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1st Integ. -
2nd Integ. -

Contour -

Ratio .
s

Imax - -
Inin -

T (x) -

mode (m,n) - -

Normalized -
Contour
Height
Normalized -
Intensity
Normalized -

Position

Wmax -
Wnin -

H(x) -

Xcontour ~

Xmax -

H(x)-Wmin

NOMENCLATURE

1st integral of the direct intensity,
normalized.

2nd integral of the direct intensity,
normalized.

Wnin/Xcontour, abbreviated as W/X

the maximum grey level value of intensity in a
retroreflected image. -

the minimum grey level value of intensity in a
retroreflected image.

the grey lével value of intensity in a reflex

reflected image at a given location x.
rs

mode of vibration: !

m node lines along the x axis

n node lines along the v axis

(each edge counts for 1/2 a node line)

, abbreviated N.C. H.
Wmax-Wmin

T(x}-Imin
——-w——, referred to in abbreviated form N.TI.
Imax-Imin

x/Xmax

the maximum contour height for a surface being
analyzed.

- P '
the minimum“¢ontour height for a surface belng
analyzed (maximum depth).:

the depth of the contour at a distance x from
the edge of the region being examined.
"]
the position from the leéft edge of the
retroreflected image'of a flaw being examined.
The contour of the flaw varies along +the =x
axis. ‘,
the width of the contour being examined.

-

the width of the région being'examined,‘
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' 1. INTRODUCTION e

1.1 Retroreflection for Quality Control ) \

Quality control is one of the most imﬁortant areas of
foday’s manufacturing. Fierce competition has forced some
manufacturers” to in§est‘ millions of dollars in modern
technology in order £6 improve their standards of qualitflx
Automobile manufacpuring is a well-known example of an
industry which h;; had to make improveyepts in quality

control.

One area of quality control which requires improvement

h 5

is the' static inspection of frame and sheet metal work.
Full f%gld sheet metal inspection still employs methods used
years ago, such as examining the reflection'of a -set of
light and daﬂk%stripes off a reflective shee£ metal surface
(157. This method, only detects flaws in ﬁhe regions ﬁhere
the reflection of the interface between the light and dark
stripes occur. As well, if the ideal specimen hai‘a .shape
t6 it, the inspector must remember what thg ideal ;Lflection
pattern = looks liké and compafe_it to +the specimen being
praesently }nspected. éﬁch difficulties can make  the
inspection process subjective.: The facilities required}for
such inspection can be expensive to sconstruct.

Another area of interest in quality control = is
inspecting the dynamic behaviour of a sheet of material. An
examplé where th t}pe of inspection is important is +the
detection of debondiﬁg in composite sections. Hoiography,

rd
speckle and moire interferometry methods are presently used

I



to dlermine the modal shapes of wvibrating  surfaces.
Althougﬂ these methods of inspection are Jhigh1§ accurate,
they are time coﬁsuming, i.e. 100 % inspection of production
capacity éan be very; difficult to achieve, extremely
expensive .to implement and require strictly controlled
environmental conditions in ordef to successfully use them.

A totaliy new method of full field ;urface‘ inspection
is proposedw which requires only a ;etrorefléctive. or
‘reflex” screen, a reflective specimen and a source of
light. It is;inexpensiYe, easy to implement, and provides a
continuous full field view of the surface. .By refiecting{
lighé off the inspected surfaée onto a retroreflective -
séﬁeen and viewing the image on the retroreflécbive screan
from +the reflective surface; local minute imperfections i;
the surface become quite visible in the form of accentuated
grey levels, Not only are miﬂ&te dents visible, but it is
_ possible to determine if they are indents or outdents. Th}s
method 1is re.‘Leﬂ;ively‘1 cheap, easy to install in a factory

environment- -and requires only white light.

1.2 wwum

A retroreflector is a defice that reflects ligh% back
in the same direction (or close to it) as the incident light
beam, or source (1], shown in Figure 1-1. The
éharacte;istic of such a reflector in return¥?g light- back
to the'go&rée of an angularIy incident beam of iight, gives’

rise, to @?e term "reflex" reflector. A reflex reflector is



-

different from a mirror which causes specular-reflecfion and
from diffuging types of reflective surfaces which dissipate
the TZ:ident 1;gh£ in’all directions without a. selective
return - in the direction of incidence {[3]. Retroreflection
-has been used in wmany applications, such as +traffic signs
and highway pévement markings, because of its abiiity to
return a large quantity of light back in the same" "direction
from which it originated [11[3].

Most retroreflectors consisf of tiny glass beads of

high refractive index laid upbn a reflective backing, as

shown in Figures 1-2a&b {2]. Figure 1-3a [1] depicts how

rgtroreflection occurs: upon enteri % the. bead, 'the-gLight
experiences refraction and reflezxion and leaves in
approximatel& the same direction it en£ered. Note however,
that the angle delta of the ray leaving the bead depend; on
the angle, alpha of the incident ray and the _index of
refraction of the bead, n, shown in Figure 1-3b [1]. Thus
if a bundle of rayﬁ 3£rike_the surface of the ©bead, the
reflex reflected‘/éays will leave in a diverginé cone of

light. It is the imperfectly retroreflected diverging rays

<
of light which .makes flaw detection possible.

1.3 Reflex Reflection for Contour Visualization
The basic setup required for viewing a surface contour
using retroreflection is depicted in Figure 1-4. A light
source_is aimed so that it emits a uniform light field onto

the reflective surface, which #iil reflect this light onto

/
u
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the reflex screen. If any local irregularities.exist in the
surface, the uniform light field upon striking the surface
of the specimen %ill become distorted, and théalight field
will now have varying grey levels upon striking_ the
retrogeflective screen. If the reflex reflecting material
retroreflected lightA perfectly, each'ray jéf‘ light would
follow ' the exact same path along the optical axis back to
the light source. Furthermore, upon being rewre;leéted back
from the specimen surface, all the distortions occurring to
the 1ight f%éld from the first reflection will simply %e
reversed, i.e., a uniform light field will return to the
source. However, for an imperfe;t retroreflector, such as
the glass bead type, the rays in the diverging cone of light
will not +trace their incident path back to the reflex
reflector. If a different path is folldwed, then the rays
in the diverging cone of light will not reflect from the
{

specimen at the exact same point they did the first time,
thus not eliminating (réversing) the distortions in the
Iight intensity field that occurred from the first
reflection. Since the rays in this diverging cone do not
return to the light source, they may be detected by an
outside sou?ce, such as a camera, or human eve.

The- imperfectly rétroreflected light acﬁually creates
two types of phenomena for ;urface contour visualizatioﬁ.

, | .

The first effect, the primary signature, is the reflected
image seen in the panel of the distorted light field on the
retroreflective, or retro. -screen. This image will move 1if

<

the viewer changes position with respect to the light



source, Preliminary work by ’gxe author using
retroreflection for imaging dents in automobile hoods™
suggested that the intensity 'or grey 1level pattern is |
pfoportional to the slope or raté of change of slope of +the
contour of the dent. It is these observations which formed:
the hypothesis of the research.

The second ry signature effect is created by £he

g

shadows oﬂﬂfk

reflex reflected 1light from the retro. scr%enh» This is

contour on the panel surface c¢cast by the

simply a backlighting effect which may be seen by viewing
ﬁhe surface opposite to any light source such as a window
[1717. |

Contour visualizatioﬁ using retroreflection = is

d@pendent‘upon the following géometric variables [18], shown

. k]

in Figure 1.4:

-

i.  The angle between the ique'cted surfacé and the light
source. .

‘The smaller angle the angle a, the greater the
reflectivity, parallax distortion (a distortion occurs if
one region of +the panel is significantly closér to the
'viewer“ tﬁan another), and secondary signatufe image. The
secondary ?ignature is an ‘%effect nog\‘ unique to
retroreflécg!on and therefore was not examined. In order to
separate the latter two effects from the. primary image,
angle a was made as large as possible. No change .in the

primary image was observed when angle a is varied, other

than being uniformly expanded or compressed.



ii. .Tﬁ angle between the retr:i;flective screen and the
reflected light rays from the surface being inspected.

Light rays striking the reflex screen at a verf{ small

angle, b, will be retforeflected'péorly. It is desirable to
—-—h@ave angle b about 90 degrees, though breliminary work

showed angle b could be as small as 45_ degrees without

affecting the quality of the retroreflected image.

S The illumiﬁ%tion source - viewer distance.

-

The farther 'away,' he viewer is from the light

source, distance ¢, the lowér the ‘overall intensity of the

contour image. The location of the light source is
important gince it can create two types of images of a

contour - an on-axis and off-axis image. These images are

discussed in sectLQn 3.1.2.2.2.

iv. Size of the illuminatioﬁ source.

The sensitivity of retroreflection for contour
visualization 1is inversely prdportional to the size of the
illumination source, d. In order to obtain the highest'

resolutibn- possible using retroréflection, the smallest

light source possible yas\used.

v. Tve surface to retrpreflective screen distance.

As the panel-retro. screen gistance, e, lncreases, a
higher percentage of 1ight rays QiLi‘not re-reflect off the
exact same surface locations. Aé a result, more light which
contains distortion information will reach the viewer.

Distance e was kept as large as possible,

—
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2. LITERATURE SURVEY AND OBJECTIVES

: o

2.1 Literature Survey

Most of the information ébout retﬁbreflectors has been
developed for traffic pgrposes. Stoindt and Vedam {1] havg
performed ray tracing studies on spﬂ;rical reflex reflecting
materials in order £p optimize the off-axis retroreflection
of pavement markers. Their work provides ué?ful inﬁgfmatioh
cbncefning the 'behavior of light for both spééuiar‘ and
diffuse reflection of light through glass beads. Venable et
al [4]-have experimentally' measured the intensity of
) reﬁi?reflepted light f;r various off-axis locations for
éiassxbgg and pfism reflex reflecting naterials and \ their
results . suégést \ the former gave a wider: intensity
distrib&tion. - For our purposes +this 1is desirable and
estgblishes the use of spherical beaded retroreflectors for
this study. Havens and Peed [5] used geometric optics to
détermiﬁe the behavior of light in 'a glass * bead
retroreflector.. Their paéer explains the optical phenomenon
of glass bead retroreflection. Additional work has been
done for C.I.E. photometric information [63,[7],[87,[9].

Hqst of the information concerning the construction of
glass bead retroreflectors %s from the patents such as those
filed by Gill [10], Palmguist [11], and McKenzie [12].
Theif paﬁents are vari;pions on the design of the glass bead
retroreflector. West and Barker [13] patented the use of
retroreflection in a form of optidal triangulat%yn

arrangement for inspecting optical‘surfaces. Genco and Task

.
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patented the use of retroreflection  for inspeé%ién of -
. surface flaws and birefriﬁgence in +transparent materials
[14]. Clarke, Reynolds, and Pryor [15] have patented the
use of retroreflection for opagque surface panel .inspection.

‘applicable for insﬁection of materials such as sheet matal

. £,
and plastic. ) (}r)
</

2.2 (bjectives of Research

Retroreflection appears quite promising as a tool for
full field surface inspection. The objegtive of the work
presented in this paper is to appraise retrorefléction as a
new method of non-contact inspection of static and dynamic
surfaces by addressing tbe following questions:

"i. - What.is the resolution, accuracyKand precision of

retroreflection for surface contour measurements?

ii. Is the intensity pattern seen using

retroreflection related to the contour, slope of
contour, or.rate of change of the slope of +the

contour?

1ii. Can this method be used for inspecting Dboth
static and dynamic surfaces?

iv. How may the shades be quantitatively analyzed?—//ﬂ&k

These questions are answered from the resulﬁs of the

following two experiments:

Experiment 1 - Establish a correlation between a lknown
static surface contour andw.j a
retroreflected grey level image.

Experiment 2 - Determine if modal shapes in a. vibrating

i g - (dynamic) surface may be detected using
retroreflection. :

.10



3. EXPERIMENTAL WORK -
L4
3.1 Experiment 1 - Static Analysis of A One-Dimensional
: - Cont Using Ret Fleot

3.1.1 Purpose

1 &
The purpose 'of ' the experiment is to determine if

the prim%;y signature from a reflex reflected grey level

L]

image of a static surfacqﬁgan be related to 1its contour,

its slope, or rate of change of slope of its contour. The
] .

) - -
“fesolution,’ sensitivity énd accuracy of +this method are

N
'
1

established from the-kesults.

3.1.2 Experiment. Design 4
L4

The contour is generated by using a vacuum to suck a

}Png, concave contour into a flat panel of reflective sheet
é;\al. The retroreflective ihage is captured using a

CCD ¢ Q{i/gnd analyzed using image processing softﬁare on a
microcomputer. The actual shape of the contour is

established using a LVDT. ﬁ:

3.1.2.1 Gﬂnﬁ:ﬂ&ing_a_lzn_s.u:fmﬁgnj;gnr_

In order to simplify the contour analyéis, the
ideal surface ﬁrofile should We continuous, one-dimensional
and symmetrical about its centre line. Profilés of
similar shape but variablevdegree Qf intensity should be
éx;mined in order to estaﬁlish the minimﬁm - contour ratio
(depth/stidth) 'fequired for detection. The surface of the

panel should be\sgsfularly reflective and have no other
L.' . - } . . ‘\'.‘\. .
- ‘ 11 oo



contours than the one examined.
The material chosen for the analysis is 0.0508 mm

(0.020") thick type 403 Stainless Steel sheet with an XL-

buff finish, which gives a mirror-like appearance. The
concave contour was generated using.a contour generator,

shown in Figure 3-1. . A sheet panel was .placed over a plate
; ,
of aluminum with a long narrow trench cut into it. The ~ two

{

pPieces "were sealed together using a fillet of silicon
sealant around their interface’ J The opposite side of the
plate had a valve stem inserted so the air iq the trench may

be removed using a vacuum hand pump. The depé% of thé

concave contour in the sheet metal is controlled by the

vacuum. This hethod ‘of concave contour generation was
chosek\kfgiggg( . : ) '

i. The contour is continucus, symmetrical and, in the
central region of the trench, the profile is one-
dimensional.

ii. - The metal 1is very stiff, the surface easily

scratched, and in limited supply. More time and

material would be consumed generating profiles of

similar quality via ihelastic distortion of the
-metal. " - ‘

It 4is assumed that convex and concave contours .of equal

-

A
contour ratios will produce equal but opposite primary

signature intensity patterns.

<
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2

3.1.2.2

¢

% .
3.1.2.2.1

l¢

1In  order to.eliminate secondary signature

effects, parallax distortions and to‘gi:imize the width of
th§\ image segn in the panel, it is necessary to ' view the

- - )
surfac as close as possible to 1its normal, without

. \
reflecting the light source back to the vieﬁerk{\\

g

3.1.2.2.2 On-Axis. . ging =

l ,
The retroreflected image' of a surf;ge contour

will vary depending on the position of the viewé?~ andg the -

light source. ?. Figure 3-2b hows an unsym%gtrical
retroreflected image of a surface contour created when _ -the
light source is off-sét from the optical axis of camera
lens} shown™ in Figure J-2a. Unsymmetrical imaées' are
rgferred to as off-axis in this paper. Figure 3-2d shows a
i

symmetrical image of the symmetrical contour created when

+ the iight source is on the optical axis of the camera .lens,

shown in Figure 3-2¢. This symmetrical reflex reflected

image 1s referred to azs an on-axis image.

14



Figure 3-2 a) Off-axis positioning of. camera and light source
b) Off-axis retroreflécted image of panel

s

@

. . -

Figure 3-2 c¢) On-axis positioning of camera and light source
C d) On-axis retroreflected image &f panel

1 15
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y ,
3.1.2:3 °  System Variables/Divensional Analysis)
' {

"~

‘ Relatio?fhips between the surface contour and the
- grey ieve%s of_ﬁgtetroreflected image are best recognized
using non—diwfnsioﬁ;l variables. If a grey level Yaluer
I(x), 'at a location x, is normalized between the maximum
and minimum measured grey " levels, Inax and Imin
respectively, intenSf%y variations because of light source
intensities, camera aperture stops and viewing geometry are
eliminated. If the - height of the contour, W(x), at &
location, x, within a region of~a certai idth, Xmax, 1is .
normalized between the range of maximum éj;wminimum measured
contour heights, Wmax and d;in respectively; then only
relative changes in the shape of the contoup matter. Note

<\that Wmin is the maximum depth of the contour and that the

width of the region being inspected, Xmax, usually is
4

o

greater than the width of the contour, Xcontour. "
The normalized ¥ntensity, (N.I.), normalized contour
height, normalized distance and contour ratio are defined

respectively as: *

5

I(x) - Imin W(x) - Wmin x HWmin

» ¥ - L

Imax - Imin Wmax - Wmin Xmax Xcontour

3.1.2.4 Image Processing Programs

- The retroreflected image was analyzed using the
.image processing computer programs INT_MAIN and INTEGRAL.
These programs were designed to operate on an IBM AT with a

Matrox PIP11024 image processing board. This hardware

16



\

allows an image to be read from a file or. CCD camera.
Pixel intensities are converied to grey level values ranging
from 1 %o 256 and can be process&d using a set of software
commands which may be implemented in a FORTRAN or C written

program.

]

3.1.2.4.1 PROGRAM 1: INT MAIN

INT_MAIN evaluates @he retroreflected image of a

‘surfgce contour in the following manner:

L}

'j;j Obtain an image and select the region to analy;e

This prog;am allows th? user to ~analyze {fn image
directly from a CCD camera or a previously stored image file
on a floppy or hard disk. Once the image is lqaded, a
region 1s squared off and analyzed. l
ii. ﬁete;mine average grey level for each pixel along

x axis :

The central region of the concave contour -is one
dimensional, thus a region only one pixel high and Xmax wide
need be examined. - A more'ﬁypical value of the intensity at
location x is obtain?? by averagisig the grey levels of the
pixels perpendicular to the x axis for eéch point within the
boundaries set in the squared off region. INT_MAIN can

analyze 1-D contours oriented horizontally or vertically.

i1i. Write grey levels to a file ' -
After the averdge grey level for each pixel along.the X

axis |is evaiuated, the program will store either ‘the' grey

17

.



~levels directly or normalized. A FORTRAN listing for - this

progrém may be found in Appendix I.

-

3.1.2.4.2 PROGRAM 2: INTEGRAL

'
In order to compgre the normalized ntﬂ
derivative of the contour with the normalized iqtensity. the
Brey levels are integrated n times, normalized and compared

directly‘ to the normalized contour, i.e.,

- d? w(x) l n .
r— X I(x) =D wix) X S I(x) dx"
dx”™ n

. This approach was used because there were ‘more grey
level roints (approx. 350) than contour measurem?n%s (72
points), thus less error integrating the intensity ni times
than taking n derivatives of'the‘contour data. INTEGRAL
integra@es and normal;zes the grey levels in a fl;w in the

"following manner:

e

i. Read grey level values from a file
The normalized or actual average grey levels measured
and stored in a file by INT_MAIN are read. Normalized

values are successfully plotted for the user.

ii. Integrate.read in grey level values

The N grey levels are integrated by summing up
rectangles of area (grey levei—zero)*l}ﬁ. ‘The grey level
zero is required for proper integration, as shown in Figure
3-3a. Areas caiﬁﬁiated for grey levels lower thaﬁ zero are
negative and above, positive. _The value of zero 1is found

knowing the location where the integral 1is zero.

5
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For example, consider comparing the normalized slope of
a surface contour tq the grey levels of a retroreflected
-image. The normalized intensity will be —integrated once,
re~normali?ed and compared .with the normalized contour

.

profile, In order to integrate the iﬁtensity pattern,
INTEGRAL must know where the value of the integral is zero.
The user must enter a location, x, where the céntour is zero
(any non-zero contour value would require knowledge of the ~
unknown proportionality factor), shown in Fiéure 3-3b. In
experiment 1 the contour'height aféng the outer boundaries
of tﬁe region'being examin%g,&s considered zero. INTEGRAL
then uses an iterative aigorithm to determine tHe grey

level, zero, for which,

i

X

E [GREY LEVEL(i)-ZERO]*1/N =0

. i=1

iii. Store integrated values

When- zero 1is determined and the whole region 1is
integrated, the values may be stored in a file as 1is or
normalized. The wuser has the optioh of repeating the
integrat£on on the new values. A FdRTRAN’listing for this

program may be found in Appendix I. v
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3.1.3 Equipment

The following equipment was used in this experiment:

I.D. No.

Qry DESCRIPTION
1 IBM-AT w/ PIP 1024 image-processing board -
- and INT_MAIN and INTEGRAL software
1 solid étate caméra (RCA CCD TC 2811) ] 213229
1 coaxial T fitting . \ -
1 fiber optic light source 1 113037
{Cuda model 1-150) B
1 B&W T.V. monitor (Electrohome) 127071
1 ¢olgur T.V. monitor connected to the IBM-AT 119525 _
P (NEC multisync colour monitor)
1 moble cart {Mat-Han-Quip Ltd.) -
1 . magnetic base for holding fibre optic cable -
. .
1 20° 3-prong polarized extension cord. -
) 1 1.56" width contour generato} . -
1 U-tube manometer (Hg filled).w/ hand vacuum -
pump, plastic tubing w/ clamp L
1 1~-D.linear traverse w/ servo motor 33254
. 1 traverse power supply 33255
1 LVDT, 10 mV d.c. (S.E. Labs) .. -
1 LVDT power Supply -
~ 1 502A dual beam oscilloscope M.E.C173
\““—'-\ [} j : ’
. - 1 2°x4° retroreflective screen on wood panel -
 (3-M Scotchlite + 0.127 mm ¢ bead size)
1  fiber optic cable {Dolan-Jenner BLY-2724) -

(light source diameter 0.686 mm)

2



3.1.4/ Methaod
3.1.4.1 Intensity Measurements -
3.1.4.1.1 Setup of Equipment,

The arrangement of equipment used for_
intensity measurements is  shown schematically and
photograbhically in Figures 3-4 a&b, respectively. Note the
éﬁ and off axis positioning of the light source in Figure 3-
4a. This work was conducted January 1988 in réom 215 Essex

Hall, University of Windsor.

3.1.4.1.2 ‘Select Images of _Contour to
Analyze -

INT_MAIN was used to measure and record ‘the
grey levels for on and off-axis reflex reflection images.
The.images were recorded for a series of surface contours in

the central region of the sheet panel (so as to eliminate 2-
lD effects), starting with the least discernible image to the
ektremel} distorted. "Middle range contour réﬁios were
selécted by observing every time the image of .the flaw
appeared to. change detectably from the last noted image. 1In
this 'ménner, a reasonable collection of 1images for the
_entiée range of contour ratios was obtained. Note that the
qnits for vacuum is i% mm Hg fon all Qrofiles analyzed. On
and Off—axfs grey lével measurements were taken for each

contour ratio. t
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Figure 3-4a Schematic of experimental setup for grey level
- measurements of reflective panel

Figure 3-4b Photograph of actual setup'
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The retroreflected image for the 152.4 m wide central
regioh of the panel was analyzed. In 6rder té salact the
proper region o£ the image while = focused on the
retro. screen when using INT_MAIN, narrow black ﬁinstripping
was’ placed along this outside regiqn of ’‘the panel. The

retroreflected imaée of the pinstripping was seen in focus

and the boundaries of the region may be selected.

3.1.4.1.3 Intearate and Store Normalized
Yalues of Grey Levels

After ‘the images and normalized grey levels

are stored for the various contour ratios uéing INTWMAlg.

each of +the curves are_integrated twice wusing INTEGRAL.

Thié reqdiged knowing the location where the slopé. and

contour is zero on the surface of the panel. This data was

obtained from actual contour measurements using a LVDT,~

\ .
- 3.1.4.1.4 Analvze the Data Graphically

The normalized contour, intensity, 1st
integration and 2nd integration of the normalized intensity
vs. normalized distance were plotted for the contour _fatios
examined for on and off-axis images. Correlations between

the grey 1levels and the contour shapes were deduced by

inspecting these plots.
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3.1.4.2 Qqnmuz_ugasummnm

.

The arrangement of equipment used for contour
~—

measurements is shown schematically and photographically in

Figures 3-5 a&b, respectively. The travegﬁg which moved the

4

LVDT was supported above the panel by two adjustable stands.

P

The traverse support stands were set so the LVDT was tared
3

.at both ends of iﬁs travel. The LVDT was moved along the

surface of +the  panel usiné\ths motor, nof by manually

;
turning the shaft of the traverse. Contour measurements

\ .
were taken every 2 mm for the 152 mm region being analyzed

. * o
three times for each contour ratio and then averaged. The
displacem@nta of the LVﬁT was measured on . an oscilloscope.

Appendix II contains LVDT calibration data.

I
3.1.5 Qbservations o

o

3.1._5.1‘ Rafige of Measurements ‘ : ;_
¢ .

A -contour ratio of '0.00083 (Wmin=0.0315 mm,

Xcontour=A3831 mm) proguced the first optically detectable

image of thé)dent, while cont;ﬁr—satios higher than 0.0023

(Wmin=0,0862 mm) produced distorted retroreflective images
N

'because bent* light rays from each side of the contour,

started to cross paths with each other. These imaﬁes were

not analyzed, because the shadowgraph équations presented by
Dean [19] state that when bent light rays cross ®hch other,

the simple second order relations ip between the degree of

bending of a light ray and intenfity no longer applyf.

Profiles weré’analyzed for contour ratios of 0.00083 (1omﬁ \
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}Figure 3-5a Schematic of experimental setup for contour
measurements of reflective panel

~“Figure 3-5b Photograph of actual setup’
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W/X = 0.00217 (60mm Hg) W/X = 0.0026 (64mm Hg)

Ei§ure 3-6 On-axi$ retroreflected images of panel analyzed
for ‘experiment 1. (W/X=Wmin/Xcontour=contour ratio)
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b
He), 6.0011 (20pm Hg), 0.0018 (45mm Hg), 0.002 (54 mm Hg),
0.0022 (60mm Hg) and 0.0023 (64mm Hg). Xmax was 152 mm,
{(6") and 127 mm (5") for on and off-axis imaging
respectively. Figure 3—6‘shows thé on—a#is retroreflecteq
imagesl.of the panel for the cdntou; ratioqg examined. .The
region analyzed for off-axis inspection was not symhetriéal
about the centre of the contour because the image ;;ifted
25mm {(1") to” the right. The normasized .- intensity
measurements were noisy forqcontour ré%ios 9.00083 and
0.0011 Dbecause the changgs in intensity were very minor.f?
Striations were seen on the surface of the §heet metal from
i£s_formiﬁg which are ordimarily not detectable.

3.1.5.2 LYDT Contour Measurements

(S
1

Orienting.the traverse so thé‘LVDT would be nulied
at both ends of its travel was difficult to achieve. = Thexg R
was little difficulty moving the LVDT in 2 mm increments. l
- | . o
3.1.6 _ Results |
Figures‘ Si;i§§ to 3-12a&b are plots of normalizéd
intensity (N. I~ ; normalized list and’ 2nd integration of

.intenéity and normalized contour height (N.C.H) vs. distance

for on and off-axis retroreflected concave contour images.
.

3.1.6.1 Off-axis Results

Fi es 3-7b to 3-12b compdre the surface contour
to the f-axis retroreflected grey levels and its

integrals. The plots .indicafe that the shape of the
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. normallized off-axis images or its integrals are not
) proportional to the normalizedkpontour. height. This is
essentially attributed to a skewing of the grey levels +to

one side of the centreline 6f the contour.

. -

' - ‘
3.1.6.2 On-axis Results

c

The on axis plots, Figures 3-Ta to 3-12a show a
correlation between the shape of the normalized contour
height and the normalized intensity and the normalized 2nd
integral of thé normalized intensity. The plots of the 2nd
integral of +the normalized intensity and the normalized
contour helghts appear very similiar for a contour ratio of
0.00083. Tﬂ;,second integral of the ﬂormalized intensity

"curve takes on a shape different from the normalized
~ contour, though not changing in shape very much, for contour
ratios higher than 0.00083 (@ 10 mm Hg). The reflected
‘light on the retroscreen (when viewed over the back of the
panel) doé%n’t change signific§ptly either until conﬁpur
, ‘ratio§ exceed 0.00226 (64 mm Hgii This suggests that the
&\\\\Eﬁiationsﬁip between the retroreflected image and actual
shape .of a surface contour consists of +two components:
component 1 is the image seen‘directly on the retroscreen,
which 1is proportional to the second order of the contour,
and cémﬁonent 2, whiéh is the distortion occurring to +this

image when viewed via reflection from the panel surface.

* The latter component is proportional‘to.the.éurface contour.
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