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PRECISION CONTROL OF WEB MATERIAL HAVING
MICRO-REPLICATED LENS ARRAY

TECHNICAL FIELD

[0001] The invention relates to web manufacturing techniques.

BACKGROUND

[0002] A manufactured web material that may be any sheet-like material having a fixed
dimension in one direction and either a predetermined or indeterminate length in the
orthogonal direction. Examples of web materials include, but are not limited to, metals,
paper, wovens, non-wovens, glass, polymeric films, flexible circuits or combinations
thereof. Metals may include such materials as steel or aluminum. Wovens generally
include various fabrics. Non-wovens include materials, such as paper, filter media, or
insulating material. Films include, for example, clear and opaque polymeric films
including laminates and coated films.

[0003] Web manufacturing processes typically utilize continuous feed manufacturing
systems, such as manufacturing systems used to produce paper, film, tape, and the like,
and often include one or more motor-driven rotatable mechanical components, such as
rollers, casting wheels, pulleys, gears, pull rollers, extruders, gear pumps, and the like.
These systems often include electronic controllers that output control signals to engage the
motors and drive the web at pre-determined speeds.

[0004] When manufacturing web based products that require down-web or cross-web
alignment of features on each side of the web, it is important to carefully manage the
cross-web and down-web positions, as well as the web strain, to control proper feature
alignment. Existing web control strategies to manage these parameters may be limited by
the quality of a measurement that provides position feedback to the web control system to

maintain the relative alignment of web features.

SUMMARY

[0005] In general, this document describes techniques that provide high resolution

measurement and feedback for the alignment of web features. The techniques may be
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especially useful for web material that is manufactured to include micro-replicated
structures with micron size scale. The techniques provide accurate, on-line measurements
on the relative positions of micron and sub-micron features. The data can be fed to lateral
and longitudinal control systems to provide real-time, sub-micron corrections for
controlling alignment of micro-structured features of a web.

[0006] In one example, the techniques are applied to web materials manufactured to
contain arrays of micro lenses, i.c., lenses having diameters on the order of tens to
hundreds of microns. The micro lenses may be an integral part of the product delivered to
customers, such as in the case of light angle control films, integral imaging films, light
extraction arrays, biomedical sensors, CCD and CMOS array sensors, and solar cell
arrays. In other examples, the micro lenses may be introduced and manufactured on
portions of the web not utilized for customer product (e.g., at the edges) so as to provide
mechanisms for sub-micron process control.

[0007] As described herein, the techniques may utilize an array sensor (e.g., a CCD
camera) to record an angular distribution of light emitted from the micro lenses when
illuminated by one or more light sources. A measurement system or control system may
monitor the angular distribution of the light leaving the micro lenses and accurately
determine the relative position (i.c., registration) between the lenses and features that
affect light distribution that lie in the focal plane of the lenses. For submicron alignment,
this can be accomplished using an array of micro lenses with characteristic pitches and
radii on the order of tens of microns. In one sense, the techniques allow the relative
registration between features of a web material to be transformed into an angular
distribution, which can be compared to an expected angular distribution.

[0008] The techniques described herein may offer advantages relative to manufacturing
systems that utilize image-based positioning systems to determine web position based on
imaged fiducial marks on the web. The position resolution of such systems is physically
limited by the diffraction limit of an objective lens system of the system and the
wavelength of the incident light. Additionally, such high-resolution objectives have very
small depths of field, so that it is difficult for a single sensor to maintain focus across both
sides of the web. Moreover, such systems often require a form of high-speed auto-focus to

maintain focus in the presence of natural depth fluctuations that occur for a moving web.
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[0009] In one embodiment, a manufacturing system includes a micro-replication station
that forms a pattern of micro-replicated lenses on a web material, a transport system that
conveys the web material through the micro-replication station,a sensing system that
illuminates a measurement area on the web material and detects an angular distribution of
light exiting a set of the micro-lenses within the first measurement area, and a control
system that adjusts at least one process control parameter of the transport system based on
the detected angular distribution.

[0010] In another embodiment, a method includes conveying web material with a
transport system through a micro-replication station of a manufacturing process, and
forming a pattern of micro-replicated lenses on the web material with the micro-
replication station. The method further comprises after forming the pattern of micro-
replicated lenses, detecting an angular distribution of light from the micro-lenses of the
web material; and adjusting at least one process control parameter of the transport system
based on the detected angular distribution.

[0011] In a further embodiment, a method includes conveying web material with a
transport system between a first pattern forming tool and a second pattern forming tool of
a manufacturing process, forming a first pattern on the web material with the first pattern
forming tool, and forming a second pattern on the web material with the second pattern
forming tool. The method also includes, after forming the first and second patterns,
detecting a relative distance between features of the first pattern and features of the second
pattern, and adjusting at least one process control parameter of the web transport system
based on the detected relative distance.

[0012] In yet another embodiment, a method includes conveying web material with a
transport system through a replication station of a manufacturing process, and forming a
pattern of replicated lenses on the web material with the replication station. The method
also includes, after forming the pattern of replicated lenses, detecting an angular
distribution of light from the replicated lenses of the web material, and adjusting at least
one process control parameter of the web transport system based on the detected angular
distribution.

[0013] In a further embodiment, a method includes conveying web material with a
transport system through a micro-replication station of a manufacturing process, and

forming micro-replicated optical features on a first surface the web material with the
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micro-replication station. The method also includes, after forming the micro-replicated
optical features, detecting an angular distribution of light from the micro-replicated optical
features of the web material, and adjusting at least one process control parameter of the
web transport system based on the detected angular distribution.

[0014] The details of one or more embodiments of the invention are set forth in the
accompanying drawings and the description below. Other features, objects, and
advantages of the invention will be apparent from the description and drawings, and from

the claims.

BRIEF DESCRIPTION OF DRAWINGS

[0015] FIG. 1 is a block diagram illustrating a portion of a web-based manufacturing
system 10 operating in accordance with principles of the invention.

[0016] FIG. 2 depicts three possible cross-sections of an example light angle control film
product from web material, wherein the alignment between the micro lenses and the
opposing-side structures differs between the various representations.

[0017] FIGS. 3A and 3B illustrate how the angular distribution of the light coming from
any given microlens depends on the alignment between the tip of the associated prism and
the axis of the lens.

[0018] FIG. 4A is a block diagram illustrating an example embodiment of a sensing
system that measures the angular distribution coming from the micro lenses at known
positions on the web material during manufacturing.

[0019] FIG. 4B, for example, is a bottom view showing that incidence directions of source
beams are rotated slightly relative to the cross-web direction.

[0020] FIG. 5 is a graph showing example angle distribution data captured by an array
Sensor.

[0021] FIGS. 6A, 6B are graphs illustrating analyses of the angular distribution of the
light beams.

[0022] FIG. 7 is a diagram illustrating one embodiment of an example fiducial mark that
may be printed or otherwise formed on the web material.

[0023] FIG. 8 illustrates another embodiment of a web manufacturing system in which a
control system utilizes position signals for both cross-web and down-web registration

control, i.e., position control.
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[0024] FIG. 9A illustrates another embodiment in which the techniques are applied to
imaging applications.

[0025] FIG. 9B illustrates another embodiment for determining relative registration
between micro-replicated features on the web material and a micro-replication tool in
contact with the web material.

[0026] FIG. 10 block diagram illustrating a top view of a portion of a web-based
manufacturing system in which a web material passes between tools.

[0027] FIGS. 11A-11C are block diagrams illustrating measurement results upon

application of lines to web material by system.

DETAILED DESCRIPTION

[0028] FIG. 1 is a block diagram illustrating a portion of a web-based manufacturing
system 10 operating in accordance with principles of the invention. In this particular
example, a segment of a web transport system is shown that contains a number of driven
rollers and idler rollers so as to move web material 12 through the web transport system.
[0029] In this example, web-based manufacturing system 10 includes two micro-
replication tools 14A, 14B (collectively, “tools 14”), one following the other. The micro-
replication tools produce web material 12 that have microstructures that may, for example,
run continuously in the down-web direction, or that may form some other two-dimensional
(2D) pattern that simply repeats with rotations of the tools. Such a configuration may be
useful, for example, in manufacturing web material 12 to include micro-replicated
structures with micron size scale.

[0030] In one example, web material 12 is formed as a two-sided film having opposed
patterns of microstructures on both a bottom and a top side of the material. In this
example, each of the patterns of micro-structures is formed to have a corresponding pitch
or periodicity in the cross-web direction. In other words, the micro-replicated patterns are
constructed to repeat in the cross-web direction in accordance with a defined spacing.
Moreover, the opposed patterns of micro-structures on different sides of web material 12
may be formed at a different pitch or periodicity in the cross-web direction. Further, the
opposed micro-replicated patterns are placed on web material 12 so that individual
features from the opposed patterns have a known desired alignment relative to the axes of

the micro lenses at one or more cross-web positions. In a further aspect, micro-replicated
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patterns may not be uniformly spaced as a function of web position. In another aspect,
such as in the case of 2D micro structure arrays, the opposed patterns of micro-structures
are placed on web material 12 so that individual features from the opposed patterns align
in both the down-web and cross-web directions.

[0031] In one example embodiment, web material 12 is manufactured to have a micro-
replicated pattern of symmetric prisms on one surface and a micro-replicated pattern of
cylindrical lenses on the other surface. In general, web material 12 may be any flexible or
inflexible substrate having micro-replicated patterns that cooperate to form a plurality of
optical features. Since the performance of each feature is a function of the alignment of
the opposed features forming each lens, precision alignment or registration of the lens
features may be preferable. The micro-replicated patterns may be an integral part of the
product delivered to customers, such as in the case of light angle control display films,
integral imaging films, light extraction arrays, and solar cell arrays. In other examples,
tools 14 form the one or more of the micro-replicated patterns on portions of web material
12 not utilized for customer product (e.g., at the edges of the web ) so as to provide
mechanisms for sub-micron process control by control system 20 and sensing system 25.
Further details of example techniques for forming two-sided articles having micro-
replicated structures are described in U.S. Patents 7,224,529 and U.S. Patent 7,417,798,
the entire content of each being incorporated herein by reference.

[0032] In accordance with the techniques described herein, sensing system 25 provides
accurate, on-line measurements of the relative positions of the features formed by tools
14A, 14B. As described herein, sensing system 25 may include an array sensor (e.g., a
CCD camera) that records an angular distribution of light rays produced by the micro
lenses of web material 12 when illuminated by one or more light sources. In one aspect,
control system 20 monitors the angular distribution of the light leaving the micro lenses
for each of the light sources to accurately determine the relative position between the
lenses and other micro-features on web material 12 that lie in the focal plane of the lenses
and affect light distribution. In another aspect, control system 20 monitors the angular
distribution of the light leaving the micro lenses to determine the relative position between
the lenses and tool 14B, during the formation of the set of micro structures by tool 14B. In
this example, the determination generally requires a reflective rather than transmissive

sensing geometry, but the concepts are similar. This aspect is discussed further with
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respect to FIG. 9B. Submicron alignment can be accomplished using an array of micro
lenses with characteristic pitches and radii on the order of tens of microns.

[0033] Angular signals sensed by the sensor may be converted into position signals 22 by
a measurement system (not shown in FIG. 1) of sensing system 25. Position signals 22
from sensing system 25 are fed to control system 20 system to provide real-time, sub-
micron corrections for steering and tension control of the transport of web material 12
through one or both of tools 14. That is, control system 20 of the web-based
manufacturing system receives signals 22 from sensing system 24, which indicate with
sub-micron accuracy the relative positions of micro-features formed by tool 14A relative
to micro-features formed by tool 14B. Control system 20 processes the relative position
signals 22 and determines in real-time certain process control parameters of web material
12 in real-time as the web material continuously flows through tools 14 and web
manufacturing system 10. In some examples, sensing system 25 senses position signals 22
relative to more than one position of web material 12 at a given time, and from these data,
the control system computes position signals that can be used to monitor web strain and
tension. For example, control system 10 may process signals 22 to provide closed-loop
control of web tension within web material 12 or to accurately maintain real-time sub-
micron alignment of the different micro-replicated features of web material 12. In various
aspects, sensed angular distribution data may be converted into position signals at the
sensor, by a measurement system of sensing system 25, by a host computer, or at a
remotely located computing device.

[0034] As shown in FIG. 1, sensing system 25 may be positioned downstream from the
tools 14, but may be used for position control as web material 12 is transported through
various stages from first tool 14A to second tool 14B where the second layer of micro
features, 1.e., micro lenses in this example, are formed. Position and tension control
upstream from sensing systems 25 may be achieved because the relative registration and
alignment of the multiple layers of micro features of web material 12 is fixed when the
second set is formed by second tool 14B and, therefore, are unaffected by any tension or
position variations that may occur downstream from tool 14B but upstream from sensing
systems 25. Tools 14A, 14B generally represent process components having focusing
clements for forming features on the web or otherwise controlling the transport of the web.

Other examples of process components include a steering roll having the focusing



WO 2011/123485 PCT/US2011/030419

clements to sense transmitted or reflected light to steer the web, or a printing station to
print a set of features with the focusing elements.

[0035] In another aspect, sensing system 25 may be positioned at tool 14B to measure the
relative registration and alignment of a layer of micro lenses and features of tool 14B for
forming micro structures. This may allow for more immediate adjustment of process
control parameters in real time.

[0036] In some embodiments, tools 14 may be located at a single station, while in other
embodiments, tools 14 may be located at separate stations. While described generally in
terms of tools 14, micro replicated features may be formed on web material by a variety of
processes, such as curing, embossing, extruding, laminating, molding, or other process.
[0037] For example, based on the relative position signals 22 provided by sensing system
25, control system 20 outputs various actuator control signals 30 to modify one or more
transport elements of web manufacturing system 10. For example, control system 20 may
output actuator control signals 30 to control a drive motor (not shown) of one or more the
rollers of the transport system. As other examples, control system 20 may provide
actuator control signals to one or more lateral stages that can be positioned to sub-micron
accuracy, where the actuators may be piczoelectric, linear motors, voice coils, or other
devices for adjusting the position of the web material 12 relative to the tools 14. Further
details of example techniques that may be used for aligning two-sided articles having
micro-replicated structures are described in U.S. Patent US 7,296,717, entitled Method
and apparatus for controlling a moving web, the entire content being incorporated herein
by reference.

[0038] Control system 20 may, for example, control the position, velocity, and/or torque
of one or more of the drive rollers to control the web tension or strain. Similarly, control
system 20 may output actuator control signals 30 to vary a span length between the rollers
to alter the web strain or tension. Example techniques for controlling web tension are
described in U.S. Patent 6,985,789, the entire content of which is incorporated herein by
reference. As another example, control system 20 may adjust a temperature of one or
more of tools 14.

[0039] As another example, computed process control parameters, such as a current web
tension value or a current alignment of tools 14, determined by control system 20 may be

displayed to an operator 34 in order to allow the operator to modify an operating
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parameter of the web-based manufacturing system 10. In this way, control system 20 may
monitor the relative position of the different micro-features as represented by signals 22
and, based on the signals, compute process control parameters for use as feedback data in
real-time control of the web transport system. Other well-known system parameters
associated with web-based manufacturing system 10 may be controlled in response to the
sub-micron accuracy provided by relative position data derived from angular signals. As
such, the above system may be viewed in some embodiments as a system that generates a
value for an observed web parameter, such as tension or modulus, in web material 12 for
use in any other application within such a system.

[0040] In one example embodiment, control system 20 is a general-purpose programmable
computer executing software for use as a web transport controller. Control system 20
typically includes one or more programmable processors for executing software
instructions, memory (e.g., RAM), one or more mass storage devices (e.g., hard drives,
flash memory) and various interface modules for communications with external devices.
An operating system executing within control system 20 may provide a means for
execution of software instructions in the form of program code.

[0041] FIG. 2 depicts a cross-section of an example angle turning film product from web
material 12. In this example, web material 12 includes a microprism array that includes
microprisms (“microprisms 40”) coated on a bottom surface of substrate 42 by tool 14A.
In addition, web material 12 includes a microlens array that includes microlenses
(“microlenses 44”) coated on a top surface of substrate 42 by tool 14B. The three parts of
the figure indicate that the positions of the microprisms 40A—40C may shift relative to the
positions of the micro lenses 44A—44C at a representative position on the web. This shift
may be the result of variations in alignment associated with process variations that occur,
or the offset in alignment may actually be part of the desired product structure. Tools 14
form these micro structure array elements to continuously repeat on both the bottom and
top surfaces .These features may run continuously in the down-web direction so that the
lenses have refractive power only about the cross-web direction, or they may be lenses that
are refractively active in two-dimensions, i.e. both down-web and cross-web. The latter
are often referred to as two-dimensional lens arrays.

[0042] In the example shown, each microlens 40 of the microlens array is formed with a

lens radius of curvature in a range of one to 1500 microns, preferably in the range of tens
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to hundreds of microns, and each microprism 44 of the microprism array is formed such
that a height of the microprism tips are nominally at a focal point of the microlenses. In
general, the resolution of alignment measurement will scale with the size of the optical
features. To provide certain visual affects when applied as an angle turning film,
microlenses 44 and microprisms 40 are formed with sub-micron registration in the cross-
web direction. Moreover, the cross-web pitch or periodicity of the micro features (i.c., the
microlens and microprism arrays) must be carefully controlled, sometimes with nanometer
level precision, and need not always be the same for the opposing features, nor the same at
different positions on the web.

[0043] Maintaining precise registration between the features on each side of the web
substrate within sub-micron tolerance allows for increased yield of acceptable product.
Since web material 10 can steer (i.e., slightly shift in the cross-web direction) in the
transport region between the two micro-replication stations 14, and given there may be
multiple distinct tension zones leading up to each of the stations, it is desirable to have
micron or even sub-micron control of alignment and pitch of micro lenses 44 and micro-
prisms 40 across the length and width of web material 12.

[0044] FIGS. 3A-3B illustrate representative rays projected in a light angle control film.
The angular distribution of light leaving any given lens is a function of the alignment
between the tips of the micro-prisms 40 and optical axes of the micro lenses 44 given a
fixed incidence angle, fixed prism apex angle, and fixed lens radius of curvature. Since
the angular distribution from the film is a function of the alignment, to control the pitch,
one can measure how the angular distribution varies with position across the web, and
relate that to changes in alignment that occur with position.

[0045] In order to create certain visual affects for images presented through the film to a
viewer within a defined viewing angle, the desired alignment of the features can be a
function of position across the film. So for example, the micro features shown in FIG. 3A
are aligned, and let us assume that this is the desired relative alignment at some position
on the film. On the other hand, FIG. 3B illustrates a shift between the opposing micro
features, and this shift would result in a different angular distribution than that measured
for the case of FIG. 3A. If this shift occurred at a position where the alignment shown in
FIG. 3B was expected, it is likely that the product will have unacceptable performance;

however, if this alignment occurs at a different location on the film, it might well be the

10



WO 2011/123485 PCT/US2011/030419

desired alignment. So in the case where the alignment can vary as a function of position
on the film, to determine whether the features are properly aligned, one must know the
position on the film at which the angular distribution is measured. Thus, in this example
one needs to know where the sensor is located on the film in order to properly interpret the
angular data output. Techniques for determining the location of the sensor relative to the
film are described below.

[0046] FIG. 4A is a block diagram illustrating an example embodiment of sensing system
25 that measures the angular distribution coming from the micro lenses at known positions
on web material 12 during manufacturing. Sensing system 25 provides position signals 22
to control system 20 for controlling alignment of the micro-structured features. Coarse
positioning system 59 provides a position reference frame that is fixed in the stationary
coordinate system of the manufacturing line, and wherein sensor 63 tracks movements of
the fiducial feature 61 on the web that may occur during the manufacturing process in that
fixed coordinate frame. The position of sensing system 25 is also known in the fixed
coordinate system, and so the position of sensor 25 is known relative to the fiducial
position on the web at all times. The resolution of coarse positioning system 59 in general
should be at least sufficient to resolve any periodicity in the relative alignments of the
opposing structures. More often, the required spatial resolution is dictated by the rate of
change of the expected angular distribution of the microstructured product, which for
example may be in the range of 0.1-1 deg/mm, the allowable tolerance range for which a
certain angular output is supposed to be created by the film, which may be in the range of
0.1-10 mm, and the angular resolution of sensing system 25, which may be on the order of
0.01-0.1 deg. For typical combinations of these numbers, 0.1 mm resolution from coarse
positioning system 59 is generally adequate, although systems with several micron
resolution are readily available if needed.

[0047] In one embodiment, measurement system 52 makes use of the optical property of
lenses in which the light intensity distribution in the back focal plane of a lens is the
Fourier transform of the angular distribution of wavefronts entering the lens. In one
example, an array sensor 50 (e.g. a CCD camera) is located at the focal plane of multi-
element lens 54 to record the angular distribution of light rays 56A, 56B entering the lens.
In another example, a single element sensor may scan across the range of angles as a

function of time to record the angular distribution of light rays 56A, 56B entering the lens.
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[0048] In one example, lens 54 is a multi-element lens designed to record a moderate
range of angles (e.g. £30°) simultancously across array sensor 50 from a measurement
arca 57 having a measurement spot size on the order of 1 mm. In the example product of
FIG. 2, if the pitch of the micro lenses is in the range of 30-100 microns, then a 1 mm spot
size would result in illumination of approximately 10—33 micro lens / micro prism pairs.
In this case, the resultant angular distribution is insensitive to abnormalities that may exist
in any one individual feature and may more accurately represent the alignment of the
overall micro features. Obviously, the choice of the spot size cannot be so large as to
wash out all variation in angular output with position, but neither does the spot size need
to be so small as to completely eliminate all variation with angle. The resultant angular
output integrates across the angular distribution from the microstructures that are
illuminated. The spot size can be adjusted as needed either by focusing the input beam or
reducing the field-of-view of the multi-element lens system 54.

[0049] In the example of FIG. 4A, two different light sources 60A, 60B are positioned
substantially opposite from each other in the cross-web direction so as to simultancously
illuminate measurement area 57 of web material 12 with light beams 62A and 62B,
respectively. In one example, 2D array sensor 50 records angular distributions of light
beams 56A and 56B about both the X axis (cross-web) and Y axis (down-web)
simultaneously. In one embodiment, light sources 60A and 60B are slightly rotated about
the region of interest (e.g., by a few degrees) to arrange the incident beam angles so that
the distributions from the light sources can be recorded simultancously without cross-talk.
In this example, this takes advantage of the fact that cylindrical micro lenses 44 on web
material 12 refract light only about the Y axis. FIG. 4B, for example, is a bottom view
showing that incidence directions of source beams 62A, 62B are rotated slightly relative to
the cross-web direction so that resultant angular distributions recorded by array sensor 50
for the light sources 60 are separated on the sensing region of array sensor 50. This allows
for separation of captured light beams in both the X and Y directions. In another
embodiment, only a single one of light beams 62A, 62B may be used for detecting an
angular distribution of the light emitted by the micro-replicated lenses. A single light
beam is sufficient for detecting the angular distribution, but adding a second light source

may improve the accuracy and resolution of the system.
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[0050] In another embodiment, a wavefront sensing system may be used to analyze
angular distributions simultaneously from a number of points on the film, provided the
range of angular outputs from the film fell within the range of angles measurable by the
wavefront sensor.

[0051] FIG. 5 is a graph showing example angle distribution data captured by array sensor
50. In this example, micro-prisms 40 and micro lenses 44 illuminated by light beam 62A
from light source 60A produced light beam 56A to have an angular distribution 70A
between approximately -6° to -18° from the X axis. Similarly, the same micro-prisms 40
and micro lenses 44 illuminated by light beam 62B from light source 60B produced light
beam 56B to have an angular distribution 70B between approximately -4° to +12° from the
X axis. While the angle distribution data of FIG. 5 is shown for ease of illustration as
having a uniform intensity, other angle distribution data may have a non-uniform intensity
distribution.

[0052] In the light angle control film application, measurement system 52 analyzes the
angular distribution recorded by array sensor 50 using image processing algorithms.
Based on the analysis, measurement system 52 produces position signals 22 indicative of
the alignment between the prism tips and the axes of the micro lenses in the 1-2 mm
diameter measurement area 57 defined by the collection optics and the input beams.
[0053] FIG. 6A is a graph 71 illustrating one way in which measurement system 52
analyzes the angular distribution of light beams 56A, 56B. In this example, measurement
system 52 constructs a one-dimensional projection (i.e., one dimension of sensed data)
from the two-dimensional data for angular distribution 70A shown in FIG. 5. Similarly,
measurement system 52 constructs a one-dimensional projection from the two-
dimensional data for angular distribution 70B. Measurement system 52 then normalizes
the data values of the projections based on various factors, such as any optical or power
differences between the lights sources used by the different sensing systems 25. FIG. 6A
shows a graph of two example normalized projections 72, 74 having data values ranging
from 0 to 1. Measurement system 52 then analyzes the normalized data to identify a
crossing point 75 for the two one-dimensional projections 72, 74, where the crossing-point
represents the angle that bisects the two distributions from the different sources. This
bisector angle has an expected behavior versus cross-web position X because the

alignment of the prisms with the lenses is a function of X. In one embodiment,
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measurement system 25 conveys the angular position of this identified crossing 75 point to
control system 20 in the form of position signals 22.

[0054] The example of FIG. 6A shows an instance where crossing point 75 for the angular
projections is located at zero degrees. If measurement area 57 is expected to coincide with
a particular location of the product where the crossing point is expected to be located at
zero degrees, (e.g., microlens 44A and microprism 40A of FIG. 2), then the example of
FIG. 6A illustrates a product in proper registration.

[0055] However, in some products the microfeatures may be specifically formed such that
spacing of the microfeatures varies relative to position on the product, such as by having a
differential pitch rate (periodicity) in the crossweb direction so that the alignment between
the micro-features shifts across a width of the product. In such examples, the expected
angular distribution is a function of the cross-web position of measurement area 57 on the
film. In such examples, as explained above, web manufacturing system 10 may utilize a
coarse-grain positioning system 59 (FIG. 4) to keep track of the cross-web position of
measurement area 57 relative to the position of the product. In one example, a coarse-
grain web tracking sensor is used to monitor movement of fiducial marks 61 on web
material 12 as the web material may wander back and forth in the coordinate system as a
result of normal web steering movements. Control system 20 uses this information to
determine a current cross-web position of measurement area 57. Based on this determined
position, control system 20 can determine an expected angular distribution for each of
light beams 56A, 56B and, in one example, and expected crossing point for the
normalized, one-dimensional projections. An actual angular distribution can be detected
and compared to the expected angular distribution. A difference between the actual and
expected values may be compared to an allowable tolerance to determine whether action is
to be taken, such as manual or automated adjustments to process parameters or whether
control system 20 should direct a marking component to mark an error indication on the
web material. For example, the error indication may be a physical mark made or printed
on the measured area or may be a fiducial mark printed along an edge of the web to record
information related to the alignment error, such as the position and amount of alignment
error between the micro-replicated features. In some cases, control system 20 includes a
database or other non-transitory computer readable medium to record the measured

alignment.
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[0056] In another embodiment, measurement system 52 or control system 20 may analyze
angular distribution of light beams 56A, 56B by processing position information from
thresholded blobs in images associated with angular distributions 70A, 70B of FIG. 5. In
a further embodiment, instead of measuring a crossing point of projection data from two
light sources, projected data from a single light source may be analyzed, ¢.g., to fit a curve
to the profile of the projection data, or to compare the measured angular intensity
distributions of the image to an expected pattern.

[0057] FIG. 6B is a graph that illustrates an example in which, based on normal web
steering and the position of sensing system 25, control system 20 determines that the
position of measurement area 57 is expected to produce angular distributions having a
crossing point 76 at 5° for properly aligned product. However, as shown in FIG. 6B,
measurement system 52 detects an actual crossing point 77 of 7°. Based on the angular
deviation 81 of the detected crossing point 77 from expected crossing point 76, control
system 20 calculates a position adjustment and performs fine-grain positioning adjustment,
e.g., using preconfigured pitch information about the product to adjust the position of the
features on one side of the product relative to those on the opposing side. This position
adjustment may be, for example, on the order of microns or even sub micron.
Alternatively, control system 20 outputs the recommended positioning adjustment to the
operator for manual adjustment.

[0058] In this way, even though coarse-grain positioning system 59 is typically unable to
provide alignment on the order of microns or sub-micron distances, the control system
uses the initial cross-web position information to determine an expected angular
distribution for the micro features of the web. By recording the relative location of
measurement point 57 relative to the fiducial marks 61 at the startup of the process,
measurement system 52 can determine the expected angular distribution for the
instantancous position of web material 12. This allows the system to determine an
alignment error associated with the measurement area based on analysis of the angular
distribution of the light by comparing the actual detected angular distribution compared to
the expected angular distribution. The comparison of the actual and expected angular
distributions may be used to determine an alignment error and perform additional, fine-
grain adjustments based on the alignment error on the order of microns, and in some

precision applications, sub-micron.
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[0059] For example, based on an alignment error determined from the detected difference
between expected angular distribution of light and actual angular distribution of light, the
relative positioning of web material 12 and second tool 14B prior to application of the
second micro-replication feature by tool 14B can be precisely adjusted. In general, based
on the alignment error, adjustments may be made in real time to control any or all of
lateral registration of the micro-replicated structures, downweb registration of the micro-
replicated structures, and to adjust the relative pitch of the micro-replicated structures.
[0060] FIG. 7 is a diagram illustrating one embodiment of an example fiducial mark that
may be printed or otherwise formed on web material 12. In one example, fiducial marks
are placed at regular intervals throughout the length of web material 12, preferably outside
of the salable area of the web, in order to accurately locate and uniquely identify a
physical location on the web. In an embodiment of a fiducial mark as depicted in FIG. 7, a
fiducial mark has one or more locating marks 82, 84 and a barcode 80. Locating marks
82, 84 enable fiducial mark reader 63 and coarse-positioning system 59 to accurately
locate the position of barcode 80 in both the cross-web and down-web directions.

[0061] Barcode 80 represents information provided in a machine-readable format.
Barcode 80 may, for example, encode a unique identifier for each fiducial mark. Barcode
80 may encode other information, such as position information based on a coordinate
system used when applying the mark, an identifier for the web to which the mark has been
applied, designation of production lines used or scheduled to be used for manufacturing
the web, routing information defining a route for the web through manufacturing process
lines and/or manufacturing plants, information identifying the material applied and in
which order and area of the web, environmental conditions measured during the process,
instructions for downstream processing of the web, and a host of other information. In one
embodiment, barcode 80 may conform to the interleaved “2 of 5 symbology standard. In
one embodiment, barcode 80 may represent a simple integer in the range from 0 to
999,999. In one embodiment, each fiducial mark placed on a web is one greater than the
previous fiducial mark.

[0062] In one embodiment, fiducial marks may be applied to a web using an inkjet printer.
The process of placing fiducial marks on a web is described in further detail in Floeder et
al., U.S. Patent. No. 7,542821, Multi-unit process spatial synchronization of image

inspection systems, which is hereby incorporated by reference in its entirety. Other
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embodiments may represent fiducial marks in a variety of other ways. For example, data
may be represented by a 1D barcode, a 2D barcode, optical character recognition (OCR),
or magnetically encoded. Furthermore, other embodiments may apply fiducial marks to a
web using inkjet printing, laser printing, or by securing mechanical labels to the web.
Other means of representing a fiducial mark, as well as other application methods, may
also be used.

[0063] Referring again to FIG. 4A, coarse-grain positioning system 59 may utilize fiducial
marks to compute and output coarse-grain electronic position data 65 to provide position
data having an accuracy on the order of millimeters, or in some embodiments on the order
of tens of microns, within the coordinate system of manufacturing system 10.
Measurement system 52 utilizes this initial position data 65 to compute an expected
angular distribution for the micro features of web material 12 currently illuminated by
light sources 60A, 60B. Based on the expected angular distribution, measurement system
52 produces position signals 22 indicative of the alignment between the prism tips and the
axes of the micro lenses in the 1-2 mm diameter measurement area 57 defined by the
collection optics and the input beams. Position signals 22 may, for example, take the form
of an error signal for purposes of closed-loop control, where the error signal conveys any
alignment error in units of = microns, such as within five microns, within one micron or
even with a sub-micron accuracy. In applications where the alignment of micro features
does not deviate as a function of cross-web position, use of coarse-grain positioning
system 59 may not be necessary.

[0064] The alignment accuracy of measurement system 52 is a function of the size pitch
of the micro features, the radius of the micro lenses, and the angular resolution of array
sensor 50 used to record the angular spectrum. Measurement system 52 achieves a high-
level of accuracy by exploiting the repetitive nature of the micro structures formed on web
material 12 because the light distribution is averaged over all of the structures that are
illuminated and lie within the measurement volume collected by the lens 54. In this way,
the angular distribution analyzed by measurement system 52 is less sensitive to small
abnormalities in any given micro lens 44 or local defect that may exist on the focal-plane
side of web material 12 for any one micro feature. Experiments have shown the ability to

measure the alignment of structures within 0.1 um for lenticular microlens arrays with

nominally 50—70 pum pitch and radii of curvature of 30—55 um, using an array camera with
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1024x1360 pixels and a Fourier lens setup that provides nominally 0.03°/pixel (i.c., about
+20 degrees angular range in the 1360 pixel direction).

[0065] FIG. 8 illustrates another embodiment of a web manufacturing system 100 in
which control system 120 utilizes position signals 122A and 122 B for both tension/strain
control as well as web position control. Web-based manufacturing system 100 may be
substantially similar to web manufacturing system 10 of FIG. 1 in that multiple micro-
replication tools or stations (not shown) may be used to produce web material 112 to have
microstructures that run continuously in the down-web direction. For purposes of
example, web 112 is shown in FIG. 8 as moving in a direction Y and having a cross-web
direction X.

[0066] In this example, manufacturing system 100 includes two sensing systems 125A,
125B that provide accurate, real-time measurements of the relative positions of the sub-
micron features formed by the tools, or the relative positions of the sub-micron features
and a tool for forming additional sub-micron features. Each sensing system 125A, 125B
may be substantially similar to sensing system 25 described above. In this case sensing
systems 125 provide signals 122 that indicate or are derived from the angular distribution
of light received from corresponding measurement areas 127A, 127B. As discussed
above, sensing stations 125 may be positioned downstream from the tools or at one of the
tools, but may be used for position and tension control of web material 112 as the web
material is fed into the second tool for the second layer of micro features, e.g.,
microprisms 40. Position and tension control at an upstream location may be achieved, for
example, as the relative registration of the multiple layers of micro features is fixed once
formed by the second tool and, therefore, are unaffected by tension or position variations
that may occur after the second tool but prior to sensing systems 125.

[0067] In one example, web material 112 may be manufactured to carry multiple lanes of
product, such as product lane 129A and product lane 129B. Web material 112 may be
manufactured such that each of the product lanes 129 is formed in a manner consistent
with the structures depicted in FIG. 2. For example, ecach of product lanes 129 may have
micro lenses on a top surface and micro-prisms on a bottom surface of web material 112.
Moreover, as shown in FIG. 2, each of product lanes 129 may be formed such that the
microfeatures at a center portion of each product are expected to be precisely aligned, as

shown by microlens 44A microprism 40A of FIG. 2. In another example, web material
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112 may be manufactured for a single lane of a product, having two sensing systems
125A, 125B at different positions of the product.

[0068] Position signals 122A, 122B are fed from sensing system 25 to control system 120,
which provides real-time control over tension within web 112, such as at a point upstream
in the manufacturing process where the web material is transported through the micro-
replication tools. In the example of FIG. 8, sensing systems 125A, 125B are positioned
relative to the fiducial markings so that measurement areas 127A, 127B correspond to
positions on the product lanes 129A, 129B where the angular distribution of light for both
pairs of light sources (e.g., light sources 60A, 60B of FIG. 3) are expected to cross at zero
degrees. However, in some aspects, even when using fiducial markings to account for the
presence of web steering, i.¢., a shift in the cross-web position of web material 112, a shift
from an expected crossing point for the angular distribution of light received from each
light source of sensing system 125A and/or sensing system 125B may be detected, e.g.,
due to incorrect tension, due to incorrect registration between a micro replication feature
and features of a tool for creating a second micro replication feature. As discussed above,
this absolute change in the angular distribution at each measurement area 127A, 127B can
be detected. Based on the difference between expected angular distributions of light and
the measured angular distributions of light, the relative positioning of web material 112
and tool 14 prior to application of the second micro-replication feature by tool 14B can be
precisely adjusted. There are two sensors, so two independent parameters can be adjusted:
downweb tension controls the cross-web strain, and hence the difference between the
measured angular distributions, and the relative positions (i.e. alignment) of the opposing
microstructures controls the average (or sum) of the two measurements. Other
independent combinations of the sensing data from the two sensors can also be used, e.g.
the angular output from a single sensor and the difference between the two.

[0069] In any case, regardless of the arrangement of sensing systems relative to the
product lane or lanes, as long as the expected angular distribution of light is known for the
measurement areas of the sensing systems, one will be able to detect whether lateral or
longitudinal position movements of the web relative to tools 14A or 14B occur based on
the actual angular distributions detected, provided the positions of sensors 125A and 125B

are known.
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[0070] Furthermore, improper tension in web material 112 prior to application of the
second micro feature can also result in misalignment the micro features, which in turn
leads to a change in detected crossing points for the light from the two light sources at
cach of sensing systems 125. However, a tension variation manifests in a different change
in the relative alignment of the micro-features at each measurement area 127, and this
relative change can be used to distinguish tension-induced alignment errors from
alignment errors caused by mis-registration of micro-features.

[0071] For example, tension variations affecting stress in the down-web direction Y cause
changes in the cross-web dimension X of web material 12. A typical magnitude for the
cross-web strain coefficient for a 3 mil PET film with a cured prism microstructure on one
side is 1x10” mm/mm/Ibf. Consequently, a tension variation of 0.1 Ibf acting across 250
mm of such a web would cause a cross-web dimension change (i.c., web stretch for an
increase tension variation) of 0.25 um. Such a cross-web distortion of the prism-coated
web material 112 prior to processing by the second coating station would cause the
relative alignment between micro-prisms 40 and micro lenses 44 (FIG. 2) at measurement
arcas 127A, 127B to deviate from the expected alignment. For example, a 0.25 um
deformation in the cross-web dimension would skew the crossing point for the angular
distributions recorded by sensing system 125A as the applied micro lenses 44 would align
with micro-prisms 40 at a position off-center of product lane 125A. Similarly, the 0.25
um deformation in the cross-web dimension due to tension variation would skew the
crossing point for the angular distributions recorded by sensing system 125B to a position
off-center of product lane 125B. Taking the difference between the angular distributions
recorded by sensing systems 125A and 125B informs on how to adjust tension,
independent of where the stretch is centered.

[0072] Control system 120 computes the difference between the angular distributions
from sensing systems 125, and configured with the distance between the sensors and the
expected angular performance of web material 120 at measurement areas 127A, 127B,
outputs actuator control signals 130 to modify one or more transport elements of web
manufacturing system 100 until the difference between the measured angles matches the
expected angular difference associated with the feature design. As another example,
control system 120 may display a computed process control parameter, such as a current

web tension value, to an operator in order to allow the operator to modify an operating
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parameter of the web-based manufacturing system 100. As a further example, control
system 120 may display to the operator the detected angular distributions or may display
the difference between the angular distributions.

[0073] In one example, control system 120 time-averages the data to take out cyclical
fluctuations caused by any roll-runout, which allows control system 120 to set the tension
to an increased resolution, e.g., 0.1 Ibf. For a lens pitch of 50 um, sub-nm variations in
pitch may be controlled. For example, a 1 um cross-web dimension change on the lens
features across 250.001 mm of product is resolvable by tension control. This would
otherwise introduce an increased prism pitch of 50.0002 um. Consequently, in this
example the techniques achieve an accuracy of 2 Angstroms for the pitch, assuming
constant pitch across the full product width. Adaptive and feedforward techniques may
also be used to remove the cyclical repeatable error components inherent in any web
transport process.

[0074] The accuracy figures cited above correspond to features that are at the focal plane
of the lenses of sensing systems 125 that record the angular distribution of light rays, such
as lens 54 described above with respect to FIG. 4A. This accuracy may be degraded if the
micro features do not lie at the focal plane of the lenses, such as may be caused by large
variations in thickness as web material 112 is manufactured. However, such variations
can be corrected if the current thickness of web material 112 is measured and the angular
distribution of light leaving the opposing features, ¢.g., the prism tips, is known or can be
computed. In many cases, however, such corrections for total thickness variations on the
order of a few microns need not be made as such variations may be negligible in view of
an example total thickness on the order of 170 um.

[0075] In the examples above, the techniques were described with respect to a web
product that involves lenticular (i.e. one-dimensional focusing) lenses on one side of the
web and a prism microstructure on the other. The relative position on the alignment
structures can be used as feedback to control the manufacturing process, or as a quality
metric for quality control testing of samples. Although, for exemplary purposes, an
embodiment has been described using two sensing systems to provide alignment feedback
and tension control, the techniques can be generalized to characterize the alignment of any
lenslet array or other optical elements (with one- or two-dimensional focusing power)

relative to any array of light-active structures located at the focal plane of the optical
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clements. In some embodiments, scanning or repositionable sensor locations may be used
in web applications involving single or multiple patterns.

[0076] FIG. 9A illustrates another embodiment in which the techniques described herein
are applied to virtual or integral imaging applications. Web material 150 may be
manufactured to include printed/transferred features 152 located at the focal plane of a
lenticular array of micro lenses 156. In such applications, printed/transferred features 152
are typically aligned with the pitch of lenses 156 so as to create certain visual effects and
displays. The techniques described herein can be applied to control registration of
printed/transferred features 152 with the pattern of micro lenses 156. This technique can
be extended to two-dimensional microlens arrays, such as spherical or aspheric microlens
arrays. In an application where a pattern of printed or transferred features 152 is
positioned on a side opposing the microlens array, the control techniques described herein
can be used to determine registration between the each printed features and the
corresponding lenslet or lenslets. This may be useful, for example, to more accurately
produce product that creates a composite image that appears to have certain
characteristics.

[0077] With the techniques described herein, a high-resolution printing process could be
used to print the features on the backside of the lens film, and an angular distribution of
light transmitted (or absorbed) through (by) printed features 152 could then be used to
determine the registration of the features with respect to the micro lenses of the web
material. For example, similar to the description above, any cross-web deviation in
alignment between the printed features and the micro-lenses causes angular distribution of
the light exiting the lenses. As described herein, any positional error in the registration of
printed features 152 and micro-lenses 156 may be used to control the position and/or
tension of web material as it is transported through the printing stage. Alternatively, the
position information determined by this technique may instead, or additionally, be used to
finely control the imaging apparatus (e.g., laser) when maintain registration with lenses
156. Further details of example techniques for forming microlens sheetings having printed
material in registration with patterns of micro-replicated lenses are described in U.S.
Patent 7,336,422, entitled “Sheeting with composite image that floats,” and U.S. Patent
7,586,685, entitled “Microlens sheeting with floating image using a shape memory

material,” the entire content of each being incorporated herein by reference.
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[0078] FIG. 9B illustrates another embodiment in which the techniques described herein
are applied to determine relative registration between micro-replicated features on the web
material and a tool or precision idler in contact with the web material at the focal plane of
the lenses. Web material 160 may include a lenticular array of micro lenses 166 that are
aligned at a particular moment of time with a tool for creating microprisms on an opposing
side of web material 160, such that features 162 of tool 168 (e.g., valleys for replicating
microprisms) are positioned nominally at a focal plane of the lenses. At this alignment,
the angular distribution of the light rays reflected through the microlenses can be detected
and compared to an expected angular distribution. This example is based on reflective
rather transmissive geometry as described above. In this manner, an alignment error may
be determined and used to immediately change the relative positions of the web material
160 and the tool 168 so as to adjust the alignment between the microlenses and the
features of tool 168. Although this example describes the one-dimensional version
assuming the web structures are a lenticular array 166 and the tool structures are
microprisms, this can readily be generalized to the case of two-dimensional microlens
arrays and other optically active structures on the tool 168, such that both cross-web and
down-web alignment can be discerned and acted upon if necessary.

[0079] FIG. 10 is a block diagram illustrating a top view of a portion of a web-based
manufacturing system 200 in which a web material 202 passes between tools 206A and
206B. Tool 206A and 206B may be, for example, patterned rolls. A pattern or feature
may be transferred from the tool to the web, such as by printing, laminating, embossing,
extruding, curing, or other process. In the example of FIG. 10, a pattern or feature of lines
210A, 210B (“lines 210”) is formed on web 202 by corresponding features 204A, 204B of
tool 206A. Similarly, a pattern or feature of lines 212A-212B (“lines 212”) is formed on
web 202 by corresponding features 208A, 208B of tool 206B. In one example, lines 210,
212 are each about 70-100 microns wide. Lines 210, 212 can act as fiducial markings for
use as coarse-grain control as described above.

[0080] In one example, web material 202 exits tool 206A with two lines 210 a known
difference apart. The application of lines 212 is repeated on tool 206B, except that lines
212 are about 500 microns closer together than on tool 206A. After web material 202

exits tool 206B, one or more sensors measures a distance between each set of lines. The
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distances between the lines can be analyzed and compared to expected distances. In some
cases, sinusoidal markings may be used.

[0081] FIGS. 11A-11C are block diagrams illustrating three measurement results upon
application of lines 210, 212 to web material 202 by system 200. FIG. 11A illustrates an
example where lines 210, 212 are in perfect lateral registration, as well as perfect pitch.
Each pair of lines 210, 212 is expected to be 250 microns apart. As shown in FIG. 11A,
lines 210A and 212A are 250 microns apart, as are lines 210B and 212B.

[0082] FIG. 11B illustrates an example where lines 210, 212 have perfect pitch match, but
lateral misalignment. As shown in FIG. 11A, lines 210A and 212A are 253 microns apart,
and lines 210B and 212B are 247 microns apart. This is interpreted by the control system
to indicate that the web material 202 on the second tool 206B has been shifted three
microns to the right. The control system uses this information to correct for the shift by
adjusting process control parameters.

[0083] FIG. 11C illustrates an example where lines 210, 212 have perfect registration but
imperfect pitch match. The distances between lines 210A, 212A and between lines 210B,
212B are the same distance of 253 microns, so the web material 202 on the second tool
206B is centered with respect to the first pattern laid down by tool 206A. However, the
web material 202 has too high of tension and strain, which causes web material 202 to
“neck in,” making the distance between lines 210A, 212A and between lines 210B, 212B
decrease compared to the expected distance of 250 microns; now the gaps between the
lines from the first and second tool are too large, indicating improper pitch match. The
control system uses this information to change tension or strain to bring both line distances
back to the expected 250 microns. For example, the tension change may be achieved by
adjusting the velocity of the second tool 206B with respect to the first tool 206A. A cross-
web position of the web material, a down-web position of the web material, and a
tension/strain applied to the web material may simultaneously be adjusted based on the
determination of distances between fiducial lines.

[0084] This technique may dramatically improve the resolution of web strain. For
example, the technique may allow sensors to resolve to tenths of a micron (e.g., 0.1
microns), and have a 7 mm field of view. The sensors therefore can resolve 0.1 /7000 =

14 ppm strain. However, using two sensors spaced about 350 mm apart can resolve 0.1 /
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350 = 0.3 ppm, dramatically increasing strain resolution as well as providing lateral and
down-web alignment feedback.

[0085] Lines 210, 212 may be formed on the same side of web material 202, or may be
formed on opposite sides of web material 202. The edges of web material 202 may also
be used to guide the web, both alone and in combination with the fiducial lines technique,
as well to as provide the coarse signal that can be used as a basis for certain fine signal
techniques described above.

[0086] In some applications, a color camera and a white light source may be employed to
simultaneously analyze the positions of multi-colored features. Using two-dimensionally
active lenses allows feedback on alignment of features in both the down-web and cross-
web directions. It can also provide high resolution of the directional alignment between
two patterns, for example in laminated lenticular products.

[0087] There is also the potential to align reflective features with lenslet arrays, such as
those used in flexible solar array applications, CCD and CMOS lenslet array applications,
and light extraction films for LED arrays. The angle of the reflected light that returns from
the reflective element and then transmits through the lens is only a function of the position
of the reflective element, as long as the reflective feature is in the focal plane of the lenses.
This could be useful for example for aligning photoreceptor elements in a flexible solar
array with the lenslets above to optimize them for a particular range of sun angles.

[0088] While described for purposes of example in terms of micro replicated lenses, other
micro replicated optical features may be used for determining an angular distribution of
light. For example, the prisms that form the facets on a Fresnel lens may be used.

[0089] In some examples, features used to determine registration between features on
opposing sides of the web material need not be continuous in the downweb direction, but
may be applied and sampled periodically rather than continuously.

[0090] The reflective arrangement could also be used for precision web-steering and
tension control applications. If a fiducial set of micro lenses (one- or two-dimensionally
active) were placed on either side of the web, then these features could be steered relative
to reflective features on a tool or precision idler in contact with the web material at the
focal plane of the lenses, such as in FIG. 9B above. The radii of the lenses could be
predetermined for a product with a given web thickness. Alternatively, the tool can have

features that act essentially like concave mirrors, and the fiducial marks can be any of the
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pattern features described above. Using two sensors across the web width enables
precision cross-web dimension control, as described above. This can provide feedback not
only on cross-web dimensional variations and tension control, but also on precision web
stretching applications. A similar principle can be used to monitor shrinkage of coated
films or molded features as cure occurs. And if two-dimensional features are used, then
down-web registration can also be measured.

[0091] In another embodiment, the relative alignment is measured between the lenslet
array and an array of light emitters, such as could be found in LED arrays or fiber-optic
arrays. In this case, the light emitters may be positioned at the focal plane of the lens
array, and the relative position of the light sources with respect to the lenses would be
determined by the angular output from the lenses. In general, a patterned beam could be
directed out to the film plane, and the position of the film relative to the pattern of the
beam(s) could then be measured.

[0092] Precision measurement of the cross-web and/or down-web dimensions of a film
can be useful in a variety of applications. Examples include on-line dimensional
verification of lithographic films, lens arrays for biosensors that will be mated with
microwell arrays, parts for application in opto-electric circuits and/or data storage,
displays and turning films of multiple configurations. Fiducial lens array structures could
be incorporated into the film design, either as part of the functional product construction
itself, outside the usable product area, or at known positions within product, and then the
relative position of these features can be used to confirm alignment and/or dimensional
accuracy in web processes.

[0093] In one embodiment, the relative alignment of micro-replicated features on the web
may be recorded within a database and used during conversion of the web into product.
For example, the alignment at one or more cross-web positions may be detected and
recorded, and a database of cross-web alignment information may be created for the entire
web as the web is transported through the detection system described herein. This
alignment information may be subsequently used to control the conversion of the web into
product. That is, a converting system may utilize the cross-web alignment data to
automatically position the converting equipment in a cross-web direction, either by move
the converting equipment or the web, or both, in the cross-web direction, so that product is

cut from areas of the web in which the alignment of the micro-replicated features of the
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web material are within tolerance limits. The converting system may in this way track the
aligned areas in the cross-web direction as the web material in transported into through the
converting system and is cut into individual products, thereby potentially increasing yield.
[0094] Various embodiments of the invention have been described. These and other

embodiments are within the scope of the following claims.
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CLAIMS:

1. A method of manufacturing a web material comprising;:

conveying web material with a transport system through a micro-replication station
of a manufacturing process;

forming a pattern of micro-replicated lenses on the web material with the micro-
replication station; and

after forming the pattern of micro-replicated lenses, detecting an angular
distribution of light from the micro-replicated lenses of the web material and determining
an alignment error of the web based on analysis of the angular distribution of the light

from the micro-replicated lenses.

2. The method of claim 1, further comprising adjusting at least one process control

parameter of the transport system based on the determined alignment error.

3. The method of claim 2, wherein adjusting at least one process control parameter
comprises adjusting a cross-web position of the web material as the web material is

conveyed to the micro-replication station.

4. The method of claim 2, wherein adjusting at least one process control parameter
comprises adjusting a down-web position of the web material as the web material is

conveyed to the micro-replication station.

5. The method of claim 2, wherein adjusting at least one process control parameter
comprises adjusting both a cross-web position and a down-web position of the web

material as the web material is conveyed to the micro-replication station.
6. The method of claim 2, wherein adjusting at least one process control parameter

comprises adjusting a tension of the web material as the web material is conveyed to the

micro-replication station.
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7. The method of claim 2, further comprising displaying the adjusted process control

parameter to an operator as a recommended adjustment.

8. The method of claim 1, further comprising recording the alignment error in a
database.
9. The method of claim 1, further comprising marking the web material when the

alignment error exceeds a threshold.

10. The method of claim 1, further comprising:

forming a pattern of micro-replicated features on the web material with a second
micro-replication station,

wherein the micro-replicated lenses are formed with the first micro-replication
station to repeat on a first surface of the web material in a cross-web direction,

wherein the micro-replicated features are formed with the second micro-replication
station to repeat on an opposing surface of the web material opposite from the pattern of

micro-replicated lenses in a cross-web direction.

11.  The method of claim 10, wherein detecting the angular distribution of light from
the micro-replicated lenses comprises:
illuminating a set of the micro-replicated features within a measurement area on
the opposing surface to direct light through the set of micro-replicated features and
through a set of the micro-replicated lenses on the first surface of the web material; and
detecting the angular distribution of the light emitted by the set of micro-replicated

lenses.

12. The method of claim 10, wherein forming a pattern of micro-replicated features

comprises forming a pattern of micro-replicated prisms.

13.  The method of claim 12, wherein the alignment error represents an error from an
expected alignment between the set of micro-replicated lenses and the set of micro-

replicated prisms within the measurement area.
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14.

The method of claim 10, wherein detecting the angular distribution of light from

the micro-replicated lenses and determining an alignment error comprises:

15.

illuminating a set of the micro-replicated features within a measurement
arca on the opposing surface with a light source to direct light through the set of
micro-replicated features and through a set of the micro-replicated lenses on the
first surface of the web material;

detecting an angular distribution of the light from the light source that is
emitted by the set of micro-replicated lenses;

determining an alignment error associated with the measurement area based
on analysis of the angular distribution of the light from the light source that is

emitted by the set of micro-replicated lenses,

The method of claim 10,

wherein detecting the angular distribution of light from the micro-replicated lenses

and determining an alignment error comprises:

illuminating a set of the micro-replicated features within a measurement
arca on the opposing surface with a first light source and a second light source to
direct light through the set of micro-replicated features and through a set of the
micro-replicated lenses on the first surface of the web material;

detecting an angular distribution of the light from the first light source
emitted by the set of micro-replicated lenses;

detecting an angular distribution of the light from the second light source
emitted by the set of micro-replicated lenses; and

determining an alignment error associated with the measurement area based
on a comparison of the angular distribution of the light from the first light source
that is emitted by the set of micro-replicated lenses with the angular distribution of

the light from the second light source that is emitted by the set of micro-replicated

lenses.
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16.  The method of claim 15, wherein the alignment error represents an error from an
expected alignment between the set of micro-replicated lenses and the set of micro-

replicated prisms within the measurement area.

17. The method of claim 15, wherein the alignment error provides a sub-micron

alignment resolution.

18.  The method of claim 15, wherein detecting the angular distribution of light from
the micro-replicated lenses and determining an alignment error comprises:

constructing a first one-dimensional projection based on the angular distribution of
the light from the first light source that is emitted by the set of micro-replicated lenses;

constructing a second one-dimensional projection based on the angular distribution
of the light from the second light source that is emitted by the set of micro-replicated
lenses; and

determining a crossing-point for the first one-dimensional projection and the
second one-dimensional projection, wherein the crossing-point specifies an angular
position where the first and second one-dimensional projections overlap relative to a

cross-web direction of the web material.

19. The method of claim 15,

illuminating a second set of the micro-replicated features within a second
measurement area with a third light source and a fourth light source to direct light
through the second set of micro-replicated features and a second set of the micro-
replicated lenses on the first surface of the web material;

detecting an angular distribution of the light from the third light source
emitted by the second set of micro-replicated lenses;

detecting an angular distribution of the light from the fourth light source
emitted by the second of micro-replicated lenses; and

determining an alignment error associated with the second measurement
arca based on a comparison of the angular distribution of the light from the third

light source that is emitted by the second set of micro-replicated lenses with the
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angular distribution of the light from the fourth light source that is emitted by the

second set of micro-replicated lenses.

20.  The method of claim 19, further comprising adjusting a process control parameter
based on the alignment error associated with the measurement area and the second

alignment error associated with the second measurement area.

21. The method of claim 19, further comprising:

calculating a relative difference between the alignment error associated with the
measurement area and the second alignment error associated with the second measurement
arca; and

controlling a tension or a strain of the web material as the web material is

conveyed to the micro-replication station based on the computed relative difference.

22. The method of claim 1, further comprising:

imaging printed features on the web material;

illuminating a set of the printed features within a measurement area to direct light
from the printed features through a set of the micro-replicated lenses;

detecting the angular distribution of the light emitted by the set of micro-replicated
lenses;

determining an alignment error between the printed features and the micro-
replicated lenses based on the angular distribution of the light from emitted by the micro-
replicated lenses; and

controlling subsequent imaging of the web material based on the determined

alignment error.
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23.  The method of claim 1, wherein forming the pattern of micro-replicated lenses on
the web material comprises forming the pattern of micro-replicated lenses on a first
surface of the web material, the method further comprising:

determining the alignment error as an alignment error between the micro-replicated
lenses and features of a micro-replication tool for forming a pattern of micro-replicated
features on a second side of the web material opposing the first side based on the angular
distribution of the light from emitted by the micro-replicated lenses; and

controlling relative position of the web material to the micro-replication tool based

on the determined alignment error.

24.  The method of claim 1, wherein the alignment error provides a sub-micron

alignment resolution.

25.  The method of claim 1, further comprising:

automatically positioning converting equipment relative to the web material in a
cross-web direction based on the determined alignment to position the converting
equipment at areas of the web material in which the alignment of the micro-replicated
features of the web material are within a defined tolerance limit; and

with the converting equipment, converting the web into product using the areas of
the web in which the alignment of the micro-replicated features of the web material are

within the defined tolerance limit.

26.  The method of claim 1, wherein automatically positioning the converting
equipment comprises moving the converting equipment or the web in the cross-web
direction to cut product from areas of the web in which the alignment of the micro-

replicated features of the web material are within the tolerance limit.

27. A manufacturing system comprising:

a micro-replication station that form a pattern of micro-replicated lenses on a web
material;

a transport system that conveys the web material through the micro-replication

station;
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a sensing system that illuminates a measurement area on the web material and
detects an angular distribution of light exiting a set of the micro-replicated lenses within
the measurement area; and

a control system that determines an alignment error of the web based on the

detected angular distribution.

28.  The manufacturing system of claim 27, wherein the control system adjusts at least
one process control parameter of the transport system based on the detected angular

distribution.

29. The manufacturing system of claim 28, wherein adjusting at least one process
control parameter comprises adjusting a cross-web position of the web material as the web

material is conveyed to the micro-replication station.

30.  The manufacturing system of claim 28, wherein adjusting at least one process
control parameter comprises adjusting a down-web position of the web material as the web

material is conveyed to the micro-replication station.

31. The manufacturing system of claim 28, wherein adjusting at least one process
control parameter comprises adjusting both a cross-web position and a down-web position

of the web material as the web material is conveyed to the micro-replication station.
32. The manufacturing system of claim 28, wherein adjusting at least one process
control parameter comprises adjusting a tension of the web material as the web material is

conveyed to the micro-replication station.

33.  The manufacturing system of claim 28, further comprising displaying the adjusted

process control parameter to an operator as a reccommended adjustment.

34.  The manufacturing system of claim 27, further comprising a database to store the

alignment error.
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35.  The manufacturing system of claim 27, further comprising a marking component
to mark an error indication on the web material when the alignment error exceeds a

predefined tolerance.

36.  The manufacturing system of claim 27, further comprising

a second micro-replication station that form a pattern of micro-replicated features
on the web material,

wherein the micro-replicated lenses are formed on a first surface of the web
material,

wherein the micro-replicated features are formed on an opposing surface of the
web material opposite from the pattern of micro-replicated lenses, and

wherein the micro-replicated features are formed to repeat in a cross-web direction

on the opposing surface of the web material in accordance with a second period.

37.  The manufacturing system of claim 27, wherein the sensing system comprises:

a set of light sources that illuminate the set of the micro-replicated features within
the measurement area on the opposing surface to direct light through the set of micro-
replicated features and a set of the micro-replicated lenses on the first surface of the web
material; and

a sensor to record the angular distribution of the light emitted by the set of micro-

replicated lenses.

38.  The manufacturing system of claim 27, wherein the pattern of micro-replicated

features comprises a pattern of micro-replicated prisms.

35



WO 2011/123485 PCT/US2011/030419

39.  The manufacturing system of claim 38,

wherein the set of light sources comprises a first light source and a second light
source,

wherein the array sensor records an angular distribution of the light from the first
light source emitted by the set of micro-replicated lenses and an angular distribution of the
light from the second light source emitted by the set of micro-replicated lenses,

wherein the sensing system determines the alignment error associated with the
measurement area based on a comparison of the angular distribution of the light from the
first light source that is emitted by the set of micro-replicated lenses with the angular
distribution of the light from the second light source that is emitted by the set of micro-
replicated lenses, and

wherein the alignment error represents an alignment error between the set of

micro-replicated lenses and the set of micro-replicated prisms of the measurement area.

40.  The manufacturing system of claim 39, further comprising a second sensing
system positioned cross-web from the first sensing system, wherein the second sensing
system illuminates a second measurement area on the web material and detects an angular
distribution of light exiting a set of the micro-replicated lenses within the second

measurement area.

41.  The manufacturing system of claim 39, wherein the control system adjusts a
process control parameter based on the alignment error associated with the first
measurement area and the second alignment error associated with the second measurement

arca.

42.  The manufacturing system of claim 39, wherein the control system calculates a
relative difference between the alignment error associated with the first measurement area
and the alignment error associated with the second measurement area and adjusts the
process control parameter to control at least one of a tension or strain of the web material

based on the computed relative difference.
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43.  The manufacturing system of claim 27, further comprising:

an energy source that images printed features on the web material,

wherein the sensing system illuminates a set of the printed features within a
measurement area to direct light from the printed features through a set of the micro-
replicated lenses and detects the angular distribution of the light emitted by the set of
micro-replicated lenses,

wherein the sensing system determines an alignment error between the printed
features and the micro-replicated lenses based on the angular distribution of the light from

emitted by the micro-replicated lenses.

44. The manufacturing system of claim 42, wherein the control system controls

subsequent imaging of the web material based on the determined alignment error.

45. The manufacturing system of claim 27, wherein the first and second stations

comprise first and second pattern forming tools applied at a single station.

46.  The manufacturing system of claim 27, further comprising converting equipment
to convert the web material into product,

wherein the control system automatically positions the converting equipment
relative to the web material in a cross-web direction based on the determined alignment to
position the converting equipment at areas of the web material in which the alignment of
the micro-replicated features of the web material are within a defined tolerance limit, and

wherein the converting equipment converts the web into product using the areas of
the web in which the alignment of the micro-replicated features of the web material are

within the defined tolerance limit.

47.  The manufacturing system of claim 46, wherein the converting equipment is
responsive to signals from the control system to move in the cross-web direction to cut
product from areas of the web in which the alignment of the micro-replicated features of

the web material are within the tolerance limit.
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48.  The manufacturing system of claim 46, wherein the control system moves the web
in the cross-web direction relative to the converting equipment to cut product from areas
of the web in which the alignment of the micro-replicated features of the web material are

within the tolerance limit

49. A method of manufacturing a web material comprising:

conveying web material with a transport system between a first pattern forming
tool and a second pattern forming tool of a manufacturing process;

forming a first pattern on the web material with the first pattern forming tool;

forming a second pattern on the web material with the second pattern forming tool;

after forming the first and second patterns, detecting a relative distance between
features of the first pattern and features of the second pattern; and

detecting an alignment of the web material within the transport system based on
the relative distance between the features of the first pattern and the features of the second

pattern.

50.  The method of claim 49, further comprising
comparing the detected relative distance to an expected relative distance, and
marking an error indication on the web material when a difference between the
detected relative distance and the expected relative distance exceeds a predefined

tolerance.

51.  The method of claim 49, wherein the first pattern comprises a fiducial mark having
two lines a first distance apart, and wherein the second pattern comprises a fiducial mark

having two lines a second distance apart.

52. The method of claim 49, further comprising adjusting at least one process control

parameter of the web transport system based on the detected relative distance.

53.  The method of claim 52, wherein adjusting at least one process control parameter
comprises adjusting a cross-web position of the web material as the web material is

conveyed to one of the first and second pattern forming stations.
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54.  The method of claim 52, wherein adjusting at least one process control parameter
comprises adjusting a down-web position of the web material as the web material is

conveyed to one of the first and second pattern forming stations.

55.  The method of claim 52, wherein adjusting at least one process control parameter
comprises adjusting both a cross-web position and a down-web position of the web
material as the web material is conveyed to one of the first and second pattern forming

stations.

56.  The method of claim 52, wherein adjusting at least one process control parameter
comprises simultancously adjusting (i) a cross-web position of the web material as the web
material is conveyed to one of the first and second pattern forming stations, (ii) adjusting a
down-web position of the web material as the web material is conveyed to one of the first
and second pattern forming stations, and (iii) adjusting a tension of the web material as the

web material is conveyed to one of the first and second pattern forming stations.

57. A method of manufacturing a web material comprising:

conveying web material with a transport system through a replication station of a
manufacturing process;

forming a pattern of replicated lenses on the web material with the replication
station;

after forming the pattern of replicated lenses, detecting an angular distribution of
light from the replicated lenses of the web material; and

adjusting at least one process control parameter of the web transport system based

on the detected angular distribution.

58. A method of manufacturing a web material comprising:

conveying web material with a transport system through a micro-replication station
of a manufacturing process;

forming micro-replicated optical features on a first surface the web material with

the micro-replication station;
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after forming the micro-replicated optical features, detecting an angular
distribution of light from the micro-replicated optical features of the web material; and
adjusting at least one process control parameter of the web transport system based

on the detected angular distribution.

59.  The method of claim 58, further comprising:

forming micro-replicated features on a second surface the web material on an
opposing surface of the web material opposite from the pattern of micro-replicated lenses
with a second micro-replication station;

determining whether the micro-replicated optical features on the first surface of the
web material are in an expected registration with the micro-replicated features on the

second surface based on the detected angular distribution.

60.  The method of claim 58, further comprising:

forming micro-replicated features on a second surface the web material on an
opposing surface of the web material opposite from the pattern of micro-replicated lenses
with a second micro-replication station;

determining whether the micro-replicated optical features on the first surface of the
web material are in an expected registration with features of the second micro-replication
station for forming the micro-replicated features on the second surface based on the

detected angular distribution.
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61. A method of manufacturing a web material comprising:

conveying web material with a transport system to a process component of a
manufacturing process, wherein the web material includes optical features formed on a
first surface of the web material;

when the optical features on the first surface of the web material are aligned with
focusing elements of the process component such that the optical features are positioned in
a focal plane of the focusing elements of the process component, detecting an angular
distribution of light from the optical features of the web material;

determining whether the optical features on the first surface of the web material are
in an expected alignment with the focusing elements of the process component based on
the detected angular distribution; and

adjusting at least one process control parameter of the web transport system based

on the determination.

62.  The method of claim 61, further comprising forming a second set of features on the

web material with the process component.

63.  The method of claim 61, wherein the focusing elements of the process component

are concave mirrors.

64.  The method of claim 61, wherein the process component comprises a micro-
replication station to form the second set of features on the web with the focusing
elements, a steering roll having the focusing elements to steer the web, a precision tension
control element to adjust tension of the web, or a printing station to print the second set of

features with the focusing elements.
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