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Abstract. Digital Image Correlation (DIC) is a popular optitethnique which allows
the measurement of displacement and strain fieldsam object surface showing a
random speckle pattern. To use its extension tocdBes (called Digital Volume
Correlation, DVC), it is often necessary to inclygiaticles in the material in order to
have a sufficient contrast. However, as theseglestiare more rigid than the material, it
is not sure that the correlation technique is abl®llow exactly strains on the speckle
pattern made of powder. As the digital recordingcpss by CCD camera and
correlation algorithms are the same between 2D 2iddcases, this study is then
conducted in 2D cases in order to show the inflaeotthe powder in the speckle
pattern on the evaluation of displacement by DI&dthto the choice of the type of
interpolation, of CCD cameras and lighting. In displaent tests, only the recording
setup seems to have a strong influence on the amcwf measurements. For strain
experiments, powder has an effect on strain meamnts over 10%.

1 Introduction

In experimental solid mechanics, bulk measuremechrtiiques are developed thanks to the
improvements on investigation devices. The extensioDigital Image Correlation (DIC) to three-
dimensional cases, called Digital Volume Correlat{®VC), is one of these bulk measurement
techniques. DVC is based on the same development®I&@ (for minimisation procedures,
(interpolations, material transformation...), whicleans that DVC encounter the same kind of
difficulties as DIC to quantify measurement errd?sevious studies allowed the evaluation of DVC
from experimental displacements and strains [1FBfir results gave same tendencies as the one
obtained in 2D with DIC, like the well-known sinudal evolution or the error amplitudes.

To perform correlation techniques, it is necesdargreate a contrast from a speckle pattern,
which is most of the time synthetic [4,5], and stimes manufactured [6-9]. For 3D studies,
particles are included in the material to creat8Dadistribution of grey levels according to the
method used to generate volume image. Particles gemerally a higher rigidity than the one of the
material. In the mechanical point of view, othends¢s showed that with the small amount of
particles included in the material, mechanical gmat$ involved by them remain localised to particle
scale and does not have an influence on the gld@viour of the material [10]. Besides, we do not
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know whether correlation technique is able to fellexactly displacements and strains on a speckle
pattern made of a deformable material and rigidigles.

Also in 2D, there are several ways to make spepkiterns (paint, powder,...). So, the same
guestion can be studied: in the case of powderk$pgatterns, this is not sure that correlatioregiv
exactly the same results as in cases of defornsplelekle with painted patterns.

In this work, we study the influence of each typle speckle on displacement and strain
measurements linked to correlation algorithm patarselike interpolation types. To simplify the
study, experiments are conducted in 2D and to ktt@vcontribution of the sensor non-synthetic
speckle patterns are used.

2 Experimental procedure

2.1 Digital Image Correlation

To perform DIC, two digital images need to be relear. Each image represents a mechanical state:
a reference and a deformed one. These images mosed of several pixels, each one containing a
grey level value linked to the random pattern at shrface of the material, called speckle pattern.
Subsets containing pixels are defined in the refsxdmage, containing a large variation of grey
levels. In each image, subsets are located by ¢beidinates.

To calculate the local displacements at the surfdi¢be material, DIC matches subsets between
both images by recognition of the grey level disttion.

A correlation coefficient is defined in the DIC pess to quantify the degree of similarity of the
grey level distribution between the subsets intét@images. This coefficient depends on a material
transformationpwhich links the coordinates of the reference staie the one of the deformed state
(respectivelyX andx) by the formulationx= ¢ (X). For a subseb centred on the poirX, in the
reference state, the material transformation is@pmated by its Taylor expansion at the first arde
corresponding to a rigid body motion combined withomogenous gradient:

¢(X)—X+U(X)~X+U(Xo)+ (Xo) (X = X,) @

The displacement(X,) of the subset centre gives the components ofighe body translation.
The local displacement gradient contains the rlgpdy rotation and the local deformation of the
subset.

To have the best approximation, the chosen parasnate those which minimize the correlation
coefficient. The chosen formula for the correlatfantor is a nhormalised one which is insensitive to
small contrast and brightness fluctuations:

3 o ()~ T).(0(@) - 0,)
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wheref andg correspond to the grey levels for the referenaktha deformed statef, andgp are
the averages of grey levels Bnandg@ (D). A good match between the subsets in both imesgéen
obtained for a correlation coefficient close to O.

In this study, the minimisation elected is thetfiysadient one for strain measurements, and the
least square minimisation for the displacemenstest

To be able to reach a subpixel accuracy, it is sgany to estimate grey level values between
each pixels, which is performed in DIC techniquenisan of an interpolation function. In this work,
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two interpolations are compared to assess onitifeience on the accuracy of the DIC: bilinear and
bicubic interpolations.

2.2 Displacement and strain experiments

To perform this study, speckle patterns were cteate the surface of a transparent silicone
specimen. It was manufactured in-situ and has @#oseaf 6x10 mmz2.

To conduct experiments, straight lights on the spen surface were avoided. Indeed, shadow
phenomenon appears on speckle patterns made ofepawith straight lights oriented directly it,
which would have generated variations on grey e\l the surface of the specimen between
reference and deformed images. Then, only diffligtds were used for these experiments.

Three different kinds of speckle patterns were rfestured on the specimen: black paint, white
paint, and spread of 1pfh calibrated polyamide particles (Figure 1).

() (b) (c)
Fig. 1. Black paint (a), white paint (b), and spread powdgspeckle patterns

With these speckle patterns, both displacemensaath experiments were conducted.

For the displacement tests, the grey level distidinuinked to the type of CCD camera, as well
as the interpolation type, were tackled to seerthdluence on the accuracy of displacement
measurement. Displacements were imposed by a riremnstation stage guided by computer so as to
perform 1@m increments. For these experiments, three diffe@®D cameras were used: 8-bits,
10-bits and 12-bits cameras. In order to be conthat the cameras were placed so as to have a
0.10 mm/pixels in-plane scale factor. 20 imagesewsrcorded for each camera to have a total
displacement of 2 pixels for each experiment. Ftbase images, DIC was performed to obtain the
experimental displacements to be plotted versusntpesed ones. A large part of the specimen was
considered in the calculus area in order to bermat. Correlation subsets of 32x32 pixels? with a
32 pixels interval were chosen to perform DIC ckltan.

For strain tests, a mechanical tension machine wittbile jaws was used. Each jaw had a
displacement speed of 0.5 mm/min along the x-a&bastest the different speckle patterns, only the
10-bits CCD camera was used during these experiménivas arranged so as to have an in-plane
scale factor of 0.06mm/pixels. Strains were imposgdto 55% for each experiment with an
acquisition speed of one image every five secofds. these strain tests, bilinear and bicubic
interpolation were used in the DIC process on autas area which takes into account almost the
whole surface of the specimen as for the displacén®sts. Correlation subsets of 16x16 pixels?2
with a 16 pixels interval were elected.

2.3 Displacement and strain measurement accuracy

For displacements tests, as displacements are adsiontemain homogenous on the whole surface
of the specimen, gaps between imposed and meadisgdcements are calculated for each subset
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centre. The average gap is then calculated so@st&in the systematic error, as well as the stahda
deviationg, of the gaps to calculate the uncertainty=2c, for a level of confidence of 95%. This
process is performed for each imposed displacemearider to take into account the errors relative
to all subpixel displacements.

For strain experiments, the mark tracking technidug has been performed exactly in the same
conditions as for the speckle patterns used by DlI@& obtained strains with the mark tracking
technique are assumed to be the imposed one awdrapared to the ones obtained with DIC.

3 Displacement results

As the displacement results of painted and powgdeclde patterns were equivalent, only the results
obtained for the powder are presented here tohgeimfiuence of the other parameters.

Figure 2 shows the results obtained for a spec#ge: 10-bits camera with a bilinear interpolation.
Differences between measured and imposed displatdenage plotted in Figure 2.a on a 2 pixels
imposed displacement. The well-known sinusoidallgian of the systematic error can be seen in
this figure [3,5,12]. In Figure 2.b, the evolutiohthe standard deviation is plotted accordinght t
imposed displacement, which shows that the minimofideviation are for the integer pixel
displacements.
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Fig. 2. Displacement error (average and uncertainty) assest according to the loading direction for theeca
of bilinear interpolation applied on images recaraéth the 10-bits camera

All the CCD cameras and types of interpolation presly cited were tested. As they present the
same type of behaviour as the case presented urefig, only the plots for this specific case is
presented in this paper and the obtained resulisafth case are presented in table 1.

From this table, it can be assumed that the typatefpolation does not have a strong influence
on the measurement uncertainty compared to thereansed. Indeed, it can be seen through these
results that the 8-bits camera gives results In@dilarger than the one obtained with the 10-bits
camera. Nevertheless, the 10-bits camera givestatter results than the 12-bits one for all the
studied cases. In first approach, the accuracyldhbe equal to the inverse of the grey level
dynamic, which means that the 12-bits camera shiwaNg given better results than the 10-bits ones.

Table 1. Maximal uncertainties obtained for the 6 studiases

Camera (bits) Uncertainty (pixel)

Bilinear 8 S01s

. [ 10 0.019

interpolation 12 0.027

— ) 0.032
Bicubic

. . 10 0.020

interpolation 12 0.025
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To understand this unexpected result, noise queatidin has been performed. For each camera,
30 images were recorded successively for 10-bidsl@abits cameras. Their grey level variations at
the centre of images were then measured and plottdéidure 3 for a specific grey level value
corresponding to the average of the previous emparis. On this figure, the 12-bits camera seems
to be noisier than the 10-bits one. In the noisantjfication experiment, the standard deviation of
the grey level variation of the 10-bits cameragtreated at 0.757, whereas the 12-bits camera has
1.545. These results can explain the better uningrtior displacement measurements obtained with
the 10-bits camera compared to the one obtaineld thvé 12-bits one. As the noise of this latter
seems to be have a strong influence on accuradghwlorroborates results of previous studies [13]
where the quantification of the noise is linkedHe evaluation of accuracy.
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Fig. 3. Grey level variation on a spot of images recond@t 10-bits and 12-bits cameras

4 Strain results

Figure 4 shows results obtained for different speplatterns on strain measurements.

Through this figure, the type of speckle patteras lobviously a strong influence on strain
measurements in the loading direction. Painted ldpegatterns give similar results as the one
obtained by the mark tracking technique, whereas $ipeckle patterns made of powder
underestimate strain values. Contrary to the pgbatiticles remain rigid during the whole
experiment, which means that the grey level distidn is not uniformly deformed. The material
transformation described in equation (1) used im DUC process can not estimate this non-
homogeneous transformation of the grey level distion.

Painted speckle patterns show also differences thighmark tracking technique but only over
50% strain. These results, slightly different, dmnexplained by the occurrence of cracks on the
speckle patterns.

For strains lower than 10% (figure 5), the typespéckle patterns does not have influence on strains
measurements as results are similar between atettted speckle patterns. For these strain values,
the grey level distribution can be assumed to hav@mogeneous transformation even with the
powder speckle patterns. The material transformagimown in equation (1) is then best suited for
this range of deformation whatever the specklespatt
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Fig. 4. Influence of the speckle pattern on strain measants
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Fig. 5. Influence of the speckle pattern on strain measangs for strains <10%

5 Conclusion

In this paper, several parameters have been téstede their influence on the DIC measurement
accuracy for both displacement and strain tests.

In these displacement tests, the choice of thepatation procedure and the type of speckle
pattern do not have a significant influence ondbeuracy compared to the choice of the camera.
Indeed, the 8-bits camera gives accuracy 1.6 tinigiser than the one obtained with the 10-bits
camera. Nevertheless, this tendency could not biecebetween 10-bits and 12-bits cameras as the
12-bits camera was revealed to be noisier tharl@eits one, which highlights the strong influence
of the noise on the measurement accuracy.
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In strain tests, the type of speckle pattern hstsamg influence on the large strain measurements.
Indeed, speckle patterns made of powder underdstitha strain measurement on large strains. As
the grey level distribution is not uniformly defoedy the material transformation used in our DIC
can not give a good approximation for large stragasurement on powder speckle patterns. On the
contrary, this material transformation seems tgpédectly suited for large strain measurements up
to 50% of strain for painted speckle patterns (de&ble speckle). For strains lower than 10%, the
type of speckle patterns does not have an influencgrain measurements.
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