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Abstract: ™ Data captation " _—
While Computer Tomography (CT) has since long beer! | (1) Sty
used for mediI(D:aI applicat!?ong gn(d n)1aterial inspect%ts ” 4 ' \(2:
application field has recently been broadened wude
dimensional metrology in industry. However, the wecy
of CT-based measurements remains yet largely wioert
Not only are the measurements influenced by a nurobe
factors and parameters like e.g. workpiece oriemat
magnification, edge detection... but also the catibra R—
method matters greatly. This paper investigates th e Edgedetection
influence of these factors and parameters andaflieration (a)and (5) L
—

method (rescaling and correction) on accuracy anc
repeatability of the measurements, using a testobhbyith
parallel grooves. The test object is also usedlltstiate

how more accurate CMM measurements can be used to
calibrate CT measurements and to compare different i o .
calibration and compensation strategies. Subsequently, a filtered back projection algoritisnused

to reconstruct the 2D images into a 3D grayscaleeio
Keywords. X-ray Computer Tomography, Measurementmodel (2) [1]. Within this model, an edge detectistep
accuracy, Calibration. needs to be performed (3). It implies a segmentatio
between background voxels and material voxels dteioto
1. INTRODUCTION define the surface of the workpiece. To this puepos
i _ threshold grey value is chosen as the edge between
1.1 Computer Tomography for dimensional metrology background and material. A commonly chosen thresfal
Computer Tomography (CT) makes use of themono-material objects is the 1SO50% value, reprisgn
attenuation of X-rays penetrating a material tostrct a  the average between the peaks for background ligpels)
3D model of an object. The technology is commomigleed  and material (dark voxels) on the histogram of aikel
for medical applications and material inspectiomeDo its  model grey values (Fig. 2). Advanced edge detection
capabilities to provide geometric information ohém and  zigorithms are available to vary threshold valuzsally in
hidden structures of e.g. rapid manufactured oerabted  rder to reduce the influence of noise and CT actsfsuch
parts, CT has also gained interest recently inat&a of .5 peam hardening [1]. The edge detection stemgijro

dimensional metrology. However, the accuracy of@Bed  ihfences the accuracy of the dimensional measemnésn
measurements remains yet largely uncertain. Noy arg

the measurements influenced by a number of fadarcs
parameters such as workpiece orientation, magtidicand
edge detection... but also the calibration methodterst
greatly.

Fig. 1: Overview of the measurement procedure

[ISO50%
material

1.2 The basic measurement procedure

Figure 1 depicts the subsequent steps of a CT-based
dimensional measurement procedure. The first step
comprises the data acquisition (1). 2D X-ray images
taken in typically some hundreds or even thousaofds
different object orientations.

background

Fig. 2: Histogram of grey values (VGmax)
Dimensional measurements are possible when the
resolution of the voxel model is known and tracealilhis
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requires a calibration step (4) [2, 3]. The redohutis
primarily influenced by the position of the workpee
between the X-ray source and the detector. Theecltte
object is to the X-ray source, the larger the nifagation of
the object on the X-ray images, hence the smdilenbxel
size and the better the resolution. The calibratan be

performed using the position of the workpiece ire th Magnification

machine to determine the magnification level; thss

however little accurate. Another calibration stggtenakes
use of calibrated reference objects, such as @hallcalotte
plate, or step cylinder, which is measured togetkign or

just before the actual measurement object [2].il thption

is to perform a number of e.g. tactle CMM measieats

on the external surfaces of the measurement objétth

are subsequently used as reference measures for
calibration step. The latter calibration strategjysed in this
paper. Finally, dimensional measurements can Henpesd

on the calibrated 3D voxel model (5).

2. MATERIALSAND METHODS

2.1 Test object

The geometry of the proposed test object is shawn
Fig. 3. It is a prismatic aluminum part (45x45x45)mwith
through grooves in the shape of a “cactus”. In zbnthe
object has ten parallel surfaces (numbered 1 to@yally
separated by 5 mm. The features measured on thebjest
are the horizontal distances between those surfaegs
distance 1-5, measured in zones C or D.
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Fig. 3: Front view (a) and 3D model (b) of the telsiect

2.2 CT-Machine settings
The reconstruction is done with the software CTphe,

data analysis using VG Studio Max. The CT devices
parameters a2

specifications and the measurement
summarized in Tables 1 and 2. The repeatabilitythef
distance measurement step on the 3D voxel moadsd Esbf
Fig. 1) is high, with a sigma of ca. 1um.

Table 1: Specifications of the measurement equipmen

Micro focus source (5um focal spot size)
Max. voltage = 225 kV

Max. Current = 2000 pA

250 x 200 mm

1916 x 1536 pixels

Pixel size: 127 x127pum

Max. 250 x 330 mm

Max. 10 kg

Source

Detector

Scan area

Table 2: Measurement parameters for the test object

M easur ement parameter Value
Acceleration voltage 180 kV
Tubecurrent 35 HA
Number of projections 3010
Ca. 3.4x
I ntegration time (exposur €) 1000 ms

3. PROPOSED CALIBRATION AND EDGE
CORRECTION METHODOLOGY

3.1 Influence of edge detection on calibration accuracy

The issues of calibration and edge detection haenb
{Hgoduced in Section 1.2 as two distinct steps the
dimensional CT measurement procedure. Howeverr&igu
indicates that both steps are interdependent. Véineedge
is incorrectly defined (wrong grey value), the diste in Fig.
4a will be either too large or too small, wherdaes distance
shown in Fig. 4b will be much less or even notuaficed
by the threshold grey value. Consequently, the Noxe
calibration should be based preferentially on Hitéet type
jof distance (i.e. left-left or right-right distarg)e to avoid
over or under scaling the voxel model.

The categorization ofjood and bad distances can be
made by classifying the surfaces as transitionsdost air
and material (AM-type) or vice versa between mateaind
air (MA-type). The test part is designed to haviedent
such transitions. Starting from the left hand sidd-ig. 4a,
we measure the distance between an MA-type andMin A
type transition, e.g. the width of a groove (corecdistance).
Similarly, a distance between a AM-type and an Mpet
transition could represent a wall thickness (congiskance).
The desirable situation for voxel calibration occbetween
two transitions of the same type, e.g. betweendfiehand
sides of two subsequent walls (fig 4a).

air material air material

@)

material air material

(b)
Fig. 4: Distances can be classified as either heéa) or
minimally (b) dependent on the edge detection

3.2Calibration

In view of the potential interdependency of edgeciéon
and voxel calibration described above, the magatific
factor has been determined as follows:

CMM,,

1
CT,p @)

CTil}S = CTi,j .



10th International Symposium on Measurement and Quality Control 2010, September 5-9

whereCT;; represents the distance between plarmmd planes. However, it also represents a best-caseasoe
planej on the original voxel model after edge detectionFigure 6 hence allows assessing the maximum sysitema
using the 1SO50% valueCMM;; represents the tactilely error that could be introduced when lowerimg For

measured distance, aG@R® the distance on the CT model €@mple, n=2 would entail a maximum additional
. Y . systematic error of +7um, see marks right of FigEGors
after rescaling. The planesand b represent transitions of N '

the same type (AM/AM or MA/MA), and are mutually as after correction (n=7) are given in Fig. 7.

remote as possible in order to reduce the influeaote 0.030 < R —
residual systematic errors on the magnificationdiacBoth O e ion Qi bero
i i — 0.025 : :
distances (1,7) and (2,8) are appropriate for ¢se ¢ase. In Sahe
this paper, the average of both is used, hence: E v.020 I
CMM, ; CMM,q 2 o015
CTS® = CTy; -average( T T ) e % g %
1,7 2,8 3 0,010 ‘
0.05 3
0'04 Deviations between calibrated CT and CMM values 2 0,005
— 003 * MA/AM 0,000 | | | :
E 002 EmMAMA 1 2 3 4 5 6 7
= AM/MA
E._- 0.01 ® v ® AM/AM _ .
Z 000 : i . = : : : ‘ Fig. 6: Influence of the number of reference disemnon
77-0,01 5 15 22 w35 40 the correction term
2 00 § : . & — .
3) t 3 o : Deviationsbefore and after correction
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-0.04 : 3
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Fig. 5: Deviation between calibrated CT and CMMuedd  |S I | 3 » = #
3_-001 9 ' | Pl ) 3 35 40
The deviations between the calibrated CT valuestaed z~ . @ e
CMM reference values, depicted in Fig. 5, cleaibualize O e 2 s .
that the 50% isosurface does not result in a corege. s $ 3 :
Whereas all distances between transitions of theesgpe o
(AM/AM or MA/MA) are measured relatively correctithe CMM;; [mm]

distances AM/MA are all too large while the distasc
MA/AM are too small. A correction term for this ezlgffset
can be determined based on the measured devidtense,

Fig. 7: Comparison of calibrated CT and CMM values
before (same as Fig. 5) and after correction (n=7)

CTSO™ = CTRS + (CMM,,, — CTRS - 4. INFLUENCE OF MEASUREMENT PARAMETERS

Ly =

WhereCTf]-Orr represents the distance between plasied 4-1Previous research

planej after edge correction. The planesndy represent The accuracy of CT measurements is influenced by
transitions of different type (AM/MA or MA/AM), andre  various factors, such as power, magnification, cbje
mutually as close as possible in order to redueértfluence  orientation, detector parameters, focal spot séte, [4].
of residual scaling errors on the edge correcteamt The Some influences have been investigated in liteeabased
sign is positive if both distancggj) and (x,y) are AM/MA  on simulations (effect of source pre-filtration,igaiment
or MA/AM and negative otherwise. accuracy and detector exposure time [5], magnifioat
instabilities of voltage and position of workpigéd), while

In o_rder to reduce the effect of random errors,errttlnan. ._others have been investigated experimentally (tateam of
one distancex(y) can be used dependent on the availability,e \yorkpiece, magnification and number of projsi [7],
of reference data. Considering the appropriate ssighe alignment of the scanner geometry and the edgectitete

general formula for using distances is: method [8]). In this section, the proposed teseobis used
\ RS to quantify experimentally the influence of object
Y k-1abs(CMM,, , — CT3S) ) orientation, the magnification and the X-ray souse#ings

Corr _ RS
CTi ™ = CTj” £ n (4) current and voltage.

Figure 6 provides an overview of the range of aciios 4.2 Object orientation
terms obtained when varyingfrom 1 to 7 of the smallest e grientation of the workpiece in the machine is
distances of the test part. For the remainder isf paper, jnnortant. For the data acquisition, objects withhaspect
n=7 has been used. This implies a maximum repeabil (4iins (width/thickness) are difficult or even ingsible to
and independence of the random selection of referen meagyre in certain orientations. Moreover, FigurshBws
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that the accuracy of the distance measurementsoi® m scale errors (pixel calibration) as well as forseff errors

accurate for those orientations in which the distanto be
measured are perpendicular to the rotational axtheo CT
device [2, 7]. Orientation 1 is, compared to thpresen-
tation in Figure 3 turned 90° clockwise around theaxis,

(edge detection threshold). Unlike other proposed
calibration methods that use different referencgecib
made from different materials (e.g. ceramic ball far
scaling and aluminium bush for thresholding) [9]siagle

orientation 2, 90° clockwise around the X-axis anGeference part was proposed here for both, allowsajing

orientation 3, 180° around the X-axis. Due to sraty,

planes perpendicular to the rotational axis areensmbject
to noise, impeding accurate measurement of theituahu
distance.
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Fig. 8: Deviations of (corrected) CT values frdme CMM
reference measurements for different orientatiteft) @nd
magnifications (right)

4.3 Magnification

The magnification is given by the ratio of the diste

between source and detector and the distance hetw
source and object. Moving the workpiece closer he t

source, improves the resolution, but increasesnbis of
images. A higher magnification results in smallerxel
sizes. Computer simulations indicate that
magnification increases the accuracy [6]. Howetbkese
improvements could not be validated in our expenisiethe
influence of the magnification is not significarmt our
results. The outliers for magnification 1,5 are mgaments
in zone E, probably due to scatter.

4.3 X-ray source settings

The settings (voltage and current) to measure &piece
are user-defined. The voltage needs to be sufficten
penetrate the workpiece, whereas the current detesnthe
contrast of the image. Meanwhile, saturation needbe
avoided. Between these limits, different combinagicof
voltage and current have been used (Figure 10)e Gmare,
the anticipated improvements could not be validated
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Fig. 10: Deviations of (corrected) CT values frohet
CMM reference measurements for different voltageft,(l
25uA) and current (right, 160kV) settings (in zde

5. CONCLUSIONS
The test part proposed in this paper allows toemrfor

increaseg]

and thresholding calibration to be performed witkirgle
material object with the same properties as reakpieces.
Furthermore, the workpiece allows internal as wadl
external reference measurements. It was shown ttreat
proposed calibration and edge correction method
significantly improves the accuracy of the measueis
Investigating the influence of various measurement
parameters did not allow validating previously need
influences. New measurements are currently onguiitly
step gages in order to confirm the presented stiie
measurements will investigate whether the accutiaaiys
reported in this paper are due to accuracy linaitetiof the
currently used testpart, or are the limits of tised method
and equipment.

ACKNOWLEDGEMENTS

The authors acknowledge the support of the Flemish
Agency for Innovation through Science and Technplog

egWT) in the framework of the TETRA project 080137.

REFERENCES

[1] A. Kak, M. Slaney, Principles of Computerized

Tomographic Imaging, Philadelphia: SIAM, 2001.

M. Bartscher, U. Hilpert, J. Goebbels, G. Weiwan,

Enhancement and Proof of Accuracy of Industrial

Computed Tomography (CT) Measurements, Annals of the

CIRP, 56 (1), 495-498, 2007.

[3] M. Bartscher, U. Neuschaefer-Rube, F. Waldele,
Computed tomography — A highly potential tool for
industrial  quality control and production near
measurements, Braunschweig, Germany, 2007.

[4] F. Welkenhuyzen, K. Kiekens, M. Pierlet, W.\gf, P.
Bleys, J.-P. Kruth, Industrial computer tomograploy f
dimensional metrolgy: Overview of influence factansd
improvement strategies, 4 Intern. Conf. on Optical

Measurement Techniques, May 286" Antwerp,
Belgium, 2009.
[5] P. Wenig, S. Kasperl, Examination of the Meastent

Uncertainty on Dimensional Measurements by X-ray
Computed Tomography. ECNDT Proceedings, September
2006, Berlin.

[6] J. Hiller, S. Kasperl, Analyse von Einflussgsén beim
dimensionellen  Messen  mittels  Rdntgencomputer
tomographie, DGZfP-Jahrestagung 2007, Vortrag 48.

[7] A. Weckenmann, P. Kramer, Assessment of measent
uncertainty caused in the preparation of measurtsmen
using computed tomography, XIX IMEKO World
Congress, Fundamental and applied metrology, Lissabo
Portugal, September 6-11, 2009.

[8] H.-C. Saewert, D. Fiedler, M. Bartscher, F. Wéé,
Obtaining dimensional information by industrial CT
scanning — present and prospective process ch&@# P
Proceedings, 2003.

[9] M. Bartscher, U. Hilpert, Neuschaefer-Rube, Istdelle
Computertomographie auf dem Weg zur
Koordinatenmesstechnik, PTB-Mitteilungen 117, 2007,
p.397-406.



