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Abstract

The paper presents an analysis of the capabilifegéloping a system for
on-line automatic measurement for residual streigsegbleware glass products.
In the first part of the article, conventional taiues of photoelasticity together
with its limitations are briefly presented. Furtirare, methods based on digital
image analysis for the determination of stressesganerally described. Based
on conducted research, a concept of in-line machisien system is propose.
Lastly, example experimental results for a seledtegppection technique are
discussed.

Introduction

Today's market demands have made manufacturingniaaf#ons move
towards competitive issues of quality improvememgduction speed, and cost
reduction. From the point of view of the cliegyality means reliability and
satisfaction of use. From the perspective of mastufars, it is conformity with
the technical specifications. Ensuring high quatitpducts has a direct impact
on the level of user satisfaction and the simubbasebenefits of reducing costs
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by reduced the number of defects, waste produntsjtams requiring rework.
As reported in U.S.A., the glass industry roadmagicates a number of
challengers that are critical to manufacturing @emniance such as advances in
process modelling, quality inspection, and consg@tems. The established goal
for the glass industry for the year 2020 is to aeinig Six Sigma quality of
glass products [1] among others. Consequently tisokl are sought that are
designed to replace statistical control through dbetrol of all manufactured
products. The use of automated inspection systeffftevsa increasing
performance and reliability by eliminating the humtactor due to lack of
repeatability, fatigue, subjectivity, and efficigng2]. Currently available glass
tableware automatic vision systems are capablexafiming geometrical and
optical faults at a speed from 140 to 240 artiples minute [3, 4]. Dimensional
fault identification includes measurements of heighd diameter, thickness,
ovallity, axis faults, and slanted and uneven risrface defects are optical
failures that disturb the overall image or evenftiction of the article. Among
the described in-line defect detection, quality toanduring the tableware
manufacturing process also covers manual statistimasurements of such
parameters as weight, residual stress, and theermesor absence of glass
coatings. Since glass is a brittle material, tleEasarement of residual stresses is
of great importance to product conformance. Usubkge kinds of measurements
are performed by skilled technical personnel. Wit development of imaging
techniques and progress in images analysis, seatteahpts have been made to
automate this process for preventing the subjégtdfi results and increasing the
frequency of measurements. In this article, a vewi¢ current progress in this
field will be presented along with a concept ofullyf automated residual stress
measurement system integrated into a productierolitableware glass.

1. Conventional photoelasticity methods

Measuring the residual stress is a fundamentaltguaintrol operation for
annealed or tempered products. Birefringent mdsdiie glass act as a temporary
wave plate [5], refracting light differently, demiing upon the state of stress in the
material. The phase differen8gFig. 1a) between the orthogonal components of
light that entered the material from the back \&giby the following:

3=h[C(o, ~0,) (1)

where: h — thickness of the materiaﬂ;z% — stress-optic coefficients,

c — relative stress-optics coefficient (Brewsters),c,— principal
normal stresses.
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This equation (1) is often written in terms of thember N of complete
cycles of relative retardation (N &2m). Since stressed glass exhibits temporal
double refraction, photoelasticity techniques amamonly used for imaging the
spatial distribution of residual stress levelstiose methods, the birefringence
effect is analysed with the use of an optical dewoown agolariscope Two
types of polariscope are commonly employed — pl@fig. 1a) and circular
(Fig. 1b).

a) b)
Analyser

Analyser

Inspected object

Polarizer

é@%’% 1st quarter-wave

Fig. 1. Optical arrangements of polariscope: ahaiab) circular

According to applied methodology, monochromatioadite light sources
can be applied for observation of the stress ngligion on an inspected object.
For the presentation of overall photoelasticityhtdque principles, it is good to
use an example of a circular disc under diamewaipression. Depending on
type of optical setup used and the stress levelgpte different patterns will be
perceived. For the simplest system consisting aingl polariscope and
a monochromatic light source, an image formed ditgt passes the analyser
will contain two types of fringes: isochromatic aisdclinic. Isochromatics are
contours of a constant principal stress differe(we-c,), and isoclinics are

fringes of a constant principal stress directiothwiespect to a reference axis.
It is fundamental for photoelasticity techniquesttiotating the polarizer and
analyser together create movement of the isoclimiestours enabling the
determination of the direction of the principalests at all points of inspected
object. However, as can be seen on Figure 2a inorssidered optical
arrangement, dark isochromatics are superposed dario isoclinics making
them hardly distinguishable. Using a circular pisleope arrangement, optically
removes isoclinics enabling full visualization afnfjes of constant principal
stress difference (Figs. 2 b, c).
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a) b) ) ¢
Fig. 2. Transmission photoelasticity images obskrby a) plane polariscope, b) dark-field
circular polariscope, c) bright-field circular pacope [6]

Nevertheless, correct fringe order labelling usongy one exposure in
monochromatic light is still not clear, especialigr more complex cases
of stress distribution. To overcome this issue amwentional photoelasticity,
illumination by all the wavelengths of the visibfpectrum is used for the
determination of the zero-order fringe and fringadient direction. As it can be
seen on Figure 3b, as the stresses and birefringerecease in a inspected
object, a colour sequence is observed on the plastoe coating with the use
of a white-light source [7]. However, it should bentioned that this method
is highly subjective and requires experience. Misoiaservation of colours
limits the precision and reliability of inspectiotherefore, it should be only
used for qualitative evaluation of stress in thpob

a) b)
m TABLE 1 — ISOCHROMATIC FRINGE CHARACTERISTICS
- 1 Approximate | Fringe
Relative
Color Retardation Order
nm in x 10°® N
- Black 0 0.0 | o0
Pale Yellow 345 14.0 0.60
& & &
58 58 5 § Dull Red 520 20.0 0.90
€ E £ E £ g Red/Blue Transition 575 227 1.00
. = - Blue-Green 700 28.0 | 1.22
Yellow 800 32.0 1.39
,; g Rose Red 1050 42.0 1.82
¥ 1 Red/Green Transition | 1150 45.4 2.00
Green 1350 53.0 2.35
— Yellow 1440 57.0 2.50
g3
increasing stress I = "l Red 1520 60.0 2.65
Red/Green Transition | 1730 68.0 3.00
¥ Green 1800 71.0 3.10

Fig. 3. Analysis of a cantilever beam with useeetibon polariscope: (a) mechanical load setup,
(b) isochromatic fringe characteristics [7]
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To improve the reliability of the process of assigmt, isochromatic
fringes to retardation level compensation techréqoan be used. Commonly
guantitative measurements methods in the glassindare based compensator
devices (Babinet, Babinet-Soleil) or on methodsetasn the rotation of the
analyser [8]. The latter have the advantage tha@dditional equipment is
required. Using the circular polariscope, Tardytsgedure can be applied. In
this method, accuracies within £1/25th fringe aeadily obtained by visual
observation. A similar technique for the fractiofidhge order analysis is the
Senarmont method in which only one quarter-wavesisd. Although methods
using a compensator and a rotating analyser arsidemed accurate, they are
prone to human factors, because the determinatisinge centres and analyser
rotation angle is a subjective process. For thisaa, during the inspection of
the same product by different quality control woskehe obtained results may
vary significantly. The solution to this issue dandigital photoelasticity.

2. Digital photoelasticity methods

Conventional photoelasticity generally allows facarate local point-by-
point analysis of stresses in inspected objectsrégtires trained technician
personnel. In the early development of digital pletdsticity, computer systems
were used to automate the presented above prosethat were previously
done manually. Progress in digital cameras and ém@gcessing enabled the
development of new techniques using various paape arrangements for
automatic full-field stress analysis. The existidigital techniques can be
broadly classified into the frequency-domain (ugudemanding many images
to be analysed) and the spatial-domain (requirewgef images) [9]. The most
common automated methods of photoelasticity catldssified as follows [10]:

» Phase Shifting Methods

e Spectral Content Analysis
» Gray Field Polariscope

e Tricolor Photoelasticity

» RGB photoelasticity.

From the vast number of solutions available, ohlyst that require single
exposure without rotating any elements of the jetape have be taken into
further consideration for application in the onelimspection system. One of the
first approaches that was based on the analysistefsity information for
fringe ordering was a technique known laaf-fringe photoelasticity(HFP)
[11]. In this method, a circular polariscope arramgnt with a monochromatic
light source was applied. In a dark-field setug ihtensity of the transmitted
light emerging from the analyser is given by follogsequation:
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50
| =K Bin®= 2
> (2)

where: K — a constani,— phase difference between two components of.light

According to this methodology, the image analysisteam can distinguish
grey levels in any interval between Omi2, 172 to 1t and so on. The drawback
of this solution is that which half-fringe correspls to the recorded intensity on
an image cannot be identified. Therefore, the sé®3n the observed object
should be in a range of 0<N<0.5 for unambiguoualtes However, in
tableware glass quality control systems, it is metessary to exactly measure
the higher stress levels but to determine if aatervalue () was exceeded
(Fig. 4), which for annealed products should bes l#gan about 120 nm/cm.
Assuming the continuity of stress gradient furthie risks of not detecting
a faulty product is minimal. It is also worth pang out that in the original form
of this method 256-gray level images was used huturrently available
industrial cameras 12-bit dynamic range and mooaismonly available, which
can significantly improve the accuracy of the measents.

| A

Range of correctly
identified high =
level of stresses

lg
Products identified
as valid n

0 BT 21T /A
0 yA %

Fig. 4. The intensity values in the half-fringe pdelasticity method

For the determination of a higher fringe order, &BR photoelasticity
method can be applied. In this technique, a siagtpiisition by a colour camera
of white light isochromatics in a circular polamge is used. The camera
decomposes the white light into three primary codoin three levels of
intensity, which are usually denoted by the symbBls G, and B. The
determination of the relative retardatidy means of a mathematical equation
is not easy so a procedure based on a LUT (LooK-hlge) search is commonly
used. Table 2 shows a typical progression of celobserved using a dark-field
arrangement of polariscope. As it can be seen énréimge of low levels of
retardation, the isochromatic fringes appear iry deeels so that the R, G, and
B levels for each value df are similar values. In this case, high errorshia t
evaluation of the retardation can occur using RGBtpelasticity, which is
based on the analysis of colours.
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Table 2. Look-up table for RGB photoelasticity mettiba]

3)
?2) Relative
€Y} Retardation | Retardation
Observed A 8 =Aky @ |6 | ® ¢
Colors (nm) Ao =590 R G B 3
black 0 0 5 4 5 @ Relative
gray 50 0.09 8 10 | 12 ) Retardation | Retardation
white 200 0.34 25 | 26 | 28 Observed A =AMk | @ | 5) | (6)
yellow 400 0.68 25119 | 10 Colors (nm) o =590 R G B
orange 450 0.76 22 | 13 ] 6 green 1300 2.20 12 | 25 | 16
red 500 0.85 16 | 6 | 12 yellow 1400 2.37 21 |24 | 12
p;;:;;: 1 590 1.00 7011 | 24 pi?ri_;d 1550 2.63 27 | 14 | 24
1770 3.00 16 | 20 | 18
passage 3
blue 650 1.10 8 19 | 28
green 700 1.19 13 ] 23 | 27 pale green 1800 3.05 14 | 22 | 16
yellow 800 1.36 24 | 27 | 19 pink 2100 3.56 25 [ 18 | 19
orange 900 1.53 28 [ 22 ] 8 tint of 2360 4.00 16 | 20 | 3
red 1000 1.70 26 13 18 passage 4
tint of
passage 2 1180 200 I pale green | 2500 424 J19]19 ] 21

The R, G, and B values stored in the LUT and tHaesacquired in the
model to be analysed are influenced by many fact@iated to the
characteristics and regulations of the hardware ctiromatic properties of the
photoelastic material, and the gradient of thesstia the points of the model.
Therefore, a precise calibration procedure shoudd pgerformed for the
determination of RGB values for a specific applimaf10]. It also worth noting
that quarter-wave plates used in a circular pataps setup are efficient for
stress analysis using monochromatic light souraeth®ey introduce errors with
white light. These errors cannot be eliminated detefy without using
achromatic quarter-wave plates, but they can bermmzed if calibration is
performed at an isoclinic of 22.513].

A similar method to the RGB photoelasticity is thieolour technique [14].
In this solution a dark field plane polariscopeiligminated by a source that
emits three narrowband wavelengths (Red at 619Gregn at 546 nm and Blue
at 436 nm). Using a single acquisition and comigiriire light intensity detected
at the three wavelengths, the retardation and sbelinic parameter can be
determined.

A different approach for the analysis of imagesused in the Fourier
transform method, which is based on the acquisibibisochromatics with the
use of a circular polariscope setup equipped vathier fringes. The significant
limitation of this technique is the restriction ttee orientation of the principal
stresses that need to be aligned in the modelraticbicarrier [15].
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3. Concept of in-line residual stress measuremernystem

In order to inspect tableware glass in-line thera need to lift the object to
expose the bottom, which is the area with the hEghisk of the presence of
a high level of residual stress. To fulfil thiskasa gap transporter can be used
(Fig. 5). This type of conveyor usually has two @pdndent mechanisms to
adjust the width for different sizes of inspectedducts. In this sort of solution,
it is important to properly synchronize the speédlbconveyors.

Digital camera

Analyser and quarter-wave

Gap Transporter

Inspected products
Quarter-wave
and polarizer

Fig. 5. The concept of an on-line residual stresasurement system

Another important aspect is ensuring a requirecedpe image analysis
with respect to the production rate. For the inipacof non-stationary objects,
the problem of image blur should also be solvece Tiagnitude of the image
blur (B) depends on the velocity of object (v), 8ize of the field of view in the
direction of movement (FOV), the sensor size (Ns)] the camera exposure
time (Te). The equation given below enables oneatoulate the parameters of
a vision system:

. @

For the typical production conditions of tablewaylass production, the
following values are assumed for calculation: thgeot speed v = 1 m/s and
FOV=200 mm. In order to ensure a blur smaller thaxel for a camera with
a frame size of Ns=1000 pixels, the exposure tinweiksl be less than 0.2 ms.

4. Laboratory experimental setup and results

In order to validate the capabilities for on-lingsign inspection of the
residual stress levels in tableware glass prodactsexperimental set-up was
made (Fig. 6). In the conducted tests, a dark-fidahe polariscope arrangement
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was used. Depending on the applied method, a caobunonochrome camera
was placed over the controlled product. Below thenera lens, a polarizing
filter module (analyser) was installed, which isated using a stepper motor.
A lightning unit (white or monochrome red) was ltath below the inspected
article. On the surface of the LED panel, a polagfilter film sheet (polarizer)
was fixed.

Camera

Stepber i’hbtof

Polarizing filter PC program window

Light
controler

Drive
controler

LED Panel and polarizing filter sheet

Fig. 6. Laboratory experimental setup for residsiess measurements

To determine the required angular position forahalyser, a stepper motor
was used with a simple algorithm for searching aimmél intensity of acquired
images. After that, without changing the intensifythe illuminator and the
angular position of the analyser, a set of imadgeglass articles was recorded.
Products selected for the test have been inspdwnteal qualified glassworks
quality control worker and divided according torglatandards into two groups
of faulty and correct articles. In the first stagfethe tests, a colour camera was
applied. However, the low levels of residual stess&n the tested annealed
products did not produce the appearance of anyesgwe colours on the recorded
images. Therefore, the implementation of a prooéssnverting RGB values into
the corresponding level of stresses would onlyodhice measurement errors.
Additionally, it is worth noting that, due to therestruction of RGB sensor (which
has a relatively small area of individual pixels)dathe demand for a short
exposure time, this solution would require a mavevgrful light unit. Therefore,
the RGB photoelasticity method was rejected fromth&r consideration. In the
subsequent studies, an industrial monochrome cawesaused which captured
16-bit gray-level images with a resolution 1024x200ixels. The recorded
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images were filtered to remove local outliners ealugy contaminations on the
inspected products. The 3D plots below shows ttengity values (z-axis) on
example images of tested articles. On an imagevatlid product (Fig. 7a), the
intensity is uniform in the analysed region of nett. On a second object where
there are high levels of residual stresses, méjanges in the intensity level and
a characteristic isoclinic cross were observed. (Rij.

a)

X, Y — pixel coordinates on selected region of interesinafge; - 16-bit value of recordecntensity

Fig. 7. 3D visualization of intensity values irtoeded images of (a) valid, and (b) faulty product

From a group of dozens of tested products, a sirmpégye thresholding
operation and a BLOB (Binary Large OBjects) detattialgorithm were
sufficient to correctly classify the valid productmd the defective ones.
Nevertheless, it should be pointed out that, farcize determination of the
rejection level (), a calibration procedure of the vision systemudthabe
conducted.

Summary

Customer requirements for quality have led tablevggass manufactures to
seek solutions for inspection techniques that enalpl on-line control of all
manufactured products. Testing for residual steegs@n important element of
the process of ensuring high quality articles. Pphepose of this research was
the assessment of the utility of digital photoetitst methods for on-line
inspection. After examining the state of the aptrfra large number of existing
solutions, methods that meet the conditions of iappbn in industrial
environments have been selected. The experimenfisrped on a laboratory
setup allowed the confirmation of the possibilitfy using a machine vision
system for residual stress level measurementsbiéware articles. However,
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further work is necessary for developing calibmnatpwzocedures for the proposed
system. Additionally, it is necessary to conducpmementary tests with

a circular polariscope arrangement and productsingoat production rates in

order to determine the effect of image blurring tbe measurement results.
Nevertheless, it can be concluded that the propasetine residual stress

measurement system can be used to observe tretios imanufacturing process
or to reject products with significant deviationrin the norm.
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Automatyzacja pomiaru naprezen resztkowych w produktach szklanych

Stowa kluczowe

Automatyczna Optyczna Inspekcja, elastooptyka osakjtkowe.

Streszczenie

W artykule przedstawiono anajiznazliwosci opracowania systemu do au-
tomatycznego pomiaru on-line napen w produktach szklanych. W pierwszej
czgsci przedstawione zostaty konwencjonalne technistoptyki wraz z ich
ograniczeniami. Nagpnie zaprezentowane zostaty metody pomiaru giafr
oparte na cyfrowej analizie obrazu. Na podstawreprowadzonej analizy za-
proponowana zostata koncepcja systemu wizyjnegpotioiaru napgzen reszt-
kowych zintegrowanego z lipiprodukcyjra. W ostatniej cgici artykutu zapre-
zentowane zostaty przyktadowe wyniki pomiaréw uzysk na opracowanym
eksperymentalnym stanowisku laboratoryjnym.



