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Abstract

In the field of industrial Computed Tomography (CT), the orientation of the workpiece influences the local quality of the re-

constructed volume data and therefore dimensional measurements. In the literature, different a priori criteria for an optimal

orientation are proposed, which are purely based on the part and setup geometry. However, it is not evident to which extent they

correlate with the measurement accuracy or how different quality parameters should be weighted, especially if a wider range

of materials and therefore different artefact contributions should be covered. In this work, existing methods and criteria are

compared and extended. In contrast to most existing investigations, different quality parameters are evaluated not only globally,

but also restricted to relevant regions of interest (ROI). A straightforward derivation for an analytical determination of surface

areas affected by cone-beam artefacts is presented. Results show that an ROI-based evaluation is important to find an optimal

orientation for single measurands. The investigated quality parameter based on the prediction of surface areas which are affected

by cone-beam artefacts was found to be applicable as exclusion criterion. This only holds true if the evaluation is restricted to

relevant ROI surface areas, which should also be considered when evaluating the maximum X-ray penetration length as quality

parameter. The correlation of the latter with resulting measurement deviations was found to depend on the measurement task.
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1 Introduction

The orientation of the measurement object has an important influence on the dimensional measurement results obtained from

cone-beam CT measurements [1]. To find an optimal orientation, different quality criteria, of which some can also be applicable to

optimise other measurement parameters, can in principle be applied. In general, quality measures for a mathematical optimisation

of measurement parameters can be classified according to the used information or rather the step in the data acquisition process.

Following this classification, a quality criterion can be identified as geometrically derived (using a priori information about the

geometry of the workpiece and the CT setup), radiograph-based (using simulated or measured X-ray images), volume-based

(using the reconstructed three-dimensional grey value data) or feature-based (using final measurement deviations or statistical

measures using the underlying fit points).

While only feature-based quality criteria guarantee a direct optimisation of dimensional measurement results, the effort for

obtaining such criteria is in comparison the highest, as the full data acquisition and data processing procedure has to be run for

every parameter set to be tested. Consequently, to our knowledge there are no publications so far dealing with the mathematical

optimisation of the workpiece orientation using the dimensional measurement result as objective function. Radiograph-based

criteria such as the contrast- or signal-to-noise ratio or sharpness measures have so far mainly been used to find proper settings of

the X-ray tube and the detector, see [2] for an overview. In principle, such criteria could also be used to optimise the workpiece

orientation, but a locally resolved evaluation would be necessary. In case of volume-based quality criteria, there is a wide variety

of different methods. In [3], the entropy of the histogram was used to assess the influence of the tilt angle for a cylindrical

object. For the purpose of data fusion using single CT scans with different workpiece orientations, the error magnitude [4], the

magnitude of the unfiltered backprojection [5] or the local grey value transition across the detected part surface [6] were used. In

the context of 3D trajectories, Fischer et al. [7] used a detectability index to rate possible orientations for single projections.

In the majority of work concerned with the optimisation of the workpiece orientation, geometrically derived quality criteria are

used. They have the advantage that only information about the geometry of the workpiece, e.g. in form of a CAD model or

triangulated surface, and the geometry of the cone-beam setup (distance from source to rotation axis, magnification, detector

pitch and size) are required . The methods can therefore easily be transferred to different devices and do not need experimental

CT scans or simulations with full complexity. Cone-beam artefacts arising from missing data in the Radon space were considered

for example by [8–11]. Grozmani et al. [8] used a constant threshold angle between the surface normal vector and the rotation

axis and therefore an approximation. In [9, 10], a tool is presented which uses an exact criterion, but the underlying formula is

not shown. Ametova et al. [11] gave an analytical decision rule based on the examination of the projected contour of the object

at every scan angle. Quality criteria based on the penetration lengths were investigated in [8–10, 12, 13]. While in [12] and

[13] the maximum penetration length over a full scan is minimised, in [9, 10] additionally the average length and the stability

of the results is considered. Grozmani et al. [8] argue that the best orientation is the one which minimises the optimum photon

energy. Effectively, the average penetration length is minimised in case of mono-material and a monochromatic spectrum. As

the polychromatic nature of the spectrum actually is taken into account, the criterion is not purely geometrically derived but uses
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additional information.

All in all, there is a lack of published examinations that show that an optimisation according to the mentioned geometrically

derived quality parameters actually minimises the measurement deviations of specified measurement tasks, particularly if a global

evaluation is done. Moreover, it is not evident how to prioritise or weight different quality parameters. In the following, different

geometrically derived quality parameters for mono-material workpieces are compared. Besides established parameters based

on penetration lengths, the local contrast of the penetration length is introduced as potential sharpness measure. Additionally,

a straightforward derivation for an analytical determination of surface areas affected by cone-beam artefacts is presented and

applied. All investigated quality criteria are evaluated not only globally, but also restricted to regions of interest which are

relevant for defined measurement tasks. The goal of the investigations was not to conduct a mathematical optimisation of the

workpiece orientation, but rather to compare the correlation of different potential quality measures with dimensional measurement

deviations at selected orientations.

2 Methods

Using the framework described in the following section 2.1, quality parameters were calculated for all possible orientations

(using an angular step width of 10◦) of the investigated workpieces which will be described in section 2.2. For the following

investigations, the coordinate system indicated in Figure 1 and 2 is used as world coordinate system. In general, the orientation of

an object in space can be described with three angles of rotation. In case of conventional cone-beam CT, the degrees of freedom

are reduced because of the 360◦ rotation of the scan, leaving two angles to completely describe distinguishable orientations.

Orientations will therefore be given by the angles ϕx and ϕy used for two subsequent basic rotations described by the matrix

multiplication RxRy, where

Rx =





1 0 0

0 cos(ϕx) −sin(ϕx)
0 sin(ϕx) cos(ϕx)



 , Ry =





cos(ϕy) 0 sin(ϕy)
0 1 0

−sin(ϕy) 0 cos(ϕy)



 , Rz =





cos(ϕz) −sin(ϕz) 0

sin(ϕz) cos(ϕz) 0

0 0 1



 . (1)

Rz later represents the scan rotation for a single projection. The workpieces were positioned in a way that their bounding box

was centred with regard to the origin of the coordinate system for ϕx = 0◦, ϕy = 0◦. For the evaluation of quality parameters, the

geometry of the setup was chosen to be identical to the one used for CT measurements (compare section 2.2).

2.1 Evaluation Procedure for Geometrically Derived Quality Values

The evaluation of all quality parameters was done using the software Matlab (Mathworks) to read and process the coordinates of

triangle faces of the triangulated skin model of the measurement object using the STL file format. The STL files were generated

from the CAD model using the software Inventor (Autodesk). Care was taken to generate triangulations with sufficiently precise

and small triangles. This is relevant especially for the calculation of the parameters presented in subsection 2.1.3. Regions

of interest were defined by automatically identifying triangles in given coordinate ranges, which were chosen to reflect areas

relevant for defined measurement tasks (compare section 2.2), also considering typical edge distances. All quality parameters

were scaled in a way that their theoretically possible values are restricted to the range from 0 (highest quality) to 1 (worst quality).

2.1.1 Cone-Beam Artefacts

The circular source trajectory of conventional cone-beam scans does not satisfy the Tuy condition [14] for an exact reconstruction.

Therefore, cone-beam artefacts are present in the reconstructed volume data. Non-measurable data can be described by a shadow

zone outside a torus in the Radon space [15]. The Fourier description outlined in [16] gives a more intuitive description how the

missing data manifests in artefacts. It links the appearance of artefacts to the position and spatial frequency content of the object.

In the cited work, missing plane integrals of the 3D Radon transform are described by a shift-variant cone of local frequency

components. In Figure 1, the problem is visualised. If a plane through position ~p is crossing the source trajectory ~S at least once,

the corresponding plane integral can be obtained. The normal vector~n of such a plane (compare Figure 1 (a)) is located outside

the cone (grey dashed lines). As the frequency components of a local material transition (which is relevant for dimensional CT

measurements) have the same direction in Fourier space as the normal vector of the part surface in the spatial domain, all relevant

frequencies of the transition are covered. Figure 1 (b) gives an example for which this is not the case.

Surface parts of the measurement object which will be affected by cone-beam artefacts can therefore be determined by testing

planes which are tangent to the surface for crossing the source plane (giving the direct link to the Tuy condition). As tangent

planes, the planes defined by the faces of a triangulated workpiece in the STL format can be used. Mathematically, points ~x on

the plane defined by a triangle face can be described by the dot product

~n · (~x−~p) = 0, (2)

where ~p is one of the triangle vertices and ~n is the normal vector of the face, which can be calculated from the vertices. Using

the coordinate system given in Figure 1, the source trajectory is given by

x2
1 + x2

2 = d2
SR, (3)
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Figure 1: Determination of faces affected by cone-beam artefacts considering the position (~p) and orientation (~n) of single faces

(red) of the triangulated part surface in relation to the source trajectory (~S). If the extended plane of the face (see red dashed

intersection line with source plane) is crossing the source trajectory at least once (a)), the normal vector of the face and therefore

relevant spatial frequency components of the material transition are located outside the grey dashed cone of non-measurable

frequency components. If the extended plane is not crossing the source trajectory (b)), the normal vector is located inside the

cone leading to cone-beam artefacts. The triangle is assumed sufficiently small and distant from the source. According to [16].

where dSR is the distance from source to rotation axis. If plane and source trajectory intersect, there is at least one point~x which

satisfies both equations. Setting x3 = 0 (intersection with source plane) and in the case of n2 6= 0, equation 2 can be written as

x2 =
1

n2
(~n ·~p−n1x1) (4)

Inserting this into equation 3, one obtains

(n2
1 +n2

2)x
2
1 −2n1(~n ·~p)x1 +(~n ·~p)2 −n2

2d2
SR = 0. (5)

This quadratic equation only has a solution if the following equation is fulfilled:

n2
1(~n ·~p)2 − (n2

1 +n2
2)((~n ·~p)2 −n2

2d2
SR)≥ 0. (6)

This can be simplified to

(~n ·~p)2 ≤ (n2
1 +n2

2)d2
SR. (7)

If the beforehand made assumption n2 6= 0 is not fulfilled, the identical result can be obtained for n1 6= 0. If both n1 = n2 = 0, the

plane is orientated horizontally. The obtained equation can nevertheless again be used as criterion, as in this case there is only a

solution for p3 = 0. In fact, equation 7 is consistent to the found formula in [11], if one sets sx = sy = sz = 0 there and corrects the

resulting equation 13 in the paper for minor substituting errors in the derivation. Unlike implied from [11], the resulting equation

has not to be checked for every scan angle. After checking each triangle face of the full part or of the defined ROIs for satisfying

equation 7, the percentage of area affected by cone-beam artefacts is taken as quality parameter.

To check the found decision rule for its applicability, a CT scan of an off-centre placed sphere (see Figure 2(a)) was simulated

using the software aRTist 2.10 (BAM) for a setup with high cone angle using idealised settings (monochromatic point source, no

scatter) to avoid artefacts by other causes. The left 3D view in subfigure (b) shows surface zones of the upper side of the STL

model which do not satisfy equation (7) and are therefore marked red. Due to the eccentricity of the object, the area is shifted

towards higher y values (compare the position of the sphere’s centre, marked with a black cross). The simulated CT scan was

reconstructed using a conventional FDK algorithm (Cera API, Siemens). The surface of the measured object was determined

using the software VGStudio Max 3.3 (Volume Graphics) with an ISO50 threshold. Due to the idealised settings, a gradient

based method did not show improved results. The position deviation of the found surface in comparison to the STL model which

was used for the simulation is shown in the middle of Figure 2(b) with two different color scales. It can be seen that there is a

high agreement between the predicted affected area and the surface deviations. However, the magnitude of deviations can not be

derived from the a priori analysis. The results were additionally compared with an analysis of the single point quality (SPQ) of

the determined surface according to [17]. Using this approach, grey value curves are extracted for points on the surface, using

the direction of the local surface normal vector. In the present case, the curves were analysed using a quality criterion based

on the contrast. The SPQ analysis purely rates the quality of the grey value transition, which does not change if the transitions

are shifted with regard to the model surface. From the plot, it can be seen that the SPQ is lower in the predicted region with

the exception of an inner region, for which the measurement deviations are highest but the material transition still has a high

contrast. Figure 2(c) shows a cross section of the predicted surface areas (dashed line in (b)) superposed with the corresponding

cross section of the volume data. Comparing the top and the bottom of the sphere, the height dependence can be clearly seen.

With enhanced contrast, it can be seen that the grey level of the background is disturbed in a region which is restricted by lines

which are tangent to the transition from the affected to the non-affected area.
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Figure 2: Validation of the determination of part faces which are affected by cone-beam artefacts for an off-centre placed sphere.

(a) Geometric setup for the idealised CT simulation. (b) Comparison between the prediction of affected faces, surface deviations

and the single point quality (SPQ) of the determined surface. (c) Slice at x = 0 through prediction of the affected area superposed

with the corresponding slice through the reconstructed volume. The right image shows the same data with enhanced contrast.

2.1.2 Penetration Length

As only mono-material objects were investigated, the penetration length gives a reasonable potential measure. For an investig-

ation of multi-material objects, the line integral
∫

µdl instead of the penetration length had to be considered. The penetration

length and the penetration length contrast (section 2.1.3) were evaluated using thickness maps (penetrated length for each de-

tector pixel) generated with the software aRTist 2 (BAM). Though, different ray tracing routines could be used for this purpose

too. For the ROI-based evaluation, the positions of the projected ROI vertices on the detector were determined via calculation

of a projection matrix P for each part orientation and projection of a full scan. Using such a matrix, the pixel position (u,v)T of

a projected 3D point ~p can be obtained in the detector coordinate system (with origin here at lower left pixel observed from the

X-ray source). The position is obtained from (u,v)T = w−1(u′,v′)T , where





u′

v′

w



= P~p = PxRzRxRy~p =





−∆u
dSD

s
0 dSR∆u

−∆v 0
dSD

s
dSR∆v

−1 0 0 dSR



RzRxRy~p (8)

for the used coordinate system. ~p = (p1, p2, p3,1)
T is given here in homogeneous coordinates. (∆u,∆v) is the position of the

central ray on the detector in pixels, dSD is the distance from source to detector and s is the isotropic pixel side length.

For each projection i of a 360◦ scan, the maximum penetration length lmax,i was determined for the complete part as well as for

the different ROIs. To obtain the quality parameter QML, the maximum value of all projections maxi(lmax,i) was divided through

the diagonal of the object’s bounding box lbbox for scaling.

Besides the maximum penetration length, the variation of the very same during a scan was evaluated using the quality parameter

QMLV:

QMLV = 1− 1

lbbox

√
N

√

N

∑
i=1

(

lmax,i −max
i
(lmax,i)

)2

. (9)

This parameter is adapted from [18], where a similar parameter was proposed for the evaluation of the intensity of X-ray images.

The idea is that an orientation which leads to a high maximum penetration length only for a very small number of projections

should be rated better than an orientation with an identical maximum length for the full scan, but lower variation. The parameter

could therefore potentially be useful to additionally weight the values of QML. As an alternative, the mean penetration length

could also be analysed. However, for a global evaluation, the contour of the part on the detector had to be determined to account

for different covered areas on the detector.
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2.1.3 Local Contrast of Penetration Length

Dimensional measurement deviations in general are expected to be lower if the material transitions in the reconstructed volume

have a high gradient and contrast. As the material transitions result from the backprojection process, a high gradient and contrast

of relevant transitions are also preferable for single radiographs. A direct impact on measurement deviations could be shown in

former work [19] for sparse-view scans with task-specific projection angles.

Considering the filtered backprojection, a sharp transition of the measured projection integral p=− log(I/I0) is actually relevant.

In the monochromatic case, p is directly proportional to the penetration length. In the real case of a polychromatic spectrum this

does not hold true any more, but a correlation between the contrast of the projection integral and the contrast of the penetration

length (difference in penetrated length along the surface normal) still is assumed.

Based on this, quality parameters representing the local contrast of the penetration length are introduced. To obtain these para-

meters, four equally distributed sampling points are generated for each ROI triangle face in 3D (see Figure 3(a)). Each point is

then shifted along the face normal, once inside the part and once outside, for a distance corresponding to one voxel side length

respectively. The shifted points are projected on the detector and the difference of the penetrated lengths is taken as contrast

value. The mean contrast for all triangles is weighted by the triangle areas and summed up, leading to a contrast value for each

ROI and each projection of a full scan. In Figure 3, a demonstration is given in form of a real measurement of a steel gauge

block. In (b), the gauge block as well as the triangulated representation of its surface with marked ROI triangles is shown. After

the measurement, the orientation of the gauge block was determined and the contrast of the penetration length using the STL

model was analysed. In (c), the contrast of the penetration length is compared to the contrast of the measured projection integral

p. In (d), the penetration length image and the measured projection integral image for two selected scan angles are compared.

Despite the polychromatic spectrum and the strong beam hardening for steel, it can be seen that the contrast of the penetration

length shows a high accordance with the projection integral contrast from measurement.

As final quality parameters, the mean contrast of a full scan as well as the 95th percentile (considering possible outliers) were

used to calculate the quality parameters QCmean and QCmax.

Figure 3: (a) Principle to determine the contrast of the penetration length via analysing the length differences along projected

normal vectors. (b) Measured gauge block and according STL representation (ROI faces bright marked bright). (c) Comparison

of the suggested method with contrast values from measurement. (d) Exemplary length maps respectively projection integral

images for the positions marked in (c).

2.2 Measurement Tasks and Experimental Setup

The evaluation of quality parameters as well as real CT measurements were done using two specimens with distinct materials

and characteristics. First, an aluminium plate with functional element (Figure 4(a)) was used as a rather simple but for some

orientations hard to penetrate object. Second, a multi-feature specimen (Figure 4(b)) made of polyether ether ketone (PEEK),

which was developed especially with regard to a stable geometric registration, was investigated. The initial orientation of the

specimens (ϕx = 0◦,ϕy = 0◦) can be derived from the plotted coordinate systems in Figure 4.

Two ROIs were defined for each part, representing surfaces which were later used to obtain dimensional measurands. The edge

distance used for the definition of ROI areas was roughly the same like the safety edge distance used later to place fit points for

the dimensional measurement evaluation. Three distances (along the respective coordinate axis) and one diameter (cylinder of the

aluminium part) based on least squares fitted geometry elements were defined as measurement tasks. Reference values for these

measurands were obtained using the tactile coordinate measurement machine UPMC 1200 CARAT S-ACC (Zeiss). The mean

of three single measurements was used respectively, whereby the specimens were repositioned after the second measurement.

5
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Figure 4: Investigated measurement objects. (a) Aluminium plate (80mm× 80mm× 10mm) with functional element. The

nominal distance defined by ROI 1 is 8mm, the diameter of the cylinder (ROI 2) is 5mm. (b) Multi-feature plastic specimen

(material: PEEK. length: 60mm) with defined bidirectional distance (3mm, ROI 1) and unidirectional distance (10mm, ROI 2).

The expanded measurement uncertainty (coverage factor k = 2) for the reference values were determined using Monte Carlo

simulations (virtual CMM according to guideline VDI/VDE 2617 part 7).

CT measurements were done using the device Metrotom 1500 (Zeiss) with 2k detector. The cone angle relating to the detector

height has a fixed value of approximately 17◦ for this device. The orientation of the specimens was adjusted manually for

each measurement series, using styrofoam as low absorbing clamping material. All measurements of a single specimen were

performed with identical settings except for the orientation. The aluminium part was scanned with a tube voltage of 200kV, tube

current of 0.57mA, detector gain of 8 and an exposure time of 1s. The distance from source to rotation axis was dSR = 500mm,

leading to a magnification of 2.8 and a voxel side length of 73µm. The plastic part was scanned with a tube voltage of 100kV,

tube current of 0.4mA, detector gain of 8 and an exposure time of 1s. dSR here was 230mm, leading to a magnification of 5.9 and

a voxel side length of 34µm. The reconstructed volume data were analysed using the batch mode of the software VGStudio Max

3.3 (Volume Graphics). An iterative surface determination was done using the setting "advanced (classic)". The ISO50 value

derived from the grey value histogram was used as starting point for the local determination. The registration of the measured

surface on the CAD model was done using two steps. After a best fit, geometry elements from an imported measurement template

were fitted and used to refine the registration. In case of the aluminium part, a sequential registration was used, directly using

the ROI geometry elements. In this way, deviations induced from the registration are assumed to be negligible. In case of the

multi-feature part, cylindrical objects and a symmetry plane were used for a 3-2-1 registration to reduce the influence of possible

systematic deviations arising from the surface determination. The measurements were done using a higher number of fit points

in comparison to the tactile calibration, but using the same surface regions for positioning fit points.

3 Results
3.1 Aluminium Plate

Calculated quality parameters for the aluminium plate can be seen in Figure 5. As the part’s geometry exhibits two orthogonal

symmetry planes, this leads to redundant results for ϕi > 90◦. Therefore, the parameters are only shown for an angular range

from 0◦ to 90◦. Additionally, if ϕx = 90◦, the rotation matrix RzRxRy only depends on the sum ϕy+ϕz, leading to identical results

independent from ϕy (compare Figure 5 as well as Figure 7).

Looking at QCBA and QML, a clear difference between the global and ROI-based evaluation can be seen. While the horizontal

orientation (ϕx = 0◦,ϕy = 0◦) would be excluded by a global optimisation due to the high penetration lengths and horizontally

orientated surfaces, it is rated the best when only considering the ROIs. The variation of the maximum penetration length

(QMLV) tends to show an opposite behaviour in comparison to QML, except for the region around ϕx = 0◦,ϕy = 0◦ for the

global evaluation. If the values of QMLV are added to those of QML, for all three cases the resulting combined parameter clearly

differentiates the horizontal orientation from all other orientations. The mean and maximum penetration length contrast is best at

a horizontal orientation of the planes respectively of the axis of the ROI geometry elements. This means that mainly orientations

are preferred which might be affected by cone-beam artefacts. However, the cylinder (ROI 2) is that near to the source plane and

has such a high curvature that QCBA is approximately zero for all orientations and therefore the influence of cone-beam artefacts

is expected to be negligible for the measurement of the diameter.

To investigate the informative value of the different criteria, selected orientations with prominent characteristic for different

quality parameters were chosen for CT measurements. The measurement deviations are plotted in Figure 6. The repetition of

the measurement runs demonstrate that differences in deviations between different orientations are reproducible to a sufficient

extent. Therefore, significant effects arising from the limited accuracy of the mounting or other unknown random effects can

be excluded. It can be seen that the orientation with the lowest maximum penetration length for both ROIs (ϕx = 0◦,ϕy = 0◦)

is leading to the best overall result. Minimising the maximum penetration length for the complete part (ϕx = 0◦,ϕy = 90◦ and

6
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Figure 5: Quality parameters for the aluminium plate (CBA: cone-beam artefacts, ML: maximum length, MLV: maximum length

variation, Cmean: mean length contrast, Cmax: maximum length contrast). Yellow (low value) indicates the best case, blue (high

value) the worst. Take note of the partially different color scales.

Figure 6: Measurement deviations for the aluminium plate. The reproducibility was tested by repeating the first measurement

run (n = 11) on a different day after remounting the object (n varying between 1 and 6). The expanded measurement uncertainty

(k = 2) of the calibration is indicated as dashed lines. The theoretical X-ray image of the first projection is given for each

orientation for visualisation (dashed line indicates the cylinder axis).
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ϕx = 90◦,ϕy = 90◦) in contrast leads to higher deviations. Cone-beam artefacts from non-ROI part surfaces apparently do not

affect the accuracy for the horizontal orientation. This again shows that a local evaluation is necessary. If on the other hand the

planes of ROI 1 are oriented horizontally (ϕx = 90◦,ϕy = 90), this leads to strong deviations due to cone-beam artefacts.

In case of ROI 2, the orientation dependence of the measurement deviations is difficult to interpret, except for the horizontal

orientation, for which the low local penetration length again leads to low deviations. The only quality parameters which are

significantly varying between the other three orientations are the ones considering the penetration length contrast. However, a

direct correlation can not be derived from the results. At this point it has to be noted that the results for the CT measurements

of the diameter strongly depended on the arrangement of the fit points, presumably due to manufacturing deviations. The tactile

calibration was done arranging the cylinder fit points in the form of three circles. The fit points for the CT evaluation were

adjusted correspondingly, but remaining discrepancies causing systematic deviations can not completely be excluded.

3.2 Multi-Feature Specimen (PEEK)

The quality parameters for the multi-feature specimen are plotted in Figure 7. The color coded maps are almost mirror-symmetric

with respect to ϕx = 90◦. This is caused by the fact that the part is nearly symmetric with regard to the x-z plane (taking the

coordinate system in Figure 4). Due to the geometry of the part, the quality parameters based on the maximum penetration length

show only minor differences between global and ROI-based evaluation. For the complete part and ROI 2, the optimum value for

QML is obtained with ϕx = 0◦ (or ϕx = 180◦ ) and ϕy = 80◦, while for ROI 2, it is located at ϕy = 120◦. These orientations lead to

a tilt angle between part axis and CT rotation axis of 10◦ respectively 30◦. The quality parameters using the contrast as criterion

again tend to prefer orientations which lead to cone-beam artefacts.

CT measurements of the PEEK part were performed for five different orientations (see Figure 8). The results for the bidirec-

tional (inner) distance show negative measurement deviations with absolute values above 10µm for all orientations. As for the

unidirectional distance, in contrast a symmetric distribution of the results around the reference value was obtained, this could be

caused by a systematic deviation induced by the surface determination procedure and might be circumvented by adjusting the

settings. The orientations with expected cone-beam artefacts (ϕx = 90◦,ϕy = 0◦ for ROI 1 and ϕx = 180◦,ϕy = 90◦ for ROI 2)

show the highest mean deviation. In case of ROI 1, the two orientations with high QML have higher deviations than the three

other orientations with comparably low values. Regarding ROI 2, the orientation of the specimen plays a minor role if at least

cone-beam artefacts are avoided. All in all, the deviations are small compared to the uncertainty of the calibration. Random

measurement deviations (also between different measurement runs) are partially higher than the differences between different

orientations.

4 Summary and Conclusion

In this paper, geometrically derived quality parameters were compared for their applicability to determine an optimal workpiece

orientation for dimensional CT. The quality parameters were only based on the part and setup geometry and can therefore be

evaluated without simulating the whole CT process chain. An a priori decision rule for the locally resolved determination of

part surfaces affected by cone-beam artefacts was derived, which can easily be implemented when analysing geometry models

using the widespread STL file format. Besides established criteria such as the maximum penetration length, further parameters

including one for the local penetration length contrast, which correlates with the local contrast of the projection integral, were

investigated.

It was shown that even for the comparatively simple investigated part geometries, an ROI-based evaluation of single measurands

can lead to a different optimal orientation than a global evaluation of the complete part. A locally resolved evaluation should

therefore be preferred if a CT scan has to be optimised only for a small amount of measurands or if the correlation of quality

criteria with measurement deviations are to be investigated.

By comparing the calculated quality parameters with dimensional measurement results from CT scans for selected workpiece ori-

entations, it was found that the parameter which represents the magnitude of cone-beam artefacts showed the highest correlation

with the measurement deviations for the investigated use cases, but only for an ROI-based evaluation.

While the maximum penetration length can give a hint for an appropriate selection of the workpiece orientation, a direct correla-

tion with the measurement deviation could not be derived for all cases. It is expected that the correlation increases for problematic

workpieces, for which the voltage and power of the X-ray tube is not sufficient for a satisfying signal-to-noise ratio or in the case

of multi-material objects. In the latter case, the projection integral instead of the penetration length would have to be considered.

The investigated quality parameter based on the variation of the maximum penetration length had only a limited informative

value and may only be used as a correction term for the maximum penetration length. The meaningfulness of the investigated

contrast measures too is limited, as the horizontal orientation of part faces is preferred by these measures, leading to cone-beam

artefacts. Evaluating the gradient instead of the contrast might lead to more reasonable results. However, the contrast criteria

could still be useful for 3D trajectories or sparse-view CT to select single projections.

All in all, it can be stated that a mathematical optimisation of the workpiece orientation using a geometrically derived object-

ive function does not necessarily have to result in a minimisation of measurement deviations or the measurement uncertainty.

Physical influences like scattered radiation and beam hardening are not or only indirectly covered. However, further investiga-
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Figure 7: Quality parameters for the multi-feature specimen made of PEEK (CBA: cone-beam artefacts, ML: maximum length,

MLV: maximum length variation, Cmean: mean length contrast, Cmax: maximum length contrast). Yellow (low value) indicates

the best case, blue (high value) the worst. Take note of the partially different color scales.

Figure 8: Measurement deviations for the multi-feature specimen made of PEEK. The reproducibility was tested by repeating

the first measurement run (n = 11) on a different day after remounting the object (n varying between 1 and 6). The expanded

measurement uncertainty (k = 2) of the calibration is indicated as dashed lines for ROI 2 and is 1.2µm for ROI 1.
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tions using objects with a more complex geometry or multi-material parts are necessary to clarify for which cases geometrically

derived quality parameters might though be useful to support an optimisation.
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