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EDGE STRENGTH TESTING METHODS AND APPARATUS

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of priority under 35 U.S.C. § 119 of U.S.
Provisional Application Serial No. 62/848091 filed on May 15, 2019, U.S. Provisional
Application Serial No. 62/852677 filed on May 24, 2019 and U.S. Provisional Application
Serial No. 62/959559 filed on January 10, 2020, the contents of each of which are relied

upon and incorporated herein by reference in their entireties.
FIELD OF THE DISCLOSURE

[0002] The present disclosure relates generally to apparatuses for testing glass and/or glass

ceramics and methods of testing glass and/or glass ceramics.
BACKGROUND

[0003] High-performance display devices, such as liquid crystal displays (LCDs) and
plasma displays, are commonly used in various electronics, such as cell phones, laptops,
electronic tablets, televisions, and computer monitors. Currently marketed display devices
can employ one or more high-precision glass sheets, for example, as substrates for
electronic circuit components, or as color filters, to name a few applications. The leading
technology for making such high-quality glass substrates is the fusion draw process,
developed by Corning Incorporated, and described, e.g., in U.S. Patent Nos. 3,338,696 and
3,682,609, which are incorporated herein by reference in their entireties; however,
embodiments described herein are applicable to any forming process including slot draw,

redraw, float, and the like.

[0004] For each of these applications, a glass sheet is typically cut to size, and then
resulting sharp edges of the glass sheet are beveled by grinding and/or polishing. Cutting,
edge machining, grinding and other processing steps can introduce flaws, such as chips or
cracks, at surfaces and edges of the glass sheet. These flaws can serve as fracture sources
and thereby reduce the strength of the sheets, particularly if the glass is flexed such that the
flaws experience tensile stress. Display devices experience some flexing, thus the existence
of these flaws may be of concern. Flexible display devices by their very nature, may
produce significant stress in the display substrate(s), either during the manufacturing

process or in use. Thus, residual flaws that might be present in the glass sheets may result in
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cracks in the glass sheet when the glass sheets experience sufficiently large stresses. Since
typical display manufacturing involves cutting the glass to form individual displays, and
cutting is known to create multiple flaws in the glass along the cut edge, glass substrate-
based flexible display devices may have unacceptably high probability of fracture after the

glass sheets are made into the final products.

[0005] Attempts to mitigate flaws at the edges of glass sheets have included laser cutting,
grinding, polishing and so forth, all in the attempt to remove or minimize the flaws that are
created when the glass sheet is cut to size. However, many of these approaches are
unsatisfactory either because the technique is incapable of removing flaws down to the size
needed for the expected stresses or because the technique is difficult to apply to such thin
glass sheets (less than about 0.4 mm thick). Acid etching of glass edges may be used, but
this may degrade the display device disposed on the substrate. Thus, some level of flaws
will continue to exist in manufactured glass sheets, in particular at the edges of the sheet,
and there is a need in the industry to accurately test the edge strength of such glass sheets,
as well as panels or laminate structures using such glass sheets, in order to screen out glass

sheets that have lower than desired edge strength.

[0006] Conventional inspection methods utilize over one hundred full time employees
working exclusively on making V4PTB measurements on glass edge samples. Even with
this large commitment of manpower, only a very small fraction of total production can be
tested. This leads to quality leakage in the form of bad product reaching the customer
stemming from the low frequency of testing. Also, because nearly all allocated resources
are committed to keeping up pace with quality requirements, there is little or no opportunity
for process optimization studies to help improve product quality. Conventional methods
thus create a precarious situation where one may be making poor product but does not have
the bandwidth to intercept this product before it leaves or to ascertain on how to fix the
problem. Exemplary embodiments, however, lead to a drastic reduction in the amount of
time devoted to edge quality control, a dramatic increase in total glass tested versus glass
produced, a dramatic increase in the percentage of edge perimeter tested, and a means for

simultaneous process feedback for use in pursuit of product improvement.
SUMMARY

[0007] Exemplary embodiments will be described directed to methods for the continuous

measurement of the breaking strength of a glass edge by putting the edge under stress, such
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that stresses away from the edge are significantly less than the breaking strength at their
respective locations. Additionally, using exemplary embodiments both sides of an edge can
be subject to substantially the same tensile stress during the measurement. Additionally,
exemplary embodiments provide a continuous high speed nature which results in at least a
30x increase in processing speed, at least a 3x increase in the number of sample edges
tested, and orders of magnitude of the size of the population of glass sheets that are covered
by the sample of edges tested. This increase in statistical sampling can thus guarantee less

leakage of defects to the customers and is amenable to online configurations.

[0008] In some embodiments, an apparatus for testing edge strength of a sheet of material
is disclosed. The apparatus comprises a plurality of assemblies configured for selectively
applying a 3-point bending load along an edge of the sheet of material in a test region of the
apparatus, whereby the plurality of assemblies can establish a loaded condition on the sheet
of material in the test region by applying the 3-point bending load and establish a no-load
condition on the sheet of material in the test region by not applying the 3-point bending
load. The apparatus also includes a detection mechanism configured for optically
measuring strain in the sheet of material in the test region when the sheet of material is in
the no-load condition and when the sheet of material is in the loaded condition. The loaded
condition is produced by the 3-point bending load. The apparatus also includes a processor
that is configured for determining stress in the sheet of material based on the measured

strain.

[0009] In another embodiment of the apparatus for testing a sheet of material, the
apparatus can include a plurality of assemblies configured for continuously advancing the
sheet of material through a test region of the apparatus along an edge of the sheet. The
plurality of assemblies are further configured for selectively applying a 3-point bending
load on the edge of the sheet of material passing through the test region. The apparatus also
includes a detection mechanism configured for optically measuring strain on a surface of
the sheet passing through the test region, where the strain is produced by the applied load.
The apparatus also includes a processor for determining stress in the sheet passing through
the test region resulting from the applied load, where the stress is determined based on the
measured strain. The applied load on the test region produces a strain on the surface of the

test region because the load bends the test region of the sheet of material.
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[0010] A method of testing edge strength of a sheet of material along an edge of the sheet
is also disclosed. The method comprises: applying a surface pattern of visual markers on a
surface of the sheet in a region of interest along the edge of the sheet; obtaining a first
optical image of the surface of the sheet in the region of interest without any 3-point
bending load applied to the region of interest; applying a 3-point bending load to the region
of interest along the edge of the sheet; obtaining a second optical image of the surface of
the sheet in the region of interest while the 3-point bending load is being applied to the
region of interest; and determining stress on the surface of the region of interest along the
edge of the sheet resulting from the application of the 3-point bending load based on the

first optical image and the second optical image.

[0011] According to some embodiments, another method of testing edge strength of a
sheet of material along an edge of the sheet using a test apparatus that comprises a test
region is disclosed. The method comprises: applying a surface pattern of visual markers on
a surface of the sheet in a region of interest along the edge of the sheet; continuously
advancing the sheet of material through the test apparatus wherein the edge of the sheet is
advanced through the test region while applying a 3-point bending load to the portion of the
sheet passing through the test region; obtaining a first optical image of the surface of the
sheet in the region of interest while the edge of the sheet is continuously advancing through
the test region but before the region of interest reaches the test region; obtaining a second
optical image of the surface of the sheet in the region of interest when the region of interest
advances into the test region while the 3-point bending load is being applied; and
determining stress on the surface of the region of interest along the edge of the sheet
resulting from the application of the 3-point bending load based on the first optical image

and the second optical image.

[0012] Additional features and advantages of the disclosure will be set forth in the detailed
description which follows, and in part will be readily apparent to those skilled in the art
from that description or recognized by practicing the methods as described herein,
including the detailed description which follows, the claims, as well as the appended

drawings.

[0013] It is to be understood that both the foregoing general description and the following
detailed description present various embodiments of the disclosure, and are intended to

provide an overview or framework for understanding the nature and character of the claims.
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The accompanying drawings are included to provide a further understanding of the
disclosure, and are incorporated into and constitute a part of this specification. The
drawings illustrate various embodiments of the disclosure and together with the description

serve to explain the principles and operations of the disclosure.
BRIEF DESCRIPTION OF THE DRAWINGS

[0014] The following detailed description can be best understood when read in
conjunction with the following drawings, where like structures are indicated with like

reference numerals where possible and in which:

[0015] FIGS. 1A — 1D are schematic illustration of some examples of the hardware
configuration in the standard edge strength measurement systemn (ESMS) for performing

the 3-point or 4-point bending test on an edge of the glass sheet for edge strength.

[0016] FIG. 1E is a schematic illustration for a 3-point bending test arrangement for

testing edge strength of a test sample.

[0017] FIG 2 is a plot of vanation in load-stress at the tension side of a test panel with

change in adhesive location between the panch

[0018] FIG. 3 1s a plot of variation of load-stress at the tension side of the test pavel with

change in rolier engagement location

[0019] FIG. 3Ais a schematic illustration of the basic principle of digital image

correlation (DIC) process that is used in the edge strength testing method described herein.

[0020] FIG. 3B is a stress vs. time plot showing the repeatability study for the DIC at the

same location during load cycling.
[0021] FIG. 3C shows the stress distribution along the top edge during 3-point bending.

[0022] FIG. 3D shows the overall load-stress curves of the test samples in the repeatability
study for the DIC.

[0023] FIG. 4 is an isometric view of an embodiment of an ESMS as disclosed herein.
[0024] FIG. 5A is a side view of the ESMS of FIG. 4.

[0025] FIG. 5Bis a close-up view of the arcuate members of the apparatus of FIG. SA that
are engaging the sheet being tested.

[0026] FIG. 6is a top view of the apparatus shown in FIGS. 4 and 5A.



WO 2020/231683 PCT/US2020/031553

[0027] FIG. 7 is a close up view illustration of one arrangement of the assemblies for
making the 3-point contact with an edge of the test sheet to bend the test sheet for testing

the edge strength according to an embodiment of the present disclosure.
[0028] FIG. 8A is a sample strain field obtained at a load of 6N.
[0029] FIG. 8B is a chart showing the maximum stress through a test in static mode.

[0030] FIG. 8C shows a comparison of stress fields generated using a digital image
correlation (DIC) apparatus disclosed herein compared with stress field results generated

using finite element analysis (FEA).

[0031] FIG. 8D shows a chart with maximum stress versus displacement calculated using

the digital image correlation apparatus disclosed herein and using finite element analysis.

[0032] FIG. 9A is a schematic showing the dynamic mode of an apparatus as disclosed

herein.

[0033] FIG. 9B is a schematic showing a sequence of regions being imaged as a sheet of

material advances through the plurality of assemblies without a load.

[0034] FIG. 9C is a schematic showing a sequence of regions being imaged as a sheet of

material advances through the plurality of assemblies with an applied load.

[0035] FIG. 9D is a schematic illustration showing two ways of using DIC for test sheet
stress measurement: measuring the stress on the test sheet’s top surface and measuring the

stress on the vertical edge surface.
[0036] FIG. 9E shows a 3D stress plot on the edge and top surfaces of a glass test sheet.

[0037] FIG. 10A shows a digital image correlation strain map of an 11N load with 60

steps in between.

[0038] FIG 10B shows a strain map from the same test with only one step, which confirms

they are identical.

[0039] FIG. 11A, on the top portion of the figure, shows a first schematic of a sample
arrangement for use in calibration of ESMS and, on the bottom portion, shows a top view

of the test sheet depicted in the schematic.
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[0040] FIG. 11B, on the top portion of the figure, shows a second schematic of a sample
arrangement for use in calibration of ESMS and, on the bottom portion, shows a top view

of the skewed sheet depicted in the schematic.

[0041] FIG. 11C, on the top portion of the figure, shows a third schematic of a tilted
sample arrangement for use in calibration of ESMS and, on the bottom portion, shows a top

view of the sheet depicted in the schematic.

[0042] FIG. 11D, on the top portion of the figure, shows a schematic of a fourth sample
arrangement for tilted sample arrangement for use in calibration of ESMS and, on the

bottom portion, shows a top view of the skewed sheet depicted in the schematic.

[0043] FIG. 12 shows a schematic of belt rollers that can be used in embodiments

disclosed herein.

[0044] FIG. 13 shows a schematic of ball rollers that can be used in embodiments

disclosed herein.

[0045] FIG. 14 shows schematic side view and top view illustrations of a configuration for
cameras for monitoring both the horizontal top surface of the test sheet along the edge and
the vertical edge surface of the test sheet according to another embodiment of the DIC

system of the present disclosure.

[0046] FIG. 15 is a schematic illustration showing the location of the load cell with respect

to the arcuate members and the position of the test sheet 204.

[0047] FIG. 16 is an applied load vs. sample edge position plot showing the improved load

control achieved with the aggregate of the improvements to the ESMS disclosed herein.

[0048] FIG. 17 shows a plot of load vs. time measured on ten sample sheets at a faster

speed at which the test sample sheet 204 moves over the rollers with a speed of 10 mm/s.

[0049] FIG. 18 shows a plot of load vs. time measured on ten sample sheets at a slower

speed at which the test sample sheet 204 moved over the rollers with a speed of 1 mm/s.

[0050] FIG. 19A is an illustration of the ESMS test system according to an embodiment

showing a test sheet mounted on a sample stage.

[0051] FIG. 19B is a detailed close up illustration of the desired roller engagement
location along the edge of a test sheet 204 which is at a distance D from the edge E of the

bottom roller 218.
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[0052] FIG. 19C is an illustration showing the positioning of the test sheet 204 at the start
of the testing procedure with the ESMS so that the leading edge EL of the test sheet rests
above the apex of the bottom roller 218.

[0053] FIG. 20 is an illustration of an example of a test sheet 204 identifying a fly-in zone,

measurement length, and a fly-out zone.

[0054] FIG. 21 is a plot showing an example of the load profile starting from the initial
period during the lowering of the upper rollers 220a, 220b, the Fly-in zone, the

Measurement Length, and the Fly-out zone.

[0055] FIG. 22 is a schematic illustration of an example of a test sheet 204 identifying a

new crack position being detected.

[0056] FIG. 23 A is a schematic illustrating the Phantom Motor technique applied to
improve the load control in the ESMS according to an embodiment of the present

disclosure.

[0057] FIG. 23B is a plot of the measured load readings taken without the Phantom Motor

technique modification.

[0058] FIG. 23C is a plot for the measured load readings taken with the Phantom Motor

technique.

[0059] FIG. 24 is a graph illustrating the impact of the roller diameter/polymer thickness

on the load-to-stress correlation as determined by finite element analysis.

[0060] FIG. 25 is a plot of Stress (MPa) vs. Load (N) comparing two groups of panels of
two different thicknesses 0.2 mm and 0.3 mm measured by DIC and modeled by FEA.

[0061] FIG. 26A is a plot of Stress (MPa) vs. Load (N) showing the modeled load-to-

stress correlation for panels having different total thicknesses.

[0062] FIG. 26B is a plot of Normalized change in stress vs. Load (N) showing the

normalized change in stress with respect to thickness variations in panels.

[0063] FIG. 27A is a plot of force over time measured with dynamic ESMS for 0.1, 0.15,
0.2, and 0.5 mm thick glass sheets.

[0064] FIG. 27B is a plot of displacement over time measured with dynamic ESMS for
0.1, 0.15, 0.2, and 0.5 mm thick glass sheets.
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[0065] FIG. 28 is a schematic illustration of a test panel/sheet showing the distance d from
the center of the edge of the test panel/sheet to the test location.

[0066] FIG. 29 is a plot showing the impact of roller engagement on the load-to-stress

correlation as determined by FEA and DIC measurements

[0067] FIG. 30A is a photograph showing an example of an off-apex breakage in a test
panel/sheet during an edge strength test.

[0068] FIG. 30B is a plot of normalized stress vs. distance from the roller apex for an oft-

apex break in a test panel/sheet.
[0069] FIG. 31 is a plot of ESMS stress profile.

[0070] FIG. 32 is a probability vs. stress plot showing the strength distribution of a batch
of panels that were analyzed either by the “Simplified method” or “Right” methods.

[0071] FIG. 33 is a schematic illustration showing the different panel surface nominations

[0072] FIG. 34 shows a schematic illustration of the propagation of a pre-existing crack on

the long edge which interfered with the short edge measurement,

[0073] FIG. 35 shows the stress profiles on Surface 1 and Surface 3 when the gap between

the sealant to glass edge was 0 mm.

[0074] FIG. 36 shows the stress profiles on Surface 1 and Surface 3 when the distance

between the sealant to glass edge is 2 mm.

[0075] FIG. 37 is a schematic illustration of a machine learning neural network for

identifying cracks in the test panels/sheets.
[0076] FIG. 38 is a schematic of a panel with its design parameters.

[0077] FIG. 39 is a schematic illustration of terminal, non-terminal edges of a panel

engaged with the rollers in the ESMS of the present disclosure.

[0078] FIG. 40 is a flowchart illustrating a method according to an embodiment of the

present disclosure.

[0079] FIG. 41 is a flowchart illustrating a method according to another embodiment of

the present disclosure.
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DETAILED DESCRIPTION

[0080] In glass sheet production for display applications, for example, cut-to-size glass
sheets are put through finishing processing to remove sharp edges by grinding and/or
polishing and to make beveled edges. During these finishing process, handling or other
manipulating steps, residual stresses can remain on the edges of the glass sheets. Such
residual stresses and improper handling can cause subsequent breakage of the glass sheet. If
the breakage occurs before the glass sheets are shipped to the customers, it reduces glass
manufacturing yield and disrupts the glass manufacturing process. 1f the breakage occurs in
customer’s possession, typically a manufacturer of display devices that utilize the glass
sheets, the breakages will cause yield loss and disruptions in the customer’s manufacturing

process. Regardless of when such subsequent breakage happens, it is not desired.

[0081] For this reason, edge strength of the glass sheets are tested in the glass
manufacturing plant before they are shipped to the customers. A conventional method of
edge strength testing is vertical four point bending (V4PTB) method. The VAPTB tests are
conducted on small test coupon samples of the glass that are cut from the glass sheets at the
end of production. The coupons are roughly 150 mm x 10 mm in dimension and the
coupons are individually tested. Because a glass sheet is destroyed to cut out a test coupon,
only a small number of glass sheets are tested and assume that they are statistically

representative of the population of the glass sheets being manufactured.

[0082] Testing the sample coupons by V4PTB is a manually intensive process that takes
about one day to process the samples from one glass sheet and hence very few glass sheets
are tested, e.g., on the order of about three sheets for every 22,000 sheets produced. Further,
such methods are unable to evaluate laminate structures or panels. Such shortcomings can

result in significant leakage in the form of bad product reaching a customer.

[0083] In Corning’s LS. patent application serial No. 15/557,991, published as US
2018/0073967 Al, an edge strength measurement system (ESMS) and the related method
of non-destructively testing the edge strength of the glass sheets without cutting out test
coupons is disclosed. The ESMS systern performs 3-point bending test or 4-point bending
test divectly on the edges of the glass sheets, thus, providing the ability to test the glass
sheets in production without the need for cutting so that a larger portion of the glass sheet

production population can be tested.

10
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[0084] FIGS. 1A-1D are schematic illustration of some examples of the hardware
configuration in the existing ESMS system for performing the 3-point or 4-point bending
test on an edge of the glass sheet for edge strength. FIGS. 1A and 1B are perspective and
plan views, respectively, of exemplary configurations that enabled 3-point bending test on
the edge 203 of a glass sheet 204. The roller assemblies 287b and 213b via the three rollers
215 associated with them, one roller on top side 226 (See FIG. 1) of the glass sheet 204
and two rollers on the bottorn side of the glass sheet 284 provide a 3-point bending test
configuration. The roller assemblies 287¢ and 21 3¢ via the three rollers 215 associated with
them, two rollers on top side of the glass sheet 264 and one roller on the bottom side of the
glass sheet 284 provide a 3-point bending test configuration. As noted in FIG. 1B, the
vertical load that bends the glass sheet 264 is applied using the rollers on the topside. As
shown in the FIG. 1B, the rollers 218 and the glass sheet 204 are positioned so that the
roliers 215 catch the edge 208 of the glass sheet 204 between the top and bottom rollers so

that the vertical loading force is exerted on the edge 285.

[0085] FIG. 1C is a side view of an exemplary configuration that enabled 4-point bending
test on the edge 285 of a glass sheet 284, The roller assemblies 267d and 2134 via the four
rollers 215 associated with them, two rollers on top side of the glass sheet 2084 and two
rollers on the bottom side of the glass sheet 284 provide a 4-point bending test
configuration. The vertical load that bends the glass sheet 284 is applied using the roller

assembly 2074 on the top side.

[0086] The ESMS system can be useful for testing glass sheets used in the manufacture of
flat pancl displays as such glass sheets must meet stringent surface quality requirements in
the display arca that are usually in the central portions of the glass sheet away from the
edges. Contacting the serviceable or “quality” arcas of the glass sheet may impart sorface
defects that make the glass sheet unusable. The arrangement of the rollers 215 in the
exemplary configurations shown in FIGS. 1A-1D preserves the surface quality on both

sides of the glass sheet 204.

[0087] The ESMS system can be utilized to test sheet materials other than the glass sheet
204 shown in the illustrated examples. For example, the ESMS syatem can be used to test
strength of laminate stractures {also referred to as panels), of other nigid or semi-rigid
materials. Laminate structures or panels can include a plurality of glass sheets laminated

with one or more intermediate polymeric layers or can also, in alternative embodiments,

11
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melude a structure having a thin film travsistor glass substrate and color filter glass
substrate having one or more films therebetween or adjacent to either or both substrates.
For purposes of the present disclosure for the ESMS system and methods of using the
ESMS systern, the terms “sheet(s)” and “panel(s)” will be used interchangeably. Unless
specifically distinguished, whether sheet(s) or panel(s) are being tested by the ESMS
system will not fundamentally change the edge strength testing methodology using the

ESMS system.

[0088] The structure of an example of panels that can be tested on ESMS will be
described. Pancls with different designs can be tested. FIG. 38 shows a schematic of a
panel identifying some design parameters. W and L arc the panel’s width and length,
respectively. (1) is the protruding length of the terminal edge, (2) 1s the distance between
the sealant and panel edge, {3) is the sealant width, (4) and (5) are the CF, TFT glass
thicknesses, respectively.

[0089] There are some preferences on the dimensions and sealant properties of the panels
in order to be tested on ESMS. They are as follows: Sroall size rectangular panels that have
a length (L) and/or width (W) of 600 rom or less can be tested. Larger size pancls are also
measurable. Preferably, the protruding length of the terminal edge (1) 1s longer than the
roller engagement, which can range from 0.5 to 2 mm. Preferably, the distance between the
scalant and pancl edge (2) is Jess than 1 mm. Preferably, the sealant width (3) 1s equal to or
wider than 500 um. Preferably, the thickness of the sealant is < 10 um and have a Young's
modulus of 1 Gpa or greater. Preferably, the interfacial bond strength between the brittle
material and the seal should be sufficient so that no delamination occurs during the edge
strength testing. Preferably, the total thickness of the CF glass thickness (4) -+ the TFT glass
thickness (5) 1s = 0.2 mim but = (.5 mm. The CF glass thickness (4) and the TFT glass
thickness (5) can be equal or different. Preferably, the mechanical stiffiess of display layers
that are deposited on the TFT surface are negligible.

[0090] Both non-terminal and terminal edges of a panel can be tested. FIG. 39 shows the
side view and top view of panels being engaged with the rollers on both non-terminal and
terroinal side edges. The terminal edge of a pancl is where the THT glass protrudes relative

to the CF glass edge.

12
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[0091] One of the drawbacks of the ESMS system described in US 2018/0073967 Al
referenced above is that the stress measurement during the edge strength testing is made
using load cells attached to the topside roller assemblies 267b, 207¢ that are used to apply
the test load to the glass sheet. This is an indirect way of detecting the stress in the edges.
A more direct way of measuring the stress experienced by the test subject glass sheet is

desired.

[0092] Previous technigues for measuring edge stress and strength of ultra-thin glass
sheets using three-point bending configurations produced highly variable results. These
results were subject to substantial levels of variability based on a variety of factors,
including, but not limited to, (a) failure prior to testing, (b} residuc or dust in the system, {¢}
product variability (e.g., changes in pancl thickness, adhesive properties/location), and (d)
alignment, among others. These sources of variability resulted in incorrect strength
measurements and resulted in unexpected product fatlure in the field. FIG. 2 and FIG. 3
show how changes in adhesive location and roller engagerent result in variability in stress
values. FIG. 2 is a plot of variation in load-stress at the tension side of a test panel with
change in adhesive location between the panel. FIG. 3 is a plot of variation of load-stress at
the tension side of the test panel with change in roller engagement location. An additional
source of variability is the fact that the previous three-point bending configurations
obtained results based on models of the glass sheets, not direct measurements of the strain

on the surface of the region of the glass sheet at issue.

[0093] in contrast, the measurement apparatuses and methods disclosed herein provide
real-time information on stress distributions in the sheet 204 being tested using Direct
Image Correlation (DIC) full-field imaging techniques. Using DIC, one can measure strain
on the surface of the sheet 204 in both in-plane orthogonal directions simultancously as a
function of time, Then, stresses can be determined from the measured strains and generate
stress field map of the sheet. The direct measuring technigues disclosed herein are more
accurate than the previous techniques and avoid the need to develop new calibration
equations and models cach time the glass sheet/panel is redesigned or reconfigured.

[0094] Examples of the uses of the ESMS described herein inchude, but are not limited to:
(a) calibrating currently existing edge strength testers that do not have DIC capability; (b)

investigating the failure modes of new glass sheet/panel designs as the test system has the

flexibility to change various testing parameters such as roller engagement, sheet/panel
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angle, roller diameter, loading rate, etc.; and (c) optically making direct strain
measurements during dynamic & continuous edge strength testing suitable for

manufacturing plants.

[0095] Examples of benefits and advantages of the devices deseribed herein include, but

are not limited to:
s Direct full-field {optical) strain measurement on ultra-thin glass panels.

e Optical imaging for detection along with the full field stress mapping provides

msight nto the fatlure modes.

e Real-time stress visualization during dynamic, continuous edge testing suitable for

deployment in manufacturing plants
e [Improved analytical equations to obtan stress from measured strains.

e Novel material handling assemblies that provide enhanced optical visibility enabling

the above-mentioned stress measurernent.
e Ability to act as a calibration hench for existing edge strength testing devices.

e Ability to vary the testing parameters like roller diameter, engagement area, roller

thickness etc. in order to develop new pancl designs.
®  Accurate stress measurements with accuracy of +10% on measured siress

[0096] Referring to F1Gs. 4-7, 9B and 9C, an apparatus 200 for testing the edge strength
of a sheet 204 of material is disclosed. The structures of the apparatus 200 described herein
is an exemplary embodiment that is configured to optically measure strain in the sheet 204
when the sheet is in a no-load condition and when the sheet 204 is in a loaded condition.

The loaded condition being produced by a 3-point bending load.

[0097] The apparatus 200 can include a plurality of assemblies 206a, 206b configured for
selectively applying a 3-point bending load along an edge of the sheet 204 of material in a
test region 208. Selectively applying the 3-point bending load means that the plurality of
assemblies 206a, 206b are configured to apply or not apply the 3-point bending load as
desired and also control the amount of load applied. The apparatus 200 also includes a
detection mechanism configured for optically measuring strain in the sheet 204 in the test

region 208 when the sheet 204 of material is in a no-load condition and when the sheet 204
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of material is in a loaded condition. The strain in the loaded condition is produced by the
applied 3-point bending load. The apparatus 200 also includes a processor 214 (see FIG.
9C) for determining stress in the sheet 204 based on the measured strain. The applied 3-
point bending load on the sheet 204 produces a strain on the surface of the sheet 204
because the applied 3-point bending load bends the sheet 204.

[0098] The plurality of assemblies 286a, 286b (sce FIG. 7) comprise two opposing
assemblics 206a and 206b, where the first 206a of the two opposing assemblies comprisc a
single arcuate member 218 for engaging a first side of the sheet 284, The second 206b of
the two opposing assemblics comprise two spaced-apart arcuate members 220a, 226b for
engaging a sccond side 230 of the sheet 284 opposite the first side. The two spaced-apart
arcuate members 228a, 220b define the test region 208 between the two spaced-apart

arcuate members.

[0099] The arcuate members 218, 220a, and 220b can be rotatably mounted rollers, as
shown in FIG, 9A, belt rollers, bearing rollers, or fixed bushings. Fixed bushing (e.g. non-
rotating) structures arc shown in FIGs. 4 and 5B. The fixed bushings are configured with an
arcuate surface formed from a material having a low cocfficient of friction (e.g., a
fluropolymer resin). In a preferred embodiment of the test apparatus 280 of the present
disclosure that incorporates the DIC feature, the two spaced-apart arcuate members 228a
and 220b arc fixed bushing structures for engaging the sccond side 230 of the sheet 204 as
shown i FIGs. 4 and 5B. The non-rotating bushing structures are configured to have
narrower width than the rotating roller embodiments so that the bushing structures provide
wider space between the two arcuate members while the two contact points on the surface

of the test sheet 204 are the same distance apart,

[00100] In some embodiments, the detection mechanism comprises a first optic system 222
for determining the strain on the surface of the test sheet 204 in the test region 208. The
first optic system 222 utilizes the DIC technique to determine the strain. DIC technique is
described in more detail below but essentially, DIC determines the strain by acquiring two
images of an interested region of the test sheet 204: first image taken in a no-load condition,
and a second image taken with the interested region of the test sheet in a loaded condition,
i.e., under a 3-point bending load in the context of the present disclosure. The surface of the

interested region is provided with some visual markers so that when the two images are
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compared, any displacement of the visual markers in the loaded condition image caused by

strain (deformation) can be detected.

[00101] As mentioned, the sheet 204 can be a brittle material such as glass or glass ceramic.
The 3-point bending load is enough to deform the sheet 204 of material. As shown in
FIGS. 4-5B, and 7, in some embodiments, the plurality of assemblies 206a, 206b comprises
a first assembly 206a positioned below the sheet 204 comprising a single arcuate member
218 for engaging a first side (the lower side) of the sheet 204 and a second assembly 206b
positioned above the sheet 204 comprising two arcuate members 220a, 220b for engaging a
second side (the top/upper side) 226 (see F1Gs. 11A, 11B) of the sheet 204 opposite the
first side. The two arcuate members 220a, 220b are separated by a minimum spacing S in
order to provide a clear view of the test region 208 for the optic system. The actual
dimension of the minimum spacing S will depend on the particular type of cameras and the
size of the test region 208 that is determined by the particular arrangement of the arcuate

members 220a, 220b, and 218 chosen.

[00102] The arcuate members 218, 220a, and 220b are preferably structures that contacts
the sheet 204 while the arcuate members and the sheet are moving relative to each other
while imparting low friction at the contact surface. Some examples of such arcuate
members are cylindrical rollers, as shown in FIGS. 7, 9A-9C, and 11A-11D, and bearing

rollers as shown in FIG. 13.

[00103] In belt roller embodiments, such as shown in FIG. 12, the arcuate members 218,
220a, 220b can be belt rollers 240c, 240a, 240b. In the belt roller embodiment, a belt 240a,
240b, 240¢ extends around a drive shaft 242a, 242b, 242¢ and an arcuate tensioner 244a,
244b, 244¢. In some embodiments, the arcuate tensioner can be a cylindrical roller or a
static, arcuate tensioner (such as a polished metal finger with an arcuate portion contacting
the belt). In bearing roller embodiments, such as shown in FIG. 13, the arcuate members
218, 220a, 220b are bearing rollers 246a, 246b, 246¢. In such embodiments, the bearing
rollers 246a, 246b, 246¢ are formed from a roller ball 248a, 248b, 248c disposed and
retained within a socket 250a, 250b, 250¢.

[00104] In some embodiments, as shown in FIG. 9A, the single arcuate member 218 is
vertically aligned between the two spaced-apart, arcuate members 220a, 220b. As used
herein, “longitudinally” refers to the direction of motion of a sheet 204 passing through the
test apparatus 200 (e.g., the machine direction).
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[00105] Referring to FIG. 9B, in some embodiments, the optic system 222 comprises a first
set of stereo (i.e. a pair) CCD cameras 222a, 222b positioned above the second side 226 of
the sheet 204 to inspect the surface of the sheet 204 in the test region 208 between the two
spaced-apart arcuate members 220a, 220b. The test region 208 is the region between the
arcuate members 220a, 220b, under the two cameras 222a, 222b where the two cameras
222a, 222b are aimed to take digital images to make optical measurements. In other words,
the test region 208 represents the field of view of the two cameras 222a, 222b. Also, the
test region 208 is the region where the three arcuate members 221, 220, and 218 can apply a
3-point bending test load. Thus, the test region 208 represents the target area of the test
apparatus for applying a 3-point bend test on a test sample. A test sheet 204 to be tested
needs to be brought into the test region 208 for edge strength testing. The pair of cameras
222a,222b

[00106] In some embodiments, the test apparatus 200 can be operated in a dynamic mode.
In a dynamic mode, the edge strength testing of the sheet 204 is conducted by passing the
sheet 204 through a test region 208 of the testing apparatus 200. Alternatively, the testing
apparatus 200 can be configured so that the edge strength testing of the sheet 204 is
conducted by keeping the sheet 204 stationary and having the testing apparatus traverse
over the sheet 204.

[00107] can include a plurality of assemblies 206a, 206b configured for continuously
advancing the sheet of material through the test region 208 along an edge of the sheet 204.
The plurality of assemblies 206a, 206b are further configured for applying a 3-point
bending load on the edge of the sheet of material passing through the test region 208. The
apparatus 200 also includes a detection mechanism configured for optically measuring
strain on a surface of the sheet passing through the test region 208, where the strain is
produced by the applied 3-point bending load. The apparatus 200 also includes a processor
214 for determining the stress in the sheet 204 passing through the test region 208 resulting
from the applied. The stress is determined based on the measured strain. The applied load
on the test region 208 produces a strain on the surface of the test region 208 because the

applied 3-point bending load bends the sheet 204 in the test region 208.

[00108] [Digital Image Correlation (DIC)]

[00109] The DIC feature of the testing apparatus 200 will now be described in more detail
with reference to FIGS. 9B and 9C. DIC involves point tracking. It is a full-field optical
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technique for obtaining displacements and thereby strains. In some embodiments, the
surface of the second side 226 is applied with a surface pattern 230 as visual markers to
facilitates the strain measurements in both no-load state and the loaded state. In the loaded
state measurement mode, the load imposed on the sheet 204 in the test region 208 causes
the surface of the second side 226 of the sheet 204 to deform which, in turn, distorts and
displaces the surface pattern 230 on the second side 226 of the sheet 204. The surface
pattern 230 can be an array of dots or points applied on the surface being monitored that
will serve as visual markers for the purposes of measuring the strain in the sheet 204. The
array of dots or points can be in any pattern, regular or random. The image of the surface
pattern 230 on the sheet 204 taken in the no-load condition serves as the reference point for
determining the displacement of those reference points caused by the distortion of the
surface pattern 230 resulting from the subsequent application of the 3-point bending load.
The first set of stereo cameras 222a, 222b in the optic system 222 observes the distortion of
the surface pattern 230 and the image data can be used to determine the amount of strain in

the sheet 204.

[00110] In order to make the determination of the amount of strain in the sheet 204 from
the distortion of the surface pattern 230, the amount of the distortion needs to be quantified.
This is achieved by comparing the image bearing the distorted surface pattern 230 on the
top surface 226 of the test sheet 204 to a reference/registration image of the second side 226

in a no-load state where the surface pattern 230 is not distorted.

[00111] Whether the apparatus 200 is operating in a static mode or a dynamic mode, an
image of the surface pattern 230 in a no-load state is recorded as a reference or a baseline
state using the optic system 222. The reference image is used to register the original
location of the various points in the surface pattern 230. Then, the new location of the
registered points is tracked in the loaded state image. 1f the top surface 226 is distorted from
the applied load stress, many of the registered points on the top surface 226 will have
displaced from their original location. By correlating the registered points in the two-image
data, the processor 214 can determine and quantify the deformation, i.e. the strain. The
algorithms for performing such digital image correlation is well known in the art and more

detailed discussion is not necessary here.

[00112] The surface pattern 230 can be printed on the top surface 226 or projected as an

image on the top surface 226 or sprayed on as random pattern on the top surface 226 or
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etched on using chemical treatment on the top surface 226 or pasted on with manufactured
thin film having a pattern on the top surface 226. Nanoparticles can be sprayed on the top

surface 226 using airbrush. The pattern 230 can be a speckle pattern or a grid pattern.

[00113] In some embodiments, the surface pattern 230 can comprise a coating of a
mixture, or a blend of black and white dots to form a speckle pattern. The stereo cameras
222a, 222b and/or 224a, 224b with proper lensing are used to record the image of the
surface pattern 230 during the test. The coating of the speckle pattern 230 can be made
using oil based black and white spray that produce fine mist resulting in speckles with each
speckle covering 5-7 pm. The paint layer was ensured to be less than a few microns so that
it doesn’t affect the results. A white light LED lamp was used to illuminate the region of

interest for optical inspection by the stereo cameras.

[00114] There are two ways of using DIC for edge strength measurement: one is measuring
the strain on the sample’s top surface and the second is measuring the strain on the edge
surface. The illustration in FIG. 9D identifies the top surface 226 and the edge surface 204e
on a test sheet 204. The edge strength measured from both approaches should be the same
since the stress is continuous at the edge boundary. This is illustrated in FIG. 9E which
shows a 3D stress plot on the edge and top surfaces of a test sheet. The gradients in the
image represented by the difference in the darkness of the shading show that the stresses on
the top and edge surfaces are continuous. The darkness of the shading in the gradients
represent different stress levels but the actual stress values are not important for the

purposes of this disclosure.

[00115] [Alternative way of speckle coating and method to perform dynamic DIC

thereof]

[00116] Ifthe test sheet 204 is coated with visible speckle dot surface pattern 230, that
glass sheet is not usable for consumer application even if it survives the edge strength test
screening. To circumvent this, one could use non-visible speckles that are only visible to
specialized optical systems employed by the apparatus (e.g., ultraviolet light, fluorescent
imaging, infrared light, or another non-visible portion of the electromagnetic spectrum).
Alternatively, one can project speckle dots on the test sheet 204 using lasers and these

speckle dots can be tracked by the cameras during the test. The dot pattern can be random.

[00117] Exemplary embodiments have been described directed to a method for the

continuous measurement of the breaking strength of a glass edge by putting only the edge
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under stress, such that stresses away from the edge are significantly less than the breaking
strength at their respective locations. Additionally, using exemplary embodiments both
sides of an edge can be subject to substantially the same tensile stress during the
measurement. One method to provide this continuous stress has been described in detail
(e.g., opposed and offset rollers), but the claims appended herewith should not be so limited
as it is envisioned that acoustic energy and/or infrared energy (both coherent and
incoherent) can also be used for the same purpose to induce stress at the edge of a glass
sheet. For example, focused ultrasound can be used to induce stress at a glass edge and
measurements taken therefrom using the apparatuses and methods disclosed herein.
Further, IR irradiation using a laser or other means (at a spectrum in which a respective
glass material may have significant absorption) may also be used to induce stress at a glass
edge and exemplary measurements taken therefrom using the apparatuses and methods
disclosed herein. Additionally, exemplary embodiments provide a continuous high speed
nature which results in at least a 30x increase in processing speed, at least a 3x increase in
the amount of edge tested, and orders of magnitude of sheets processed and tested over
conventional methods. This increase in statistical sampling can thus guarantee less leakage

to the customer and is amenable to online configurations.
[00118] [Top Surface DIC]

[00119] The basics of the optical methodology DIC is shown in FIG. 3A. By comparing the
images at each time intervals (over increasing load or before and while load is applied), the
displacement of the speckle dots can be tracked. This provides a displacement map which
can be differentiated to obtain strains. This 3D DIC technique can be used to obtain 3D
strain fields. Using the two (x and y directions) in-plane strain fields the bending stresses

can be determined using Equation (1):

o BiEmcknleyd
o T TR (1)

where, E is the Elastic modulus, €xx is the strain along the bending direction (x), €yy is the
strain along the other in-plane principal axis (y), and v is the Poisson’s ratio. The previous
practice of stress conversion neglects the biaxiality of the stress state and uses the Hooke’s
law for uniaxial stress condition. This provides less information than the DIC technique

described herein and oversimplifies the results.

[00120] [Vertical Edge surface DIC]

20



WO 2020/231683 PCT/US2020/031553

[00121] Referring to FIG. 14, a series of 3-point bending tests were carried out on test
sheets 204 while monitoring the vertical edge surface 204e of each test sheet 204 using
DIC. In these tests, the test sheets 204 had laminated structures such as display panels. The
thickness of the test sheets was about 200 um. Speckle patterns 230 were made on the
vertical edge surface 204e of the test sheet 204. When testing certain types of test sheets
204 such as those having laminated structures, it may be more desirable to conduct the
optical monitoring on vertical edge surface 204e rather than the top (horizontal) surface of

the test sheet 204.

[00122] FIG. 14 shows a schematic illustration of an embodiment of the camera
configuration for the optic system 222 of the test apparatus 200 enabling DIC that can
optically measure the strain along the vertical edge surface 204e during 3-point bending test
according to an embodiment. In this embodiment of the test apparatus 200, a second set of
at least one camera 222¢, 222d is provided aimed at the vertical edge surface 204e of the
test sheet 204. The at least one camera 222¢, 2224 is aimed at the vertical edge surface
204e in the test region 208 between the two spaced-apart arcuate members 220a, 220b. In a
static operation mode of the test apparatus 200, the at least one camera 222¢, 222d can be
used to obtain optical images of the vertical edge surface 204e in both the no-load condition
and the loaded condition. Although, a pair of cameras 222¢, 222d are illustrated in FIG. 14
observing the vertical edge surface 204e in the test region 208, when observing the vertical
edge surface 204e, a single camera can be utilized because the vertical edge surface 204e is
flat even when the 3-point bending load is applied. Because the vertical edge surface 204e

is flat, a 3D view using two cameras is not necessary.

[00123] FI1G. 14 also shows a second set of at least one camera 224c¢, 224d that is aimed at
the vertical edge surface 204e but at a location away from the test region 208. Similar to the
pair of cameras 224a, 224b, the second set of at least one camera 224¢, 224d can be used
for obtaining optical image of the vertical edge surface 204e in a no-load condition when
the test apparatus 200 is operating in a dynamic mode. Again, although a pair of cameras
224c¢, 224d are illustrated in FIG. 14, asingle camera can be utilized for observing the
vertical edge surface 204e. The processor 214 is connected to the cameras 222¢, 222d,
224c¢, and 224d and the processor 214 can control the cameras as well as receive and

process the optical images from the cameras.
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[00124] The inventors developed two ways of making fine speckle patterns. The first one,
the inventors used a fine brush with liquid paint to make a layer of paint on the edge
surface. Then, a lens tissue was used to make a pattern on the edge surface. The lens tissue
has a fine random pattern at microscale, and the area with fiber absorb paint, and the area
without fiber leaves the paint on the edge surface. This technique provides good speckle
pattern for imaging. Another technique for making fine speckle pattern is using
nanoparticles for speckle pattern manufacturing. However, the agglomeration affects the

quality of the speckle pattern. The quality is not very reliable and stable.

[00125] FIG. 3B shows the repeatability study for the DIC at the same location during load
cycling. It shows that the repeatability of DIC on the edge is stable. The accuracy of DIC is
in +£10 MPa as we can see at load-free state. Using edge surface DIC, it was observed that
the failure mode of the panel is mostly due to stress concentration. FIG. 3C shows the stress
distribution along the top edge during 3-point bending. The individual curves are the stress
distribution along the top edge at different loads. FIG. 3C shows the stress distribution from
loading to the point of the test sheet 204 breaking. From those curves, it can be seen that the
defects along the edge affect the stress distribution. FIG. 3D shows the overall load-stress
curves of the test samples. It should be noted that edge surface DIC is done at high
magnification. The resolution of one pixel is about 0.5 pm, the stress is localized at the
Apex location. The variation is due to edge defects, accuracy of Apex location, and sample

variations such as thickness, intrusion, layer different, sealing stage and others,

[00126] In some embodiments, a conventional acrylic paint can be used to form very thin
(few microns) coating of the speckle surface pattern 230 on the glass sheet 204. As the
modulus of the paint is at least an order less than the glass sheet 204 and its thickness is
couple of orders lower than the glass sheet 204, the effect of the pattern on the
measurements is negligible. The use of such surface patterns in digital image correlation is

well known in the art and more detailed discussion is not necessary here.

[00127] The top surface and edge surface DIC can be performed statically or dynamically.
Static DIC measures the load-to-stress correlation at a fixed location along the edge of the
test sheet 204. Dynamic DIC measures the load-to-stress correlation along the entire length
of the edge of the test sheet 204. Static DIC is easy to perform, but can only measure a
single location at a time. Dynamic DIC is more complex to perform, but can measure the

entire length of the edge of the test sheet 204. Static DIC works best for samples such as
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monolithic glass where the correlation doesn’t change with respect to edge location.
Dynamic DIC works best for samples such as panels having laminated structure where the

correlation may vary.

[00128] [ESMS Static Mode - Edge strength tester with real time stress measurement]

[00129] In a static mode embodiment, the first set of stereo cameras 222a, 222b are used to
obtain both the no-load measurement and the loaded measurement in a stepwise manner. A
surface pattern 230 of visual markers is provided on the top surface 226 of the test sheet
204. The test sheet 204 is moved in a stepwise manner through the test region 208 of the
test apparatus stopping when the particular region of the sheet 204 to be tested is brought

into the test region 208 so that the no-load and loaded measurements can be taken.

[00130] In this example, four different regions to be tested (Regions 1, 2, 3, and 4) along
an edge of the sheet 204 are brought into the test region 208 by moving the sheet 204 from
right-to-left motion as illustrated in FIG. 9B. To test the test Region 1, which is on the left-
most portion of the bottom edge of sheet 204, is brought into the test region 208. To test the
test Region 2, which is a little to the right of Region 1, the sheet 204 is moved to the left in
the direction of the arrows in FIG. 9B. Similar steps are repeated to test Regions 3 and 4.
This initial step is carried out without any vertical load being applied by the upper arcuate
members 220a, 220b. For 3-point bending test, the load applied is increased until a
predetermined load is reached or until a failure of the sheet 204 is detected. The first optic
system 222 includes at least two cameras 222a, 222b in order to optically inspect and detect

deformation of the sheet in the no-load measurement and the loaded measurement.

[00131] The loaded state of the test apparatus for each of the test Regions 1-4 illustrated in
FIG. 9C. In the loaded state, a vertical load is applied either by the two top arcuate
members 220a, 220b or by the single lower arcuate member 218. Either way, the applied
load causes the sheet between the arcuate members to bend. Each of the four loaded states

corresponding to the Regions 1-4 are labeled as Deformation 1, 2, 3, and 4, respectively.

[00132] In the static mode, the no-load measurement and the loaded measurement can be
made back to back at each of the four test regions. Alternatively, the no-load measurements
for the four Regions 1-4 can be made first, then the sheet 204 can be moved back to the
initial position and then the loaded measurements can be made for each Deformation 1, 2,

3, 4 states by moving the sheet 204 through the test region 208.
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[00133] Combining the 3-point bending based edge strength testing technique and the
optical method of DIC with appropriate design modifications, it is possible to make real
time stress measurements while strength testing the edge of an ultra-thin monolithic or

laminate glass structure (e.g., a sheet of material).

[00134] Any form of optical measurement, including DIC feature, requires a clear direct
optical view of region of interest on the test sheet 204 in the test region 208 for the
measurement. In earlier systems (e.g., U.S. Patent Application Publication No. 2018-
0073967) there was no direct stress measurement and their design did not allow for a clear
optical pathway to the region of interest because the rollers blocked the path. According to
the present disclosure for DIC implemented embodiment of the testing apparatus 200, the
arcuate members 220a, 220b are modified to allow clear optical pathway to the region of
interest for the cameras. See FIGS. 4-7, 9A-9C, and 11A-11D. This modification and the
resulting improvements are also present for the testing apparatus 200 whether the apparatus
is operated in a static DIC mode or a dynamic DIC mode. The key design considerations

were:

e The top rollers (the arcuate members) 220a, 220b were changed from a wheel to a
partial section. Specifically, the partial section width was minimized for maximum
optical pathway while maintaining the required contact area on the glass sheet 204
of a full roller. See FIGS. 5A and 5B.

e Fine micrometer level adjuster 232 was incorporated for x, y, z axis control to
enable precision alignment of glass to rollers/upper partial sections for studying the
effects of engagement. See FIGS. 5A and 5B.

e Fine micrometer level adjustment 234 was incorporated for axis control to enable
precision alignment of glass to rollers/upper partial sections for studying the effects
of skew. See FIGS. 5A and 5B.

e The two halves of the fixture and the partial sections were all pinned with dowels

2364a, 236b to insure initial test alignment. See FIGS. 5A and 5B.

[00135] With a clear optical pathway to the test region 208 now available, an optical system
was designed that employs the techniques of DIC to make real time direct stress
measurements. Two 4 megapixel commercial monochrome cameras fitted with specialized
lens systems were used to view a 7 mm x 7 mm test region 208 near the edge of the glass

sheet 204. The samples were coated with a random black and white dot surface pattern 230
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so that the dots were about 5-7 pixels in size and the thickness of the coating did not exceed
few microns. Using the stereo camera system, a series of images (150-200 pairs of images
at 4 frames per second) was recorded during an edge testing experiment. This series of
images was correlated to yield the strain fields and thereafter using the Equation (1),
stresses were obtained. An example of the stress field obtained at a load step of 6N along
with the history of maximum stress throughout a test is shown in FIG 8C. It is believed that
this kind of stress visualization/measurement was never done before. The results were
correlated with numerical simulation (e.g., finite element analysis) and a good agreement is

seen as shown in FIG. 8C.

[00136] Referring to the flowchart 500 in FIG. 40, an example of the method of testing
edge strength of a sheet of material along an edge of the sheet 204 of material can be
outlined as follows: the method comprises: (a) applying a surface pattern of visual markers
230 on a surface 226 (the second side) of the sheet 204 in a region of interest along the edge
of the sheet 204 (see box 510); (b) obtaining a first optical image of the surface of the sheet
204 in the region of interest along the edge of the sheet without any 3-point bending load
applied to the region of interest (see box 520); (c) applying a 3-point bending load to the
region of interest along the edge of the sheet (see box 530); (d) obtaining a second optical
image of the surface of the region of interest along the edge of the sheet while the 3-point
bending load is being applied to the region of interest (see box 540); and (e¢) determining
stress on the surface of the region of interest along the edge of the sheet resulting from the
application of the 3-point bending load based on the first optical image and the second

optical image (see box 550).

[00137] In some embodiments of the method of flowchart 500, the step (e) of determining
stress on the surface of the region of interest along the edge of the sheet comprises:
measuring strain in the sheet 204 of material in the region of interest in a no-load condition
based on the first optical image; measuring strain in the sheet of material in the region of
interest in a loaded condition, where the 3-point bending load is applied, based on the
second optical image; and comparing the measured strain in the no-load condition to the
measured strain in the loaded condition to determine the strain in the sheet induced by the

applied 3-point bending load.

[00138] In some embodiments of the method, the step of measuring strain in the sheet of

material in the region of interest in the loaded condition based on the second optical image
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comprises determining the displacement of the visual markers 230 in the second optical
image compared to the visual markers’ location in the first optical image. In some
embodiments, the step of determining stress on the surface of the region of interest along
the edge of the sheet comprises calculating the stress that would be required to produce the

measured strain in the sheet of material in the region of interest.

[00139] In some embodiments of the method, applying the surface pattern of visual markers
comprises printing, coating, spraying, etching, pasting, or projecting an image on the
surface of the sheet.

[00140] In some embodiments of the method, the first optical image and the second optical

image are obtained using an optic system comprising at least one camera 222a, 222b.

[00141] [Dynamic Mode - Edge strength tester along with algorithm for real-time
stress measurement]

[00142] Referring to FI1G. 9C, in some embodiments, the apparatus 200 can operate in a
dynamic mode where the apparatus 200 can obtain both the no-load measurements and the
loaded measurement while the test sheet 204 is continuously moving through the test
apparatus 200 without pausing. In preferred embodiments, both the no-load measurements
and the loaded measurements are made during a single pass of the test sheet 204 through
the test apparatus 200. In order to achieve this, the optic system 222 can further comprise a
second set of stereo cameras 224a, 224b positioned ahead of the test region 208 for
obtaining the no-load condition measurement by recording an image of the test sheet 204

without any 3-point bending load applied to it.

[00143] The second set of stereo cameras 224a, 224b are positioned above the second (top)
side 226 of the test sheet 204 and because they are looking at a section of the test sheet 204
ahead of the test region 208 as the test sheet 204 passes by before moving into the test
region 208, the second set of cameras 224a, 224b can record the image of the section of the
test sheet 204 at no-load condition. This is illustrated by the Deformation 1 case, the left
most illustration in FIG. 9C.

[00144] In the illustrated 3-point bending test configuration imposed by the arcuate
members 220a, 220b, and 218, the second side 226 of the test sheet 204 experiences

tension as the sheet passes under the topside arcuate members 220a, 220b and over the
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bottom arcuate member 218. In some embodiments, as shown in FIGS. 9A, 9B, and 9C,

the arcuate members 218, 220a, 220b are rollers.

[00145] The method for testing edge strength of a sheet 204 of material along an edge of
the sheet using the test apparatus 200 operating in a dynamic mode can be summarized
using the flowchart 600 in FIG. 41. The method comprises: (a) applying a surface pattern of
visual markers 230 on a surface of the sheet in a region of interest along the edge of the
sheet 204 (see box 610); (b) continuously advancing the sheet of material through the test
apparatus 200 wherein the edge of the sheet is advanced through the test region while
applying a 3-point bending load to the portion of the sheet passing through the test region
208 (see box 620); (c) obtaining a first optical image of the surface of the sheet in the
region of interest while the edge of the sheet is continuously advancing through the test
region 208 but before the region of interest reaches the test region (see box 630); (d)
obtaining a second optical image of the surface of the sheet’s region of interest when the
region of interest advances into the test region while the 3-point bending load is being
applied (see box 640); and (e) determining stress on the surface of the region of interest
along the edge of the sheet resulting from the application of the 3-point bending load based

on the first optical image and the second optical image (see box 650).

[00146] In some embodiments of the method summarized in flowchart 600, the step of
determining the stress on the surface of the region of interest along the edge of the sheet
204 comprises: measuring strain in the sheet of material in the region of interest in a no-
load condition based on the first optical image; measuring strain in the sheet of material in
the region of interest in a loaded condition, wherein the 3-point bending load is applied,
based on the second optical image; and comparing the measured strain in the no-load
condition to the measured strain in the loaded condition to determine the strain in the sheet

induced by the applied 3-point bending load.

[00147] In some embodiments of the method of flowchart 600, the step of measuring strain
in the sheet of material in the region of interest in the loaded condition based on the second
optical image comprises: determining the displacement of the visual markers 230 in the

second optical image compared to the visual markers’ location in the first optical image.

[00148] In some embodiments of the method, the step of determining stress on the surface

of the region of interest along the edge of the sheet comprises calculating the stress that
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would be required to produce the measured strain in the sheet of material in the region of

interest.

[00149] In some embodiments of the method of flowchart 600, the first optical image and
the second optical image are obtained by an optic system comprising at least two cameras
222a, 222h, 224a, 224b. In some embodiments, applying the surface pattern 230 of visual
markers comprises printing, coating, spraying, etching, pasting, or projecting an image on

the surface of the sheet.

[00150] In some embodiments of the methods described above, the stress is determined in
at least two dimensions. The two-dimensional stress is displayed as a surface plot. FIG. 8A
shows the two-dimensional surface strain on a sheet when loaded by the 3-point contacts.
216 denotes the peak strain location with high stress and 217 denotes a far field location
with low stress. FIG. 8B is an exemplary plot showing the applied load vs. maximum stress
on the test sheet measured multiple times. FIG. 8C is also a 2-dimensional surface stress
field on a sheet when loaded by the 3-point contacts. The left image is measured by DIC
and the right image is modeled by FEA. FIG. 8D shows the normalized stress values as a
function of vertical distance from the peak stress location to the inward sheet direction

(shown as black arrow). The stress increases as a function of applied load.

[00151] In an embodiment of this system apart from being a calibration unit in its static

condition, can also be used in a manufacturing environment (or otherwise) with continuous
edge testing in a dynamic mode. As discussed throughout, the direct optical pathway to the
surface of the material being tested facilitates the more accurate direct strain measurements

relied upon herein.

[00152] The ability to make dynamic mode measurements is a design improvement on the
existing edge measurement techniques and also adds the capability of real-time direct stress
measurement. In some embodiments, the setup described above can be modified by
switching the partial rollers (e.g., arcuate members) with 3 fully functional rollers that can
intake the sample continuously feeding into it as shown in FIGS. 9A-9C and 11A-11D.
Such a system will have the rollers in a position such that the incoming glass edge will
continuously be subjected to a required bending/load. In such a system, the spacing
between the rollers and their diameters are controlled to provide a minimum spacing S
between the two rollers 220a, 220b so that there is a clear optical path for camera to

inspect.

28



WO 2020/231683 PCT/US2020/031553

[00153] FIGs. 9B-9C describes the methodology to accomplish real-time stress
measurement in such a dynamic type of edge strength testing setup. The edge strength tester
needs to pre- inspect the edge (without any load/bending, the sample passes through the
rollers) before testing so that preexisting breakages can be detected. 1f such a breakage is
not detected, then the system would malfunction or overestimate the edge strength. During
such an inspection, the stereo cameras 222a, 222b can take series of pictures along the
length of the edge as shown in FIG. 9B. Then, in the second pass when a load is applied on
the sample edge, the cameras take another set of images at exact locations on the edge are
the first series of images as shown in FIG. 9C by pairing corresponding images from same
location and then correlating, one could obtain strain fields and thereby stresses as

described previously, i.e. by correlating identically numbered images in FIG. 9B and 9C.

[00154] Alternatively, an embodiment of the testing apparatus 200 with two sets of stereo
cameras 222a, 222b and 224a, 224b can be used to make dynamic measurements in a
single pass. An example of such embodiment is shown on the left-most schematic of FIG.
9C. The system includes the first set of stereo cameras 222a, 222b and the second set of
stereo cameras 224a, 224b. In such systems, both sets of stereo cameras are connected to a
processor 214 that controls the cameras 222a, 222b, 224a, 224b and also processes the
image data from the cameras. The system can also include a display 228 for displaying any
of the analytical information on the measured stress in the sheet 204 as well as displaying

the image of what the cameras see.

[00155] The obvious question that arises is can an algorithm and image correlation obtain
strain from zero stress to peak stress state without any intermediate images (150-200

images for static tests). FIGS. 10A and 10B show the results obtained from proof testing
this concept and confirm that it is possible to obtain accurate results without the
intermediate images. The series of 150-200 images taken during a static test at 11N load
were correlated to obtain the stress distribution map shown in FIG. 10A. FIG 10B, on the
other hand, shows the stress distribution map obtained by correlating the 1 image with the
200" image without any of the intermediate images. The two stress distribution maps are
identical, showing that the absence of the intermediate steps does not affect the result. Thus,
this embodiment describes the dynamic system of edge strength measurement for ultra-thin

monolithic and laminate glass samples with real time stress visualization.
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[00156] The test apparatus 200 described herein can be used for performing the method.
This is referring to a dynamic DIC method. Dynamic DIC refers to when it obtains strain
measurement in real-time while the 3 points “roll” along the edge. Obtaining strain after a

no-load measurement is required in such scenarios.

[00157] An example of the dynamic method of testing edge strength of a sheet 204 of
material along an edge of the sheet using the test apparatus 200 that comprises a test region
208 can be outlined as follows. The method comprises: providing a surface pattern 230 of
visual markers on a surface 226 of the sheet 204 that includes the edge of the sheet;
continuously advancing the sheet of material through the test apparatus wherein the edge of
the sheet is advanced through the test region 208 of the test apparatus while applying a 3-
point bending load to the portion of the sheet passing through the test region; obtaining a
first optical image of the surface of a region of interest along the edge of the sheet while the
edge of the sheet is continuously advancing through the test region 208 of the test apparatus
but before the region of interest reaches the test region 208; obtaining a second optical
image of the surface 226 of the region of interest of the sheet when the region of interest
has advanced within the test region 208 while the 3-point bending load is being applied;
and determining stress on the surface of the region of mterest along the edge of the sheet
resulting from the application of the 3-point bending load by comparing the first optical

image and the second optical image.

[00158] In some embodiments, stress can be determined in a time resolved domain, i.e., the
history of stress evolution is obtained. This can be true in either a static mode, where the
measurement is taken on a location along the edge of the test sheet 204 while the test sheet
204 is stationary, or in a dynamic mode where the measurement is taken along a length of
the edge of the test sheet 204 while the test sheet 204 is continuously fed through the test

apparatus 200 while a predetermined load is applied.

[00159] It should be noted that while some embodiments are described with reference to a
sheet 204 formed of glass, the claims appended herewith should not be so limited as the test
apparatus 200 described herein can be used to accept or accommodate and analyze laminate
structures or panels. Suitable laminate structures can include plural glass sheets having one
or more intermediate polymeric layers or can also, in alternative embodiments, include a
structure having a thin film transistor glass substrate and color filter glass substrate having

one or more films there between or adjacent to either or both substrates. Thus, where
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reference is made to a sheet 204 or glass sheet herein, reference can also be made to glass,
glass-ceramic, plastic, as well as, laminate structures and other panels. For the sake of

brevity, reference will only be made to a sheet 204 herein.

[00160] The test apparatus 200 can test sheets of various sizes. For example, the test sheet
204 can have length/width dimensions ranging from about 5 mm /5 mm, to about 100 mm /
100 mm, to about 600 mm / 600 mm, to about 1000 mm / 1000 mm, to about 2300 mm /
2600 mm, to about 4000 mm / 4000 mm and all subranges there between. Glass sheets in
panels or laminate structures may also have length/width dimensions ranging from about 5
mm /5 mm, to about 100 mm / 100 mm, to about 600 mm / 600 mm, to about 2300 mm /
2600 mm, to about 4000 mm / 4000 mm and all subranges there between. Further, adjacent
glass sheets in panels or laminate structures may have different length/width dimensions
which can result in an overlap of one sheet on the other and on one or more sides of such
sheets. Exemplary glass thicknesses for a single glass sheet testing or individual glass sheet
contained in a panel or laminate structure can be less than 0.1 mm (e.g., as low as 10
microns) to thicknesses greater than 5 mm, between 0.1 mm to 3 mm, between 0.4 mm to 2

mm, between 0.5 mm to 1 mm, between 0.5 mm to 0.7 mm.

[00161] The table 202 may include a plurality of driving mechanisms which are configured
to move the glass sheet 204 into a predetermined position to commence a measurement
cycle or to continuously advancing the glass sheet 204 through the test region 208 for the

dynamic mode testing.

[00162] A predetermined portion of an edge of the glass sheet 204 can be tested. A width of
this predetermined portion can range from about 1 mm to about 5 mm, from about 1.5 mm
to about 3.5 mm, from about 2 mm to about 3 mm, and all subranges there between. Since
the primary purpose of testing the glass sheet 204 is to test the strength of the sheet material
along its edge, it is generally desired to test the areas close to the edge as possible. To that
end, for the glass sheets having the dimensions mentioned above, engaging the final 2 mm
of the surface of the glass sheet 204 along its edge with the arcuate members 220a, 220b,
and 218 would generally ensure stress concentration is at the glass sheet edge. This set up is
also beneficial in mindmizing any chances of catching extrancous particles (such as dust)
between the glass sheet 284 and the arcuate members 228a, 228b, and 218 which can
imtroduce unwanted surface cracks. In embodiments where the sheet 284 is a panel or

laminate structure measured for edge strength and where adjacent glass sheets n these
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panels or laminate structures are different (e.g., one or more edges of the structure have an
overlapping feature), then the predetermined portion is measured with respect to the smaller

of the glass sheets in the structure (i.¢., the non-overlapping sheet),

[00163] In some embodiments, the arcuate members 220a, 220b, and 218 in each or any of
the assemblies 206 can be made of compliant materials to minimize the risk of creating a
break in the glass sheet 204 during non-destructive testing (e.g., not evaluating maximum
stress). The arcuate roembers or rollers can be selected to have sufficient corapliance while
being able to provide a long life to minimize maintenance and downtime as well as
sufficient friction to allow the rolier to roll freely on the glass surface. Exemplary arcuate
member materials can include hardened steel vollers, steel rollers, urethane rollers,
polyetheretherketone (PEEK ) rollers, Shore 80 hardness urcthane rollers, polycarbonate
{PC) rollers {(e.g., Lexan or the like), high-density polvethylene (HPDE) rollers, Shore 90
hardness urethane rollers, urethane coated rollers, or the hike. Exemplary urcthane rollers
can also be emploved to reduce rolling noise which can contaminate any signals used by the
system, feedback or otherwise. Additionally, urethane or urethane coated rollers can be
used to accommodate debris in the roller path and to make y-direction stress profiles have
no inboard stress concentrations. In embodiments used to measure edge strength of panels
and laminate structures, it was discovered that less compliant rollers (e.g., PC, HPDE, etc.)

were required to achieve adequate edge strength testing results.

[00164] Exemplary dimensions for each arcuate member or rolier can vary depending on
the particular embodiment of the present subject matter. For exampie, roller dimensions
can range from a 5 mm o a 15 mm outside diameter {OD), from a 7 mm to g 12 mm 0D,
from a 9 mm to a 10 mum OD. In some embodiments, an exemplary voller dirnension can be
about 9 mm OD so that stress can be applied nearly all the way to a comer of a glass sheet
which is important as many customer issues occur in this arca. Exemplary systems can also
traverse a glass edge at speeds ranging from 5 mm/s to 500 mm/s or more, or from 2 mm/s
to 400 mmy/s or more. Exemplary systems are robust and can be used on glass having
thicknesses as small as 0.1 mm to thicknesses as great as 1 mm depending on the durability

of the polymer material used for the rollers.

[00165] in some embodiments, a high speed closed loop stress control mechanism can be
employed to detect cracks as well as ensure applicd stress is within a predetormined value

s ]

of a target, c.g., 2 MPa of target. For example, a load can be apphed to a glass sheet 204
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using the single arcuate member 218 whereby a load ccll signal can be sent to a high speed
controller (not shown) which continuously monitors for cracks. This load cell signal can
also be used to control the applied load while traversing the edge at a predetermined speed

{e.g., 5 mun/sec to 100 mm/sec or more).

[00166] The use of the edge strength test apparatus 200 is not limited to interrogation of
just edge features. It is envisioned that embodiments can interrogate surface features as well
for conducting defect screening in manufacturing lines. For example, some features on the
surface of the glass sheet, e.g., particle contamination and/or visible types of surface defects
such as pits, chips or scratches, can be employed with embodiments of the present subject
matter. In such embodiments, however, rather than providing strength distributions, the
embodiments would utilize size, shape and/or depth distributions, i.e., a dimensional metric,
of such surface defects. Exemplary and non-limiting surface features include surface
proximity regions (e.g., approximately 20 mm inboard from the edge) and interface regions
(where the surface meets the edge) and any size, shape or depth feature of surface defects.
Such dimensional metrics can be used alone or with strength metrics obtained from edge

features.

[00167] In some embodiments, the test length may span the entirety of a glass sheet edge or
may be conducted on a portion(s) of a glass sheet edge. Thus, the test length may span
from as little as about 1 mm to 5 mm to as much as about 2600 mm, 3000 mm, 4000 mm or

more depending upon the length of the glass edge.

[00168] Edge strength testing based on 3-point bending

[00169] FIGS. 4-7B,9A-9C, and 11A-11D show schematics of an edge strength test
apparatus 200 using three-point bending method. In a destructive failure test mode, the test
sample glass panel 204 is placed under increasing load until failure and the peak load at the
failure point is recorded. This peak load is mapped to a stress based on prior empirically
developed calibration curve from strain gaging. This technique provides strains/stresses
along two directions (x-axis and y-axis), which is a significant improvement over the

current practice of using only strains along the bending direction via strain gauging.

[00170] [Optical System (Camera) calibration]

[00171] Referring to FIGS. 11A-11D, system calibration is completed prior to performing

actual tests on glass panel. By performing this operation, the image correlation software
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gets to know the angle and distance at which camera is positioned with respect to the test
sample. This will help in translating the movements of dot pattemn in terms of image pixels
to physical dimensions in the 3D space. This calibration step is described schematically in
FIGS. 11A-11D. FIG. 11 A shows the relative positions of the cameras (222a, 222b),
rollers and the test panel. The top rollers are farther away from the panel as the test have not
started yet. Now we switch the test panel with predetermined (known to image correlation
software) pattern printed on a flat surface. Camera takes a series of photographs of this
pattern with the pattern being swiveled around in 3D space yet within camera’s focal region
as depicted in FIG. 11B-11D. A series of images and appropriate software can be used to
develop a calibration file that will be used during the actual test on the panel to obtain

strains.

[00172] [Capabilities of the static test setup]

[00173] The static mode has following design features that helps it to act as a calibration
device (or benchmarking device) for studying panel/laminate sheet design along with other

parametric studies.

a) Interchangeable rollers (roller material and diameter)

b) Ability to change the feed angle. This helps in addressing the edge testing for non-
rectangular display panels.

¢) Adjustment of the roller assembly closer to or further away from the test edge. This
enables inspection of specific regions of the edge along with testing smaller panels
(mobile device).

d) The rollers can be replaced with partial roller profiles, which increases viewable
area, especially near the contact points and enables studying stress distribution in

that region without additional stress from rollers.

It incorporates alignment techniques, such as alignment pins 236a, 236b, that align various

components precisely which is very critical for the test to be accurate.
[00174] [Improvement of stress measurement accuracy in non-DIC ESMS testing|

[00175] [Load Cell Position] In the existing ESMS the load cell is positioned in adjunct
with the topside roller assembly. Inventors found that an improvement on load control can

be achieved by moving the load cell to below the bottom side roller 218. FIG. 15 isa
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schematic illustration showing the new location of the load cell. No load cell drift was

observed with the new configuration.

[00176] [Speed Control] The stress on the sheet 204 is a function of the load applied on it.
Thus, the stress measurement accuracy depends on the load measurement accuracy. One
factor in improving the accuracy in the non-DIC ESMS testing where the test sample sheet
204 is continuously fed into the test region 208 of the tester is the speed at which the test
sheet 204 is moved through the test region 208. The conveyance of the test sheet 204 is
achieved by using rollers for the arcuate members 218, 220a, 220b. Thus, the material for
the roller can affect the friction between the rollers and the test sheet which can affect the
ability of the rollers to move the test sheet 204. Compliant rollers shrink and expand as they
rotate against the test sheet 204 and can induce variation in the load applied by the bottom
roller 218. When the test sheet is moving through the rollers fast, the ESMS test system 200
has little time to adjust for the load variation. Inventors investigated the impact of the speed
at which the test sheet 204 moved over the rollers vs. load control using a commercially
available load frame Instron. The results are shown in the plots in FIGs. 17 and 18. The
data was generated with ten (10) specimens. The plot in FIG. 17 shows the measured load
over time with a speed of 10 mm/s. The plot in FIG. 18 shows the measured load over time
with a speed of 1 mm/s. The load control was significantly improved when the speed was
reduced from 10 mm/s to 1 mm/s. The load control also depends on the speed and accuracy
in which the ESMS test system’s software can adjust for the load variation. Thus, an
optimal speed should be selected taking these factors into consideration. With the current
improved ESMS set up inventors were able to achieve good load control with speeds
between 1 mm/s up to 40 mm/s. Using 5 mm/s speed, for a 0.2 mm monolithic glass,
inventors were able to achieve £ 0.1N or lower load variation for a 2N target which equated
to 100 + 5 MPa stress variation. While a faster speed will result in shorter test time, some

maximum limit is required so as not to compromise the ability to control the load.

[00177] [Polymer coating on the rollers] In the embodiments where the arcuate members
218, 220a, 220b are rollers, the rollers preferably have a polymeric coatings on the rolling
surface that comes in contact with the test sheet 204 to aid in moving the test sheet 204,
Because the polymers are viscoelastic, the material can shrink and expand during rolling.
Therefore, the inventors had expected that thinner polymer coating on the rollers would be

better for controlling the load applied on the test sheet 204. However, inventors
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unexpectedly found that thicker polymer coating provided better load control with less
variability in the applied load. The total diameter of the roller (roller bearing + polymer

coating) was 9 mm. The thickness of the polymer coating was 1.32 mm.

[00178] The inventors further investigated the impact of roller diameter and polymer
coating thickness on the load-to-stress correlation to understand the potential variability in
dynamic measurement. Modeling results showed that for a given roller inner diameter L2
and outer diameter L1, the change in the correlation was negligible up to 400 MPa as the
roller inner diameter varied from 4 mm to 14 mm and the polymer thickness varied from
0.5 to 2.5 mm. FIG. 24 is a plot of the load-to-stress correlations as a function of roller
outer diameter L1 /roller inner diameter L2 as determined by FEA. The correlations are
invariant up to 400 MPa for wide ranges of L1 and L2. From the study, inventors were able
to understand that the potential variability in the load-to-stress correlation was minimal for
dynamic measurement

[00179] [Software Improvements]

[00180] Improvements were made to the control software for the ESMS system 200 to fully
automate the system operation in order to make the testing operation more reliable. The
system targets small, ~200 x 130 x 0.2 mm, test sheets/panels. Test samples as thin as 0.2
mm require a much more accurate load control to accurately measure the stress because
even small changes in the load induces relatively large changes in stress. Therefore,
improvements needed to be made to the control software by improving the control loop to
maintain better load control. The control software allowed the ESMS to perform the
following automated procedures. One of the initial steps in the edge strength testing
procedure is alignment of the test sheet 204. The desired roller engagement is at the
distance D (typically at about 2 mm) from the edge E of the test sheet 204. This roller

engagement position is shown in FIG. 19B.

[00181] Before the edge strength test can begin, some pre-scan routines are carried out,
Such routines comprise generating a thickness profile of the edge of the test sheet 204 to be
tested. Referring to FIG. 19A, the length of the test sheet 204 is moved slowly through a
pair of thickness sensors 410a, 410b that measures the thickness of the test sheet 204 and
generates a thickness profile of the edge of the test sheet 204 to be tested. The thickness
data allows for an accurate post measurement analysis of failure stress if the test sheet 204

cracks. This routine also finds the leading edge Ei, and trailing edge E of the test sheet 204
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and the sample sheet length so that the actual dimensions can be used during the edge
strength test rather than recipe dimensions. The test sheet 204 is placed so the leading edge
Ey, is positioned above the apex of the bottom roller 218 at the start of the edge strength

testing procedure. FIG. 19C shows this configuration.

[00182] Next, the ESMS drives the test sheet 204 in the direction indicated by arrow M
until the apex of the bottom roller 218 is aligned with the starting offset position. The
starting offset position refers to a horizontal edge alignment as shown in FIG. 19C. FIG. 20
is an illustration of an example of test sheet 204 identifying a fly-in zone, measurement
length, and a fly-out zone. To begin the edge strength test procedure, the ESMS drives top
roller assembly 220a, 220b slowly downward towards the top surface of the test sheet 204
until small force is detected which signifies that the top rollers 220a, 220b have made a
contact with the test sheet 204.

[00183] Next, the loading force and the glass test sheet speed are ramped up synchronously
through a Fly-in zone over a specified fly-in distance within a specified time frame. The
loading force is maintained along a Measurement Length until Fly-out zone is reached.
The length of the fly-out zone is defined by a fly-out distance and the loading force the
glass test sheet speed are ramped down do complete the testing procedure. FIG. 21 is a plot
showing an example of the load profile starting from the initial period during the lowering
of the upper rollers 220a, 220b, the Fly-in zone, the Measurement Length, and the Fly-

out zone.

[00184] [Crack Detection] Under the updated control software, the ESMS carries out the
following crack detection procedure. User specifies threshold around target load. If
threshold is breached, the ESMS immediately disengages the rollers 218, 220a, 220b and
stops the test sheet 204. The position of the lower roller 218 (i.e. the apex of the roller 218)
where the test sheet 204 is under the applied stress is defined as a new crack position. The
edge strength testing is continued if enough space is left along the test sheet 204 edge
considering the user defined crack offset. F1G. 22 is a schematic illustration of the test sheet
204 showing the position of the detected crack position. Crack offset refers to the distance
the rollers are to be moved away from the detected crack position before the rollers can
reengage with the test sheet edge to resume dynamic testing. If the crack offset is too short,

the crack would propagate and disturb the measurement. If the crack offset is too large,
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testable edge real estate can be wasted. According to the modeled magnitude and shape of

the stress field, the inventors used a minimum 25 mm distance for the crack offset.

[00185] After reengaging the test sheet 204, the ESMS loops through all of the user defined
loading forces as long as there is sufficient length of the edge region of the test sheet
remains to be tested. ESMS applies a constant force as it traverses along the edge. When a
break occurs, the strength of the test sheet 204 can be anywhere between 0 and the stress
corresponding to the applied force. Therefore, to accurately determine the strength of the
sheet, one must apply multiple step loads in an incremental fashion to better understand the
lower bound of the strength. The user can define these step forces based on the level of
measurement accuracy he desires. The system must loop through all of the user defined step

loads until a break occurs.

[00186] [Load Control] For controlling the 3-point bending stress load applied to the test
sheet 204 by the rollers 218, 220a, 220b, a Phantom Motor technique (also known as
Cascading Servo Loop) was incorporated into the ESMS control software. The Phantom
Motor technique was applied to the load cell analog input. The technique allowed the
ESMS to read the load cell input signal and make changes to the moving sample stage 202
to control the load being applied to the test sheet 204 in real time.

[00187] F1G. 23 A is a schematic illustrating the Phantom Motor technique. The Delta Tau’s
Power PMAC motion controller can be configured in such a way where the output of an
individual servo loop can be used as an input to another. This allows the system to join the
capabilities of both loops on a single actuator and allows the engineer to take full advantage
of controller tuning parameters for a device that was not specifically intended to control
motion. In this case, the output of a load cell was integrated into the motion system such
that its analog output was pointed to the output of a servo loop inside the controller. This is
known as the “inner loop”. The servo loop that actually controls physical motion of the
actuator is then fed the inner loops output to command physical motion. By scaling the
relationship between the two loops with the motor tuning parameters provided by the Delta
Tau system, an optimal balance was achieved that allowed the motion controller to respond
to real time deviations from the target load and apply the necessary corrections, making for

a stable load application across the sample.

[00188] FIGS. 23B and 23C show plots of the measured load reading from the load cell vs.

time comparing the load cell readings from a test run. The plot in FIG. 23B is for the
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measured load readings taken without the Phantom Motor technique modification and the
plotin FIG. 23C is for the measured load readings taken with the Phantom Motor
technique. The plot in FIG. 23C show substantially less variations in the load cell readings

with the Phantom Motor technique implemented.
[00189] [Method to estimate the strength of a batch of panels.]

[00190] According to some embodiments, a method of measuring the average strength of
identically manufactured panels that have the same design but manufacturing tolerance will
be disclosed. There can be two ways to measure the strength of multiple panels to obtain

the average strength of the batch:

e Directly measure the strength of all individual panels by using the optical strain

measurement technique disclosed in this invention;

e Use anominal load-to-stress correlation determined by measuring a few samples
using the optical strain measurement technique to estimate the strength of all

remaining panels consisting the batch;

The first method has the advantage of being more accurate than the second, but can be time
consuming since all samples must be measured using the optical strain measurement
technique which can have multiple process steps and longer time. The second method
mvolves less processing time since it can use the load directly to estimate the strength, but
will have an error bar in the estimate since the same nominal correlation is adopted for
panels having a certain manufacturing tolerance. Still, the second method is preferred in
practice since less test time has the advantage over the additional accuracy obtained from

utilizing the first method. Here we detail more about the second method.

[00191] The nominal load-to-stress correlation can be obtained by conducting multiple
optical strain measurements (i.e., DIC) on multiple panels by using either a static or
dynamic DIC approach. A higher number of measurements will provide a more accurate
estimate of the nominal correlation. As the number of measurements increases, the error bar

will also increase due to the manufacturing tolerance of the panels.

[00192] For example, FIG. 25 shows a load vs. stress plot for two different batches of
panels having average thicknesses of 0.2 and 0.3 mm measured by DIC and modeled with

FEA. While DIC measurement results have a scatter due to the panel manufacturing
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tolerance, FEA model shows only a single result since the nominal panel design parameters

were used for the calculation.

[00193] To minimize the errors from using a nominal load-to-stress correlation for all
panels, correction factors can be applied to the nominal load-to-stress correlation on each
panel based on its measured variability.

[00194] [Panel correction factors]

[00195] Thickness — For example, if a nominal load-to-stress correlation derived from a
panel batch having an average thickness of 0.3 mm is applied to a panel having a thickness
of 0.29 mm, the stress could be underestimated. Therefore, a correction factor can be
applied based on the measured thickness of 0.29 mm. In this case, the correction factor is a
function of the measured panel thickness and the average thickness of the panel batch. The
mathematical form of the correction factor can be derived from a sensitivity study

conducted by DIC and/or FEA modeling.

[00196] It may be difficult to characterize the influence of panel manufacturing tolerance
using experimental methods such as DIC if the tolerance is small. In such cases, FEA
modeling can be used to understand the sensitivity and derive correction factors. FIG. 26A
shows the modeled load-to-stress correlation for panels having different thicknesses of 0.1,
0.2, 0.21, 0.22, and 0.25 mm, while FIG. 26B shows the normalized change in stress vs.
load (N) for the different thicknesses. By using these graphs and measuring the thickness
variation of each panel, one can apply the appropriate correction factor to the nominal load-
to-stress correlation.

[00197] Similarly, correction factors could be applied for other panel design parameter that
has a certain manufacturing tolerance.

[00198] [Measurement process correction factors]

[00199] Measurement location — The measurement process may also mvolve
measurement variability that should be accounted for as correction factors. For example,
FIGs. 27A and 27B show the force and displacement curves vs. time for 0.1, 0.15, 0.2 and
0.5 mm thick glass sheets as they are tested at a constant load on dynamic ESMS. While the
force was maintained constant for all thicknesses, the displacement curves showed
significantly different behavior as the rollers approached closer to the comers, as shown by
the rising behavior as time progresses. This indicated that the stiffness at the corners

became lower as the thickness of glass became thinner, which implied that the load-to-
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stress correlation had to be corrected for measurement location along the edge. Referring to
FIG. 28, the measurement location d along the edge of the panel is measured from the
center C of the edge of the panel 204 to the center of the test region 208 marked by “X” in
FIG. 28.
[00200] Roller engagement — The variability in roller engagement can also be accounted
for as a correction factor. Roller engagement refers to the engagement length between the
roller and the panel edge. While roller engagement is typically set to a nominal value, it
may vary depending on the straightness of edge and alignment process. FIG. 29 shows an
example of the impact of roller engagement on the load to stress correlation. When the
engagement varied between 0.7 and 1.7 mm, it had a 10% impact on the load to stress
correlation.
[00201] Off-apex failure (Static ESMS only) — For static ESMS, the off-apex failure
location must be considered as a correction factor for accurate stress measurement since the
stress sharply drops off as it gets further away from the roller apex. FIG. 30A is a
photograph of an example of an off-apex break in the test panel and FIG. 30B is a plot of
the stress profile with respect to the off-apex break location.
[00202] Mathematically, for example, the correction factors can be applied to the nominal
load-to-stress correlation as following:

Stress = F(N) x C1(t) x C2(x) x C3(R) x C4(L) x ...
Here, F is the nominal load to stress correlation, and C1~C4 are correction functions that
account for each individual variable, thickness (t), measurement location (x), roller
engagement (R) and off-apex break location (L).
[00203] Error bars — Variabilities in certain panel design parameters or measurement
processes that cannot be easily measured due to practical reasons can be accounted for as
error bars. For example, the variability of the sealant width, position, or individual glass
thicknesses comprising a panel can be accounted for as error bars. In addition, measurement
process variabilities such as errors from the load cell, operator, etc. can also be accounted

for as error bars. The final load-to-stress correlation accounting for both correction factors

and error bars are shown below:
Stress = F(N) x C1(t) x C2(x) x C3(R) x C4(L) x ... * Error bars
[00204] [Method to estimate the failure probability of a panel]
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Traditional ways of predicting the reliability of glass in a specific application include
deriving a strength distribution based on strength tests, and then scaling the probability of
failure for a given reference size to the entire production size. This approach has been
successfully used for many years, however it relies on the strength distribution being
referenced to a given size. Traditional means of testing glass strength, like 4-point bend and
ring on ring, that are performed on glass specimens of adequate thickness have the benefit
that the stress field in the tested area is constant. Therefore, if a strength distribution is
obtained from this data, the resultant distribution is referenced to the area tested (inside the
ner ring for ring on ring tests, and inside the inner knives for four-point bend tests). Using
these distributions for reliability predictions is straight forward in this case since the
reference size of the strength distribution relative to the product size is known and therefore
the probability of failure can be readily scaled to the product size by utilizing the Weibull
scaling (or closure) property. To utilize this approach, the reference size to which the
Weibull strength distribution applies must be known.

[00206] Various new test approaches, such as ESMS, are being used for strength

measurements of thin glass. While ESMS is well suited for thin glass edge strength

evaluation, it does not have a constant stress field. In the static ESMS test, the stress field is
symmetric around the center roller, and is shown in FIG. 31, which illustrates the stress

along the edge of the panel/sheet. Here, the failure site location and stress are shown with a

star. A common mistake is to generate a strength distribution based only on the stress at the

failure location. The problems with this approach are:

e Since the stress is maximum at the center roller location and monotonically decreases
away from this location, the resulting strength is dictated by the weakest site within the
location “center + failure site to center distance.” Therefore, the distribution is of the
weakest flaw within the location of failure. Since the location of this weakest flaw
varies, the tested length from which the distribution is obtained also varies. Therefore,
the distribution is not referenced to a specific length.

e The edge length that survived stresses higher than the failure stress can dramatically
affect the strength distribution, and must be accounted for.

As aresult, the distribution based only on the stress at the failure site cannot be used for

product reliability predictions. Therefore, special methods are required to derive a valid

strength distribution. To adequately determine a strength distribution for ESMS, the effects

of length and stress must be deconvolved, and the distribution must be referenced to a
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specific unit length. A methodology to accomplish this has been developed. This
methodology includes defining a small reference length (or reference areas in the case of
surface reliability), identifying the specific reference length (or area) that failed, the stress
at which it failed, and the stress to which the surviving reference lengths (or areas) were
exposed. The resulting data is then statistically analyzed to derive a valid strength
distribution relative to a known length (or area). This distribution, in turn, can be used for
reliability prediction purposes. Details of this approach are not provided here.

[00207] [“Simplified method” for data analysis of dvnamic ESMS]

For dynamic ESMS, inventors also implemented a simplified method to derive the strength
distribution by using the first failure data. The simplified method assumes that the stress
profile is constant for dynamic ESMS across the entire test area. FIG. 32 shows a
Probability vs. Stress plot showing the strength distribution of a batch of panels that were
analyzed either by the “Simplified method” or “Special” method outlined in the previous
section above. Results from both methods have no significant difference because at each
step load, the stress of the gauge areas at the whole test length is almost the same, and the
step stress is small. This enabled the inventors to use conventional Weibull statistics and
not rely on the “special” method for dynamic ESMS data anal ysis.

[00208] [Panel failure modes]

Panel failure modes describe the different ways or locations a panel may break when tested
on the ESMS. It is generally preferred to have consistent or predictable break locations on a
panel in order to classify breaks. However, due to complications in the panel structure and
flaw populations, the identification of break locations and understanding the exact failure
stress maybe challenging. Here we provide examples of failure modes found in panels and
ways to estimate their failure stresses.

[00209] Edge failures - Edge failure is when the edge on Surface 1 breaks under tension
(FI1G. 33). Edge failure on surface 1 under tension is the intended failure mode to be
obtained from the ESMS test. To obtain this failure mode, however, it is required that the
two pieces of glass comprising a panel behaves collectively like a single piece of glass. In
the case where the two pieces of glass comprising a panel behaves like two separate pieces
of glass, the edge failure may also occur at the edge on Surface 3, which will complicate
the identification of the break location. The single-piece-of-glass behavior of a panel can be
accomplished by ensuring that the sealant adhering the two pieces of glass is well cured,

sufficiently wide and sufficiently close enough to the panel edge being measured. For
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example, the sealant must not delaminate from the shear stress being applied by the test, the
modulus of the sealant should be sufficiently high, typically over 1 GPa, and the sealant
must well adhere the area around the vicinity of the edge where a load is being applied.
[00210] This behavior of the panel with respect to sealant properties can be better explained
by the change in stress profiles on Surfaces 1 and 3 with respect to varying sealant to edge
distances. FIG. 35 shows the stress profiles on Surface 1 and Surface 3 when the gap
between the sealant to glass edge is 0 mm. The sealant width is about 1 mm and the
stiffness is 3 Gpa. The peak stress is at the edge of Surface 1 while the edge stress on
Surface 3 is less than half, which implies that breaks will only occur on Surface 1. FIG. 36
shows the stress profiles on Surfaces 1 and 3 when the distance between the sealant to
glass edge is increased to 2 mm. As the sealant moves away from the loading area, the peak
stresses are now located on both edges of Surfaces 1 and 3. The probability of having a
failure on the edge of Surface 3 is now the same as that on Surface 1.

[00211] In some cases, it may be preferred to test both edges on Surfaces 1 and 3
simultaneously. If so, one could design a panel whose sealant does not have the
aforementioned properties. The failure stress for both edges would be calculated based on
the same correlation since the glasses would behave like two identical pieces of glass as
shown in FIG. 36.

[00212] Surface failures - Surface failures are breaks that occur at the surface of Surface 1
under tension near the edge, typically within 3 mm of it (FIG. 33). In cases when the panel
behaves like two separate pieces of glass, the failure may also occur at the surface of
Surface 3. Similar to edge failures, if it is preferred to test both Surfaces 1 and 3
simultaneously, one could design a panel whose sealant does not have the aforementioned
properties and use the same correlation to estimate the stress.

[00213] Failures from the compressive side surface - Failures from the compressive side
surface refer to failures that occur at the edge or surface of Surface 4 due to the small
tensile stress being applied by the two outer rollers (FIG. 33). Due to force balance, the
tensile stress beneath each outer roller is half of that being applied by the center roller.
Despite the smaller stresses on surface 4, breaks may still occur at the edge or surface of
Surface 4 if there are large flaws. While it is still generally desired to have breaks only on
Surface 1, others may take advantage of this and test flaws on both Surfaces 1 and 4
simultaneously. This potentially eliminates the need for having two sets of rollers to test

both A side and B sides.
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[00214] Adjacent cracks - Adjacent cracks are ones that occur when a pre-existing crack
extends out to the loading area (FIG. 34). In effect, a pre-existing crack propagates into an
adjacent test region and subsequently becomes the origin of failure. This failure mode
usually occurs when the distance between test regions are too close. The way to mitigate
this failure mode is to ensure that enough distance is provided between adjacent breaks and
test locations.

[00215] [Gauge failure modes] Gauge failure modes describe the ways the gauge may fail
to detect a break or falsely detect a break on a panel.

[00216] Missed break detection - Missed break detection refers to when the ESMS fails to
detect a break on a panel. The inventors found that this usually occurs when the breaking
energy from the crack is small relative to the sensitivity of the load cell. In some cases, the
crack could still be adhered by the underlying sealant that bonds the two pieces of glass
together.

[00217] False break detection - False break detection refers to when the ESMS detects a
break when no actual break occurred. The inventors found that this usually occurs when the
sensitivity of the load sell is too high relative to the noise from the environment.

[00218] Machine learning to identify a break

[00219] In ESMS crack detection, the panel samples are captured with cameras with
different illumination and magnification. The hand-crafted features are difficult to identify
to define panel crack from image frames. The captured video samples have most of the
image frames as un-cracked glass. There are very limited cracked glass image frames from
collected data. This problem is handled as abnormality detection using unsupervised
learning. In other words, the machine learning model is trained with normal images and
find common features. Then, encoder and decoder are used to detect outlier, the outlier
images are treated as abnormal images. The crack image would be detected as abnormal
image in this case. FIG. 37 illustrates the machine learning model.

[00220] There are three convolutional neural networks. Two of the networks G and D are
adversarial and unsupervised learning using the training data, which is composed of only
the target class. Specifically, G learns to reconstruct the positive samples and tries to fool
the detector D with feature weighting z and G(z). Whereas, D learns to distinguish original
(positive) samples from the reconstructed ones. In this way, D learns merely the concept
characterized by the space of all positive samples, and hence it can be used for

distinguishing between positive and novelty classes. There is another neural network E
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which has been trained to mirror the behavior of G which would be able to extract feature
weighting from image. On the other hand, G learns to efficiently reconstruct the positive
samples, while for negative (or novelty) samples it is unable to reconstruct the input
accurately, and hence, for negative samples it acts as a decimator (or informally a distorter).
In the testing phase, D operates as the actual novelty detector, while G improves the
performance of the detector by adequately reconstructing the positive or target samples and
decimating (or distorting) any given negative or novelty samples.

[00221] For our ESMS case, if our input image is x (image), it would go to the neural
network E and generate feature weighting E(x). Then we define Z equal to E(x), and Z go
through neural network G and it becomes G(z)(image). If (G(z), z) and (x, E(x)) achieve
similar score through neural network D, and (G(z), z) achieve high score through D, the
input x is normal/positive case. Otherwise, it is abnormal/negative case.

[00222] Embodiments and the functional operations described herein can be implemented
in digital electronic circuitry, or in computer software, firmware, or hardware, including the
structures disclosed in this specification and their structural equivalents, or in combinations
of one or more of them. Embodiments described herein can be implemented as one or more
computer program products, i.e., one or more modules of computer program instructions
encoded on a tangible program carrier for execution by, or to control the operation of, data
processing apparatus. The tangible program carrier can be a computer readable medium.
The computer readable medium can be a machine-readable storage device, a machine

readable storage substrate, a memory device, or a combination of one or more of them.

[00223] The term “processor” or “controller” can encompass all apparatus, devices, and
machines for processing data, including by way of embodiment a programmable processor,
a computer, or multiple processors or computers. The processor can include, in addition to
hardware, code that creates an execution environment for the computer program in
question, e.g., code that constitutes processor firmware, a protocol stack, a database

management system, an operating system, or a combination of one or more of them.

[00224] A computer program (also known as a program, software, software application,
script, or code) can be written in any form of programming language, including compiled or
interpreted languages, or declarative or procedural languages, and it can be deployed in any
form, including as a standalone program or as a module, component, subroutine, or other

unit suitable for use in a computing environment. A computer program does not necessarily
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correspond to a file in a file system. A program can be stored in a portion of a file that holds
other programs or data (e.g., one or more scripts stored in a markup language document), in
a single file dedicated to the program in question, or in multiple coordinated files (e.g., files
that store one or more modules, sub programs, or portions of code). A computer program
can be deployed to be executed on one computer or on multiple computers that are located
at one site or distributed across multiple sites and interconnected by a communication

network.

[00225] The processes described herein can be performed by one or more programmable
processors executing one or more computer programs to perform functions by operating on
input data and generating output. The processes and logic flows can also be performed by,
and apparatus can also be implemented as, special purpose logic circuitry, e.g., an FPGA
(field programmable gate array) or an ASIC (application specific integrated circuit) to name

a few.

[00226] Processors suitable for the execution of a computer program include, by way of
embodiment, both general and special purpose microprocessors, and any one or more
processors of any kind of digital computer. Generally, a processor will receive instructions
and data from a read only memory or a random access memory or both. The essential
elements of a computer are a processor for performing instructions and one or more data
memory devices for storing instructions and data. Generally, a computer will also include,
or be operatively coupled to receive data from or transfer data to, or both, one or more mass
storage devices for storing data, e.g., magnetic, magneto optical disks, or optical disks.
However, a computer need not have such devices. Moreover, a computer can be embedded
in another device, e.g., a mobile telephone, a personal digital assistant (PDA), to name just

a few.

[00227] Computer readable media suitable for storing computer program instructions and
data include all forms data memory including nonvolatile memory, media and memory
devices, including by way of embodiment semiconductor memory devices, e.g., EPROM,
EEPROM, and flash memory devices; magnetic disks, e.g., internal hard disks or
removable disks; magneto optical disks; and CD ROM and DVD-ROM disks. The
processor and the memory can be supplemented by, or incorporated in, special purpose

logic circuitry.
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[00228] To provide for interaction with a user and as shown in the Figures contained
herein, embodiments described herein can be implemented on a computer having a display
device, e.g., a CRT (cathode ray tube) or LCD (liquid crystal display) monitor, and the like
for displaying information to the user and a keyboard and a pointing device, e.g., a mouse
or a trackball, or a touch screen by which the user can provide input to the computer. Other
kinds of devices can be used to provide for interaction with a user as well; for embodiment,

input from the user can be received in any form, including acoustic, speech, or tactile input.

[00229] Embodiments described herein can be implemented in a computing system that
includes a back end component, e.g., as a data server, or that includes a middleware
component, e.g., an application server, or that includes a front end component, e.g., a client
computer having a graphical user interface or a Web browser through which a user can
interact with an implementation of the subject matter described herein, or any combination
of one or more such back end, middleware, or front end components. The components of
the system can be interconnected by any form or medium of digital data communication,
e.g., a communication network. Embodiments of communication networks include a local

area network (“LAN”) and a wide area network (“WAN”), e.g., the Internet.

[00230] The computing system can include clients and servers. A client and server are
generally remote from each other and typically interact through a communication network.
The relationship of client and server arises by virtue of computer programs running on the

respective computers and having a client-server relationship to each other

[00231] It will be appreciated that the various disclosed embodiments may involve
particular features, elements or steps that are described in connection with that particular
embodiment. It will also be appreciated that a particular feature, element or step, although
described in relation to one particular embodiment, may be interchanged or combined with

alternate embodiments in various non-illustrated combinations or permutations.

[00232] It is also to be understood that, as used herein the terms "the," "a,” or "an," mean
"at least one,"” and should not be limited to "only one” unless explicitly indicated to the
contrary. Thus, for example, reference to "a component” includes examples having two or

more such components unless the context clearly indicates otherwise.

[00233] Ranges can be expressed herein as from "about" one particular value, and/or to

"about" another particular value. When such a range is expressed, examples include from
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the one particular value and/or to the other particular value. Similarly, when values are
expressed as approximations, by use of the antecedent "about," it will be understood that
the particular value forms another aspect. It will be further understood that the endpoints of
each of the ranges are significant both in relation to the other endpoint, and independently

of the other endpoint.

[00234] The terms "substantial," "substantially," and variations thereof as used herein are
intended to note that a described feature is equal or approximately equal to a value or
description. Moreover, "substantially similar" is intended to denote that two values are
equal or approximately equal. In some embodiments, "substantially similar" may denote
values within about 10% of each other, such as within about 5% of each other, or within

about 2% of each other.

[00235] Unless otherwise expressly stated, it is in no way intended that any method set
forth herein be construed as requiring that its steps be performed in a specific order.
Accordingly, where a method claim does not actually recite an order to be followed by its
steps or it is not otherwise specifically stated in the claims or descriptions that the steps are

to be limited to a specific order, it is no way intended that any particular order be inferred.

[00236] While various features, elements or steps of particular embodiments may be
disclosed using the transitional phrase "comprising,” it is to be understood that alternative
embodiments, including those that may be described using the transitional phrases
"consisting" or "consisting essentially of," are implied. Thus, for example, implied
alternative embodiments to an apparatus that comprises A+B+C include embodiments
where an apparatus consists of A+B+C and embodiments where an apparatus consists

essentially of A+B+C.

[00237] It will be apparent to those skilled in the art that various modifications and
variations can be made to the present disclosure without departing from the spirit and scope
of the disclosure. Since modifications combinations, sub-combinations and variations of the
disclosed embodiments incorporating the spirit and substance of the disclosure may occur
to persons skilled in the art, the disclosure should be construed to include everything within

the scope of the appended claims and their equivalents.
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WE CLAIM:

1. An apparatus for testing edge strength of a sheet of material comprising:

a plurality of assemblies configured for selectively applying a 3-point bending load
along an edge of the sheet of material in a test region of the apparatus, whereby the
plurality of assemblies can establish a loaded condition on the sheet of material in the test
region by applying the 3-point bending load and establish a no-load condition on the sheet
of material in the test region by not applying the 3-point bending load;

a detection mechanism configured for optically measuring strain in the sheet of
material in the test region when the sheet of material is in the no-load condition and when
the sheet of material is in the loaded condition, wherein the strain in the loaded condition is
produced by the 3-point bending load; and

a processor that is configured for determining stress in the sheet of material based

on the measured strain.

2. The apparatus of claim 1, wherein the plurality of assemblies comprises two
opposing assemblies, wherein a first of the two opposing assemblies comprising a single
arcuate member for engaging a first side of the sheet and a second of the two opposing
assemblies comprising two spaced-apart arcuate members for engaging a second side of the
sheet opposite the first side,

wherein the two spaced-apart arcuate members define the test region between the

two spaced-apart arcuate members.

3. The apparatus of claim 2, wherein the single arcuate member is vertically aligned

between the two spaced-apart arcuate members.

4. The apparatus of claim 1, wherein the detection mechanism comprises a first pair of
cameras positioned to acquire one or more images of the surface of the second side of the
sheet in the test region between the two spaced-apart arcuate members,

wherein the detection mechanism optically measures the strain in the sheet of
material from the image of the surface of the second side of the sheet acquired using the

first pair of cameras.

5. The apparatus of claim 2, wherein the arcuate members are non-rotating bushings,

cylindrical rollers, belt rollers, or bearing rollers.
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6. The apparatus of claim 1, wherein a pattern provided on the surface of the sheet in

the test region facilitates optically measuring the strain in the sheet of material.

7. The apparatus of claim 4, wherein the detection mechanism further comprises a
second pair of cameras positioned to acquire an image of the surface of the second side of

the sheet at a region other than the test region.

8. The apparatus of claim 1, wherein the detection mechanism comprises at least one
camera positioned to acquire one or more images of the a vertical edge surface of the sheet
in the test region between the two spaced-apart arcuate members,

wherein the detection mechanism optically measures the strain in the sheet of
material from the image of the vertical edge surface of the sheet acquired using the at least

one camera.

9. The apparatus of claim 8, wherein the detection mechanism further comprises at
least one additional camera positioned to acquire an image of a vertical edge surface of the

sheet at a region other than the test region.

10. A method of testing edge strength of a sheet of material along an edge of the sheet,
the method comprising:

applying a surface pattern of visual markers on a surface of the sheet in a region of
interest along the edge of the sheet;

obtaining a first optical image of the surface of the sheet in the region of interest
without any 3-point bending load applied to the region of interest;

applying a 3-point bending load to the region of interest along the edge of the sheet;

obtaining a second optical image of the surface of the sheet in the region of interest
while the 3-point bending load is being applied to the region of interest; and

determining stress on the surface of the region of interest along the edge of the sheet
resulting from the application of the 3-point bending load based on the first optical image

and the second optical image.

11.  The method of claim 10, wherein the step of determining stress on the surface of the
region of interest along the edge of the sheet comprises:

measuring strain in the sheet of material in the region of interest in a no-load
condition based on the first optical image;

measuring strain in the sheet of material in the region of interest in a loaded

51



WO 2020/231683 PCT/US2020/031553

condition, wherein the 3-point bending load is applied, based on the second optical image;
and

comparing the measured strain in the no-load condition to the measured strain in the
loaded condition to determine the strain in the sheet induced by the applied 3-point bending

load.

12.  The method of claim 11, wherein the step of measuring strain in the sheet of
material in the region of interest in the loaded condition based on the second optical image
comprises:

determining the displacement of the visual markers in the second optical image

compared to the visual markers’ location in the first optical image.

13.  The method of claim 12, wherein the step of determining stress on the surface of the
region of interest along the edge of the sheet comprises calculating the stress that would be

required to produce the measured strain in the sheet of material in the region of interest.

14.  The method of claim 10, wherein applying the surface pattern of visual markers
comprises printing, coating, spraying, etching, pasting, or projecting an image on the

surface of the sheet.

15.  The method of claim 10, wherein the first optical image and the second optical

image are obtained using an optic system comprising at least one camera.

16. A method of testing edge strength of a sheet of material along an edge of the sheet
using a test apparatus that comprises a test region, the method comprising:

applying a surface pattern of visual markers on a surface of the sheet in a region of
interest along the edge of the sheet;

continuously advancing the sheet of material through the test apparatus wherein the
edge of the sheet is advanced through the test region while applying a 3-point bending load
to the portion of the sheet passing through the test region;

obtaining a first optical image of the surface of the sheet in the region of interest
while the edge of the sheet is continuously advancing through the test region but before the
region of interest reaches the test region;

obtaining a second optical image of the surface of the sheet’s region of interest
when the region of interest advances into the test region while the 3 -point bending load is

being applied; and
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determining stress on the surface of the region of interest along the edge of the sheet
resulting from the application of the 3-point bending load based on the first optical image

and the second optical image.

17.  The method of claim 16, wherein the step of determining the stress on the surface of
the region of interest along the edge of the sheet comprises:

measuring strain in the sheet of material in the region of interest in a no-load
condition based on the first optical image;

measuring strain in the sheet of material in the region of interest in a loaded
condition, wherein the 3-point bending load is applied, based on the second optical image;
and

comparing the measured strain in the no-load condition to the measured strain in the
loaded condition to determine the strain in the sheet induced by the applied 3-point bending
load.

18.  The method of claim 17, wherein the step of measuring strain in the sheet of
material in the region of interest in the loaded condition based on the second optical image
comprises:

determining the displacement of the visual markers in the second optical image

compared to the visual markers’ location in the first optical image.

19.  The method of claim 18, wherein the step of determining stress on the surface of the
region of interest along the edge of the sheet comprises calculating the stress that would be

required to produce the measured strain in the sheet of material in the region of interest.

20.  The method of claim 16, wherein the first optical image and the second optical

image are obtained by an optic system comprising a pair of stereo cameras.

21.  The method of claim 16, wherein applying the surface pattern of visual markers
comprises printing, coating, spraying, etching, pasting, or projecting an image on the

surface of the sheet.
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