light and heat throughput of the blinds by manually adjust 
ing their orientation. In one embodiment, window blind struc 
ture may be motorized and optionally provided with an auto 
mated daylight control system. Such automated system can 
be made operable in response to the availability and amount 
of the direct Sunlight at the window and can be configured to 
open, close or rotate slats 920 to various intermediate angular 
positions for maintaining a prescribed lighting level or maxi 
mizing heat rejection. 
0162. In some cases, it may be desired that the admitted 
portion of direct sunlight is diffused in order to avoid glare or 
sharp shadows in the interior. Accordingly, in one embodi 
ment, one or more surfaces or optical interfaces of sheet 2 
may be provided with light diffusing features, such as Surface 
texture. For example surface 10 may be patterned with light 
matte finish to spread light reflected from slat 920 across a 
wider angular range. 
(0163 When slats 920 are in a fully closed position (FIG. 
30), both the direct and diffuse sunlight components are 
rejected, as shown by the paths of rays 922 and 924. It will be 
appreciated that slats 920 may be adjusted to any intermediate 
angular orientation between the fully open and fully closed 
position in which case the amount of rejected and/or admitted 
light can be controlled for almost any solar elevation. It is 
further noted that, by adjusting the angular position of slats 
920, the angular direction of the admitted daylight may also 
be varied in a broad range. This can be useful, for example, for 
illuminating deep portions of the building interior by steering 
such redirected light farther away from the window while 
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rejecting most of the heat associated with the direct Solar 
beam. The light diffusing finish of surface 10 may also 
include various decorative finishes or ornamental patterns. It 
is noted that blind structure 900 may be configured so that 
slats 920 can be rotated almost 360 angular degrees and either 
retroreflective or the opposing non-retroreflective surfaces of 
the slats may be exposed to the incident sunlight. When the 
non-retroreflective sides of slats 920 are exposed to the inci 
dent Sunlight by facing towards the outside of the building, 
window blind structure 900 may operate simply as a shading 
device, similarly to the conventional venetian blinds. 
0164. The appearance of sheet 2 may be configured in a 
number of ways. For instance, a pigment may be added to one 
or more of its materials thus altering the color or transparency. 
In applications requiring improved conspicuity, sheet 2 may 
be provided with a visually conspicuous color or tint. To 
provide a certain color to sheet 2, a dye or pigment may be 
incorporated in the resin used to form layer 4, layer 20 or any 
other auxiliary layer or coating that can be added to sheet 2. 
Also, sheet 2 may include any Suitable image, pattern or print 
which can be formed on surface 10 or embedded into the 
structure of the sheet. Such print may be produced, for 
example, using thermal transfer printing, Screen printing, ink 
jet printing, and the like. 

Example 1 

0165 A retroreflective sheet-form structure as schemati 
cally illustrated in FIG. 7 was made by attaching a top opti 
cally transmissive layer formed by a 1-millimeter-thick sheet 
of optically clear thermoplastic polyurethane (TPU) to a bot 
tom reflective layer formed by a same-sized sheet of bright 
ness enhancement film BEF II 90/24 commercially available 
from 3M Corporation and having a thickness of about 140 um 
(5.5 mils). The BEF II 90/24 film product has a micropris 
matic Surface structure formed by an array of right-angle 
isosceles microprisms having a linear configuration and 
prism pitch of about 24 um (0.9 mils). 
0166 An array of parallel TIR micro-channels was 
formed in the top layer by slitting a surface of the TPU sheet 
material to a cutting depth of approximately 500 Lum using a 
pack of sharp rotary blades commercially available from KAI 
Corporation. The micro-channels were formed at a constant 
spacing of about 600 um So that the L/D ratio characterizing 
the channels was about 1.2. In laboratory measurements of 
the surface roughness of the TIR walls of the micro-channels 
have indicated that the root-mean-square (RMS) roughness 
parameter of such walls 7 and 8 was between 0.01 microme 
ters (10 nanometers) and 0.03 micrometers (30 nanometers). 
0167. The top and bottom layers were oriented relatively 

to each other such that the channels of the top layer were 
aligned perpendicular to the linear microprisms of the bottom 
layer, the cut Surface of the top layer was facing the bottom 
layer, and the microprisms of the bottom layer were facing 
away from the formed retroreflective sheet structure. 
0168 The formed retroreflective sheet structure was then 
tested during night time in lights of an approaching vehicle. In 
a first type of tests, the retroreflective structure was attached 
to rigid board and disposed along a roadside in various ori 
entations with respect to a direction to the approaching 
vehicle to simulate various types of road markings and their 
observation conditions. In a second type of tests, the retrore 
flective sheet structure was wrapped around a cylindrical pole 
to simulate retroreflective roadside markings of round 
objects. 
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0169. In such tests, the retroreflective sheeting had a very 
high apparent brightness (when viewed by a driver of the 
approaching vehicle) in a broad range of incidence (entrance) 
and observation angles. When compared side-by-side to vari 
ous types of commercially available retroreflective sheeting, 
the new retroreflective structure had a markedly brighter 
appearance than any of the other tested sheeting (which 
included ASTM retroreflective sheeting of Types I through 
XI) at least at entrance angles exceeding 30-40' and also 
exceeded in brightness most of the tested products at lower 
entrance angles. 

Example 2 

(0170 A retroreflective sheet-form structure as was made 
as described in EXAMPLE 1 above except that the top layer 
was made from optically clear plasticized polyvinyl chloride 
(flexible polyvinyl film). The tests were conducted as 
described in EXAMPLE 1 above and have shown similar 
results. 

Example 3 

(0171 A retroreflective sheet-form structure as schemati 
cally illustrated in FIG. 3 was made by a top optically trans 
missive layer formed by a 0.5-millimeter-thick sheet of opti 
cally clear thermoplastic polyurethane (TPU) and attaching it 
to a bottom reflective layer formed by a metalized polyethyl 
ene terephthalate (Mylar(R) film. The top layer included an 
array of parallel TIR micro-channels formed as described in 
EXAMPLE 1 above and spaced/dimensioned at 1.4L/D ratio. 
0172. The bottom layer was provided with a high-tack 
adhesive that was used to attach the retroreflective sheet-form 
structure to a thin and rigid sheet-form Substrate. A strip of 
approximately 4 centimeters by 50 centimeters of the result 
ing sheet-form retroreflective structure was cut out such that 
the longitudinal axis of the strip was parallel to the longitu 
dinal axis of the micro-channels formed in the top layer. The 
resulting strip was tested by exposing it to a parallel beam of 
light and measuring its reflectance at different incidence 
angles and orientations. The tests have shown astrong, angu 
larly-selective retroreflection in a plane perpendicular to the 
longitudinal axis of the strip, particularly at angles exceeding 
40-45°. 

Example 4 

(0173 A retroreflective sheet-form structure as schemati 
cally illustrated in FIG. 27 was made by a top layer of clear 
and flexible PVC attached to a similarly-sized sheet of 
Mylar R) material. The top layer had a thickness of about 0.8 
mm and included two parallel arrays of micro-channels dis 
posed perpendicular to each other. The perpendicular arrays 
of micro-channels were formed by slitting a surface of the top 
layer along the respective perpendicular directions using a 
tightly packed assembly of rotary blades. The channel depth 
D was about 450 um and the channel spacing was about 550 
um for both arrays. In laboratory tests, the resulting sheeting 
had high retroreflection efficiency for a broad range of off 
axis incidence angles. 
0.174 Further details of the structure and operation of ret 
roreflective sheeting of the invention, as shown in the drawing 
figures, as well as their possible variations will be apparent 
from the foregoing description of preferred embodiments. 
Although the description above contains many details, these 
should not be construed as limiting the Scope of the invention 
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but as merely providing illustrations of some of the presently 
preferred embodiments of this invention. Therefore, it will be 
appreciated that the scope of the present invention fully 
encompasses other embodiments which may become obvious 
to those skilled in the art, and that the scope of the present 
invention is accordingly to be limited by nothing other than 
the appended claims, in which reference to an element in the 
singular is not intended to mean "one and only one' unless 
explicitly so stated, but rather "one or more.” All structural, 
chemical, and functional equivalents to the elements of the 
above-described preferred embodiment that are known to 
those of ordinary skill in the art are expressly incorporated 
herein by reference and are intended to be encompassed by 
the present claims. Moreover, it is not necessary for a device 
or method to address each and every problem sought to be 
solved by the present invention, for it to be encompassed by 
the present claims. Furthermore, no element, component, or 
method step in the present disclosure is intended to be dedi 
cated to the public regardless of whether the element, com 
ponent, or method step is explicitly recited in the claims. No 
claim element herein is to be construed under the provisions 
of 35 U.S.C. 112, sixth paragraph, unless the element is 
expressly recited using the phrase “means for 
What is claimed is: 
1. A retroreflective sheet structure, comprising: 
a top layer of an optically transmissive material; 
a bottom reflective layer; and 
a plurality of channels formed within the optically trans 

missive material of said top layer and configured to 
reflect light by means of a total internal reflection. 

2. A retroreflective sheet structure as recited in claim 1, 
wherein each of said channels is defined by a pair of opposing 
walls extending between opposing major Surfaces of said top 
layer parallel to each other and perpendicular to said major 
Surfaces. 

3. A retroreflective sheet structure as recited in claim 1, 
wherein said optically transmissive material is selected from 
the group of polymeric materials consisting of optically clear 
or translucent plasticized polyvinyl chloride, thermoplastic 
elastomers, polyurethanes, and silicones. 

4. A retroreflective sheet structure as recited in claim 1, 
wherein said bottom reflective layer comprises a refractive 
material selected from the group of consisting of glass, poly 
(methyl methacrylate), polycarbonate, polystyrene, rigid 
polyvinyl chloride, polyester, and cyclic olefin copolymer. 

5. A retroreflective sheet structure as recited in claim 1, 
wherein said bottom reflective layer comprises a mirrored 
Surface. 

6. A retroreflective sheet structure as recited in claim 1, 
wherein said bottom reflective layer comprises a linear array 
of isosceles prisms having Substantially perpendicular sides 
arranged side-by-side to form a plurality of peaks and 
grooves, and wherein the perpendicular sides of said isosceles 
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prisms make an angle of approximately 45° with a Surface 
plane of said bottom reflective layer. 

7. A retroreflective sheet structure as recited in claim 6, 
wherein the orientation of said plurality of channels is per 
pendicular to the orientation of said isosceles prisms. 

8. A retroreflective sheet structure as recited in claim 6, 
wherein a depth of said channels is at least 5 times greater 
than a height of said isosceles prisms. 

9. A retroreflective sheet structure as recited in claim 1, 
wherein a depth of each said channel is at least ten times an 
average width of the channel. 

10. A retroreflective sheet structure as recited in claim 1, 
wherein a distance between adjacent channels is at least 6 
times an average width of the channels. 

11. A light directing sheet material as recited in claim 1, 
wherein said plurality of channels is arranged into a parallel 
array. 

12. A retroreflective sheet structure as recited in claim 1, 
wherein said plurality of channels is arranged into a first 
parallel array and a second parallel array having an orienta 
tion perpendicular to said first parallel array. 

13. A retroreflective sheet structure as recited in claim 12, 
wherein said first and secondarray are disposed in a staggered 
arrangement. 

14. A retroreflective sheet structure as recited in claim 1, 
wherein sad plurality of channels is arranged into an parallel 
array in which said channels are spaced from each other by a 
distance that is greater than adepth of each channel by a factor 
of at least 1.2 and at most 1.8. 

15. A retroreflective sheet structure as recited in claim 1, 
wherein a root mean square surface profile roughness param 
eter of the walls of said channels is at most about 60 nanom 
eters at a sampling length of between 20 and 100 microme 
ters. 

16. A retroreflective sheet structure as recited in claim 1, 
wherein a root mean square surface profile roughness param 
eter of at least a substantial portion of the surface of each of 
said channels is at least about 10 nanometers at a sampling 
length of between 20 and 100 micrometers. 

17. A retroreflective sheet structure as recited in claim 1, 
wherein the thickness of said top layer is between 100 
micrometers and 1 millimeter. 

18. A retroreflective sheet structure as recited in claim 1, 
wherein at least one of the top and bottom layers comprises 
light diffusing features. 

19. A retroreflective sheet structure as recited in claim 1, 
wherein either one of said top and bottom layers has a pre 
defined visually conspicuous color or tint. 

20. A retroreflective sheet structure as recited in claim 1, 
wherein at least one edge of said structure is made imperme 
able to moisture and/or air. 
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