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This paper describes a Stereo Machine Vision Sy$&WVS) for measuring three-dimensional displaceisien
at discrete points on the surface of an objecthAtUniversity of New South Wales (UNSW), the néadsuch

a system has been generated for measuring the-tipadlsplacements of elastic-plastic cracked congus
that are subjected to the mix-modes I, Il and dkding. Being a non-contacting optical system, SivVS
naturally lends itself to measuring in-plane and-aftplane displacement components, simultaneoaslihe
points of interest, when the specimen is subjetadrious degrees of mixed-mode loading.

The SMVS described in this paper measures threestiional displacement components at the desiradoi
on the object surface using the triangulation meittdm automatic calibration method has been deesldyased
on intrinsic and extrinsic parameters. To measheethree dimensional displacement components aloeig
crack flank of a cracked specimen under simultasdgauand out-of-plane (i.e., mixed modes I, Il dijl
loading using a universal testing machine, a paigrips have specially been designed; for whichahéhors
have been awarded a patent. The application cBM¥S to a typical cracked specimen, made of PMMas h
shown that the in-plane and out-of-plane displac#malong the crack flank can be measured withriaom &ess
than 11%.

1 Introduction

In recent years, the field of sensing and imagiag hecome increasingly important due to the denfand
accurate and reliable instrumentation for many irtgrd industrial, biomedical, material and mechahic
applications. Despite the plethora of measurindgirigpies available, optical techniques are ofteriepred in
many applications due to their non-contact forrmafasurement. This paper focuses on a three dinmahsio
displacement (deformation) measurement using a&&tstachine Vision System (SMVS). Such a system has
practical significance in many areas, including thack-tip opening displacement measurement ofrapeat
tension specimen under mixed-modes |, Il and Htture loading. In the literature, numerous aspeficthject
motion and displacement measurement using an o@ystem are analysed. In spite of this, practaad
affordable machine vision systems for three-dimamesi displacement measurement are scarce and tinatse
are commercially available are usually too costly.

This paper describes a SMVS that is designed torédgmatic and affordable. Section 2 describes thkings
of the SMVS. Section 3 details the applicationted system to measure crack-tip opening displace onafer
mixed modes I, Il and Il fractures. Section 4 disses the typical results. Finally, section 5 oadithe main
conclusions of the investigation.

2 Stereo Machine Vision System (SMVS)

Referring to Figure 1 an€hyba! NenaSiel sa iaden zdroj odkazoy.the stereo machine vision system
consists of two DMK 21AF04 cameras, two micro-posiérs, two macro-positioners, four cap screws as
locking systems, two identical zoom lenses andeafre card; which is the interface between the tameras
and the personal computer. The two cameras angpseh a calibrating platform in a stereo-arrangemehe
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two macro-positioners are in fact two sets of Imbkaarings that allow the cameras and micro-pasitie the
ability to slide in a Y-Z plane to approximate aued location.
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Figure 2 - Schematic Setup of Stereo Machine ViSigstem

The lenses that are used in the SMVS are NAVITARMEAFO0O lenses. These lenses offer a 6:1 zoomaatio
a 6X magnification power over a focal range of 118 o 108 mm.

In order to measure the anticipated displacemintsarious, discrete points, the surface of theméhium
subject is uniformly covered with white mat pai@ircular markers are then generated, using an Ackan
Video Extensometer Marker Pen manufactured by INSWRat the desired locations. Typically, the diagnet
of a black mark is 1 mm. The SMVS software locdlese black marks to use as a consistent refeping
These marks are illustrated in Figure 3. To furtfegfuce inconsistencies, the specimen surfaceifsronty
illuminated to reduce shadow and extreme backgraamirast. Six white lights (20W) and a panel o8 high
intensity red L.E.Ds surround the specimen. Thigviges a homogenous illumination over the surfate o
interest.

When the black, circular marks were applied toghecimen, they were placed in two rows of threeksan
either side of the notch. The marks on the fardafe are aligned approximately with the crack Tipe marks
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on the far right side are placed in close proxinidythe tip of the notch. To regulate the SMVS dhd
specimen, the first step was to calibrate the systeidentify the relative positions of the two aenais to each
other (extrinsic parameters), then to the specisgface (intrinsic parameters) and finally to thesipon of
marks on the specimen surface. The latter was malkative to a coordinate system attached to ppeeuleft
corner of the specimen (see Section 2.1 for dgtdildditionally, the calibration module uses objestognition
software to identify the black marks and their cesitas these are taken as references for subsequent
displacement measurements. Following the calibnadtage, each camera captures one image of themgpec
surface containing the six marks. This is perforrimed stereo fashion when the specimen is loadeddesired
level. The images are stored in an allocated filéhe computer hard disk for processing on lateasion. The
loads applied to the specimen are then incremebytexh appropriate magnitude. A second set of imafjéise
same specimen surface are captured by the canmedastared on the same file. After each pair of iezagre
captured, a selected mark from the left camera émsgnatched to its corresponding mark on the riginera
image. This process is coined a ‘correspondende. slystem software uses the well-known epipolahatefl]
to determine the positions of the black marks ahdaad level and therefore the displacements efntiarks
from one load level to the next.

crack tip

e

clip
o o gauge
notch

crack

Figure 4— Marks Positions on Specimen Surface

2.1 Calibration

Before the SMVS can be applied to the measurenfethtee dimensional displacements, it must be catiddl.
Calibration of the system consists of the followsigps. Firstly; the specimen is installed in thsikkd position
using the grips that connect it to the INSTRON ensal testing machine. The cameras and the ass&émble
positioners are constructed and images of the sgecsurface, including the marks, are captured.cEmeeras
positions are adjusted so that the marks are ajppately in the capturing frames, i.e., in the madif the
computer monitor. Secondly, the specimen is repldmea checkerboard (Figure 4) mounted on the nmacch
macro-positioners. This allows 6 degrees of motanthe checkerboard relative to the cameras. The
checkerboard consists of alternate black and wddtgares. The size of each square is 1 mm by 1 nam. T
manufacture the checkerboard, the black and wiateem is laser printed on high resolution papéispaper
is then glued on a glass plate, forming the chdxdand panel. The checkerboard is mounted and thtdieut
the three coordinate axes to give the cameras uamerspectives for the intrinsic calibration. Thisthen
translated along the three axes. At each positianftames of the checkerboard, one by the left caraed
another by the right camera, are taken. This tdtélpairs of frames and stored on the hard disR@f Then
these 16 pairs of frames are used to determinenthiesic parameters of the cameras such as fecath and
location of the centre of each frame, in terms igélg, effective pixel size, radial distortion cbeient of the
lenses, etc. See Section 2.1.1 below for detadslitionally, these frames are used to determinahbextrinsic
parameters that describes the spatial relatioristtiween the local or camera coordinate systgny) , defined

for each image plane of each camera, and the g(@mald) or pattern coordinate syst€K,Y ,Z) They are a

rotation matrix and translation vector [12]. In@®hining the extrinsic parameters additional pafrfames of
the checkerboard are taken and stored on the hakdwhile the checkerboard is returned to its owadi
position, i.e., the position where the specimerulthbe placed; see Section 1 for details. Finalguccessful
calibration is indicated by the software when thmges of the same points in a pair of frames ofsdmae
checkerboard position match. This is coined bystitware as the ‘correspondence’. The details dtiwhare
described in Section 2.1.1.

As explained in Section 2.1.1, the correspondencdute of the software is done after extractingittignsic
and the extrinsic parameters of the cameras. Ubkim@btained parameters and triangulation algorijmthe
three-dimensional coordination of the marks, amddfore their displacements, are easily calculated.
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2.1.1 Determination of Intrinsic and Extrinsic Parameters

Figure 5 shows the checkerboard mounted on theorpigsitioners so that it can be rotated and tréedlan
known amounts, accurately relative to the camenasng the calibration, where intrinsic and extrinsi
parameters are determined.
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Second rotation
and tilt unit
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(x,y,2) unit

Figure 5 — Checkerboard and micro-positioners asgem

The captured 16 pairs of frames referred to iniBe@.1 use the following algorithm, described éfierences
[4] and [5], to determine the intrinsic parameters:

Using the homography between the stored frames@fcheckerboard and the checkerboard plane, one may
write:

{m} HAI[RKHM} )

Where{m} =[x y] " represents a vector of coordinates of the corheach square in the checkerboard in terms
of the camera coordinate system, matrix [A] repnesé¢he intrinsic parameters, [R] is the rotatioatmx and
{t} is translation vector ([R] and {t} represent éhextrinsic parameters) and} =[X,Y,Z]" represents a

vector of coordinates of the corner of each squatbe checkerboard in terms of the global (woddpattern
coordinate system. Noting that the number of equatis more than the number of unknowns, equafipris(
solved by minimising the pertinent mean squaredrefrhis will determine: [A], [R], {t} and {M}.

2.1.2 Correspondence

If two images of the same point in space, takemfteo different points of view, the correspondepceblem
is to find a set of points in one image which canidientified as the same points in the second imiagthe
SMVS the correspondence problem is solved autoaibtiwith only the images of the checkerboard gmits.
This is solved by executing edge detection of theckerboard images (Figure 6), where edge detedion
applied independently on images taken from the deff the right camera, thus matching the correspgnd
images. In order to calculate the 3-D position lgfeats, the cameras must capture correspondindgspaitnich



E-Leader Singapore 2010

represent the same object. Without this, problerise @ue to the variation in the angles with which cameras
take images of the object.

A pair of
corresponding
points

[

Figure 6 — Correspondence of two images of checketbtaken b left and right cameras

3 Application
3.1 Test Rig & Test Procedure

To apply mixed-mode I/1l/11l loading, the authorave used an apparatus the set-up of which is depiat
Figure 7 and 8. The experimental apparatus coneist universal testing (INSTRON Digital 8504 Servo
Hydraulic) machine; two novel designed and manufact grips, the pre-cracked specimen, a data atiquois
system, a PC and SMVS. Using the upper load shaftaanut (see Figure 8), the upper grip conneds th
specimen to a 10 KN load cell whose function isnteasure the load applied to the specimen. The Igwpr
connects the specimen to the base of the INSTROWsal testing machine via the lower load shaft amut.
The analogue output signal of the load cell (theliad load) is digitized by the data acquisitiorstgyn and fed
into a personal computer (PC) for analysis. Hayingrcracked the specimen by fatigue process,ptiled to
fracture and the load and three-dimensional digpfents at the tip of the crack are measured aratded
incrementally using this experimental set-up. Foradditional accuracy check, the mode | componénhe
crack-tip opening displacement (the displacementpmment in the x-direction) is measured by a cipge and
mode IlIl component of the displacement (the diggaent in the z-direction) is measured by a paitinéar
Variable Displacement Transducers (LVDT). Note ttheg mode Il component of the displacement caneot b
measured easily without using the SMVS. In genehe,INSTRON Digital 8504 machine is only capable o
applying two co-linear forces to a specimen. Inghesent set-up, the innovative design of the galfmswvs the
force to be applied to the crack-tip region in @as in-plane and out-of-plane directions simultarsbg
generating the desired mixed-mode I/11/11l loading.

! Data
Load Cell .
Acquisition
Upper Grip
Specimen
l PC
Lower Grip
I
SMVS

Figure 7 - Schematic set up of apparatus
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Figure 8 — Experimental set up

Figure 9 - Grips and specimen assembly when ineptargle =45 and out-of-plane angle=15 (mixed Mode
1/,

3.2 Results & Discussion

As mentioned above, the load applied incrementallthe pre-cracked PMMA specimens, at a step oKO1

up to the fracture point with displacements in theee-directions were measured at each load steg tise
SMVS. For comparison and to gauge the accuracheflisplacement measurement by SMVS, as mentioned
above, the displacements in the x and z-directieer® also measured by LVDTs and a clip gauge réispéc
Figures 10 to 12 show the variation of the appl@atl with various displacement components. Thegperdis
show that the displacements measured by SMVS agtianeal sensors are close with maximum differeirtes
the displacement in the x-direction was 10.35%{FédL0) and in z-direction 0.1% (Figure 12).

Noting that PMMA is a brittle material, it was expped that the variation of load versus displacentere
linear. Referring to Figures 10 to 12, it seemg tha data could approximately be represented gethines.
Where these lines intersect, i.e., at the load@KN (point A), the fracture was initiated butias stable, i.e.,
if the load kept constant or reduced then the direcprocess would not be continued and the speciaoernid
remain as one piece. But because the load wasasenieat the load of 0.15KN (point B), an unstatdettire is
initiated until the final fracture occurring at 6N (point C) where the specimen broke into twocp® Noting
this behaviour, three critical crack-tip openingpdacements may be identified, i.e., 0.0100 mmeindd at
point A (0.05KN), 0.1700 mm is defined at point @ 5KN) and 0.2400 mm is defined at point C (0.33KN
where the final fracture occurred, see, Figure1I? and Table 1.
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Using the fracture toughness of PMMA for mode IK,((:1.05MPa\/Tn) and mode |l

(K,c =1.02 MPa\/Tn)measured by Knott and Bhattacharjee [15], and té&ansad,. =k—;l‘/)2(—°pK,C

(2) and (3) derived by Ma et al [16], the critiegdstic crack-tip opening displacements for modesd) and I
( ,c) are calculated and compared with those measwye&MY/S (see point A in Figures 10 and 11) in Table

1.
k+1 [x,
dIC =? 2—pK|C ee (2)
+1 /X,
e 2_K||c - (3)
where:

Icr oNc e are the elastic critical crack-tip opening displ@ents at point A (Figures 10 to 12) for mode |
(x-direction), mode Il (y-direction) and mode I#-@irection);

E = 2000 MPa is the modulus of elasticity obtaifredn uniaxial tensile test;

:(3- ):2
a+)

for plane stress condition with=0.33 is the Poisson’s ratio;

X, =23.06 mm is the distance from the crack-tip todéetre of mark closest to the edge of the specimen

E
201+ )

=939.88 MPa is the shear modulus.

Note that to the authors’ knowledge there is nataecritical crack-tip opening displacements fooda Il in
literature. Referring to table 1, the 56% and 61i¥teEnces between the measured elastic criticathctip
opening displacements and those from literaturgpary due to approximations in equations (2) é3)d

Table 1 —Critical elastic crack-tip opening disgaments for various modes

Displacement Measured by SMVS (mm) Literature (mm) | Deference (%)
c 0.0100 0.0064 56
ic 0.0100 0.0062 61
e 0.1700 Not available -
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Figure 10 - Load versus displacement in x-directamm mm thick PMMA specimen when the load is &gl
along the direction defined by=45 and =15 -Mode | component; see also Figure 9.
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Figure 11- Load versus displacement in y-direcfa@mm mm thick PMMA specimen when the load is apgli
along the direction with=45 and =15 (1.74mm is taken as origin)- Mode Il componesete also Figure 9.
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Figure 12 - Load versus displacement in z-directadrd mm thick PMMA specimen when the load is bl
along the direction with=45 and =15 - Mode IIl component; see also Figure 9.

Conclusion

A Stereo Machine Vision System (SMVS) has been rilees¢t that allows three-dimensional displacement
measurement in a non-contact manner. SMVS inclatieautomatic and pragmatic calibration algorithrd an
procedure that is used to determine intrinsic attidresic parameters of the cameras.

The developed SMVS has then been applied to stiadtyure of the plate specimens containing an edaekc
made of PMMA under complex mixed modes |, Il andldiading. In order to apply the required complex
loading using an universal testing machine suchthasINSTRON Digital 8504 Servo Hydraulic Machine
innovating pair of grips have been designed, mantufad and used to conduct the mixed modes I/fivéitture
testing.

The results show that the critical crack-tip opgnitisplacement at the fracture load in the in-plané out-of-
plane directions can be measured with errors ieronfl 11%.
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