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O n c  o f  t h e  expcrimen t al strain an alysis meth ods i s  t h e  m oiré m c t llOd .  
U s  a u t om ation using m e t h ods of processing of  digital im age of in t erferen ce pattcrn s 

is presen ted in th is pap cr. 

1 Intro duction 

Thc phenomenon of moiré fri nges forming was fi rst describcd uy Lord Rayleigh i n  1 R71 . Th ,>n 
scien t i s ts  dealt cxtcnsi vely with thc d istr iuu tion o l l ight i n  figu res forrned by th"  su perposcd 
bars. F inally, thc crcat ion of rnoiré fringe pattcms by parallcl l i ne  grat i ngs and thcir appl i ·  

cat ion to thc  measuremcnt of the  relat ive displacelllent  of grat ings wa, t real<>d . 

Figure 1 :  Exarnple of rnoiré pat tem 

Moiré fringes can bc produced by using two sl it·and· bar grat ings .  I f  two grat ings of 

approx . equal frequency are su perposed , sharp moiré fringcs wi l l  be  ohserved ( sec Fig. 1 ) . 

The behaviour of two supcrposed gratings providcs highly sensitive rneans of rneasuring 

l inear and angular d i sp lacerncnts ar expansion of grat ings .  Thcrcfore,  t he  pheno lt lcnon of  

forrnat ion of moiré fri nges from i r rcgularities of specimen grat i ng  d"" to i t s  dcformat ion i s  
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cxtensively used in a variety of ways for the measurement of displacement in plane stress and 
plane strain problems [The069] . 

2 P rinciple of Exp erimental Moiré Method 

Moiré fringes are t h e  loci of equal relative displacem en t 
in t h e  prin cipal directions of t h e  gratings. 

Kecping th i s  fundamental in mind let us consider the plane problem being solved by the 
use the moiré method in thc Cartesian coordinate system . On the basis of the mechanical 
interference of the non-deformed reference grating ( RG )  and the dcformed specimen grating 
( S G )  we obtain thc array of moiré fringcs . Recall that thc medial axis of fringes l are the 
geometrical points of the  equal relat ive displacement component perpcnd icu lar to the reference 
grat ing .  Values of displaccment at points of two neighbollring medial axes differ just by the 
pitch p of the reference grating. 

Y 

x 

Figurc 2: Displaccment componcnts 

A n  arbitrary point A [X A ,  YA ] on the spccimen surfar� is movcd to i ts  ncw posi t ion , because 
of deform ation . This movcmcnt is expressed by the displacement ú = u-;' + u-;' , where u-;' and 
lL; are componcnts of the displaccment (see Fig. 2 ) .  The dircctions of displacement compo
nents are determined by the reference grating orientation and the absolutc values of displace
ment components which are thc functions of independent variables x and Y, so Ilx = ux ( x ,  y )  
and uy = uy( x ,  y)  can b e  imagined a s  three-dimcnsional surfaces ovcr t h c  observed region . 
Then the  medial axes of moiré fringes Ux = uy = kp are thc  con tonr l ines or these SUf
faccs and the moiré patterns arc the contour maps of the ru nctions Ux and uy . The parameter 
k = O,  1 , 2 , . . .  , n i s  the order or fringc and i t  characterizes each fringc. The order k = O can be 
given to any fringe s ince we consider only the rclative displacement ( i .e .  for thc computation 
of thc st rain wc use only the partial d ifferentiates of displaccment components) .  

Let u s  assume the  casc when the reference grating is pcrpcndicn lar to the  x-axis of thc 
coordinate system . Thcn from Fig. 3 it is clearly seen how to obtain the  displacement curves 
ux( x , YA ) and Ux(XA , y ) .  Normal stmin and the component of shear stmin in  t.he considered 
point A [XA , YA ] are representcd by slopes of appropriate displacemcnt curves.  It could be 
mathematically expressed as : 

and "Iyy = tan {ty ( 1 )  

I t h c  cu rvcs t h at approximatc t h e  cCllt rcs of bright a r  d ar k  fri n gcs 
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Figure 3 :  Displacement curves and strain components 

ln the second case, when the second image of moiré pattern is used and where refer
ence grating is perpendicular to the y-axis of the coordinate system, we analogically obtain 
uy (x ,  YA ) and Uy (XA ' y ) displacement curves . From these curves values of Ey and '"Ixx are 
determined . So, a different iation of four displacement curves yields the four  components of 
strain Ex , '"Iyy , Ey and '"Ixx from which the norma! and shear Cartesian strain components are 
evaluated . The shear strain component '"Ixy is  found by the algebraic addition of the terms 

"fxx and '"Iyy . The discussion above leads to the fact that we are able to get all the required 
values graph ically or analyt ically by the interpolation of displacement curves and then their 
deriving. 

3 Automat ion of Moiré Method 

The original procedure of the determination of strain and then the  com putation of stress 
at desired points of the observed region of the specimen , using the images of moiré fringes , 
consists of several steps: taking a snap of the moiré pattern produced by superposing or 
SC with RC , developing the film (including the enlarging the image) ,  and finally the boring 
and time-consuming manual graphical or numerical determination or all ncccssary partial 
differentiates of displacement components at all required points .  

Moreover, the strain analysis requires the precise recording of the medial axis of cach moiré 
fringe. This i s  not an easy task because the edges of moiré fringes are not clearly defined . 
Therefore th is  procedure is extremely laborious and reduces the precision of obtained results .  
ln addition we must consider the human factor of making mistakes . 

The automation of moiré analysis has been developed to avoid all disadvantages of manual 
processing. The automation includes the automatic scanning of the moiré pattern image, 
image data saving and finally the processing of these data. This way lcads to more accurate 
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analysis and it speeds of the whole procedure up .  This report describes2 only the fi n al part of 
the  above mentioned chain of thc automation - i .e .  the image data processing ( i ncluding 
the image enhancement and th inning of moiré fringes) and then the strain determination 
and the stress computation.  I t  means the first part of automatized process that has to 
be done before images of moiré fringes are stored in  the computer external memory is not 
considered here; the starting point is a number of computer files concerning all thc data 
required for the plane s train problem solving. 

3 . 1  Possibi l ity of Further Automation 
My work considers only the case when TV camera d irectly records the images of moiré 
patterns. But  there is another way based on the recording of deformed specimen grating 
only; the image of reference grating of appropriate pitch is generated and then the moiré 
pattern i s  formed from generated and scanned grati ngs by the computer .  

But  when considering the  Shannon 's theorem, we find that for snapping the specimen 
grat ing with a small p i tch we should havc a TV camera with, in present days,  impossib!e 
dist inguish ing  capabi1i ty. 

4 Moiré Patt ern Processing 

I n  the preprocessing of images of moiré pattern s ,  thc goa! is to accentuate the moiré fringes to 
be dearly separable from the gray background of the image. Somet imes an addit ional manua! 
image editing has to be done. Thcn the bin arization and scgm en tation3 of moiré fringes is 
performed . The fi n a! and thc  most expensive proccdurc is thc thinn ing4 of scparated moiré 
fringes - a modification of the Stover-Iverson algorithm [Stov86] is i rn plernented . A set of 
eight masks (see Fig.  4) with two appendices is uscd for t h i nning.  A tr imming5 phase with 
a set of convent ional trimming masks has to follow . 

( a) (b )  

( f) (g) 

Figure 4 :  Moiré Fringcs Th inn ing  Masks (x's are don 't cares)  

2 a n d  the software package i m plements 
3 separation 
4 known also as skeletonization 
5 prunning  
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5 Main Algorit hm 

1 .  Image processing 
- for both images, (or x- an d y-diree tioll , of moiré patterns do 

( a) image preprocessing 
- in cJ uding filtering, thresholding, equalizat ion , editing, etc. 

(b) dcterminat ion of medial axis of all moiré fringes 
- fringes finding (b inarization and segmentation ) 
- fringes thinning (skeletonization ) 

2. Strain components determination at t h e  poin t A[XA ,  YA] 

To obtain éx strain component use x-direction image of centre lines and m ake a cut going 
tbrougb point A and parallel witb x-axis (y = YA ) and tben construct tbe displacemen t 
curve ux ( x ,  YA ) :  

( a )  determine U x  values a t  intercepts B i  o f  t b e  cut Y = YA with center lines 

( b )  obtained values interpolate by cu bic polynom 

( c )  determine normal strain component éx = oUx/ox = ó.ux/ ó.x = tan ax 

Repeat this procedure for the cut  going th rough point A parallel with y-axis (x  = XA)  
to obtain the displacement curve Ux(XA , y) .  Then determine the '"fyy component of  shear 
s train '"fxy .  '"fyy = oUx/oy = ó.ux/ó.y = tan ay 

Both preceding steps repeat for y·direction image of centre l ines . Obtain uy (x , YA ) and 
Uy (XA , y) displacement curves and determine éy and '"fxx . 

Generally we can write: 

se = f( i + ó. ) - f( i )  
Ó. 

w here se means strain component ,  
represents point A ,  

Ó. is in crement and 

f( x )  is value displacement curve. 

3 .  Stress components computation 

(2)  

All formulae necessary for the evaluation of  stress components from determined strain 
components and addit ional general data such as stress-strai n  diagram can be found in 
[Plan95] .  

6 Evaluat ion of Moiré Method 

One of tbe m ain advantages of moiré method is that it is able to determine d irectly strain 
d istr ibut ions from purely geometrie relationship derived from tbe interference of the speci
men and reference gratings without depending on additional measurements of intermediate 
pbysical properties of the material .  

Another advantage o f  t h e  moiré techniques, which mu st n o t  be underest imated , i s  thc 
flexibi l i ty of the metbods to determine changes in  st rain from small elastic deformations to 
very large plast ic deformations with the same means and witb almost tbe same accuracy. 

And  all moiré techniques are simple and easy to apply. Except tbe general data only tu/o 
images of moiré patterns after each loading step are sufficient for a com plete and accurate 
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eval u at ion of st rain distr ibut ion over the considered fiel d .  This s ufficiency or two images is 

i n dependent  to  the state of st ress and strain in  which the specimen is  subjected . 

B u t  sometimes we need to use the  sensit iv ity in creasing tech n i ques of the moiré method , 

such as m i s h m ash methods and fri nge sh ift ing methods to obtain a sufficient number of fringes . 

7 Conclusion 

The i m age processing technique h as opened the  new poss ib i l i ty of the  all tomation of t h e  moiré 

s t rai n analysis and the  stress determination both i n  elast ic  an d elast i c-plast ic  states. The 

co m p u te r  c1i m i n ates t h e  human i n accu racy and allows the sol u t ion of the  full  field problem s .  

H e n ce more precise reslllts are obtained and t h e  whole proeedllre i s  notably accelerated . 
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