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Abstract 
Dimensional computed tomography (CT) is able to give a complete 3D view of workpieces and allows 
non-destructive measurements of nearly arbitrary geometries. Properties of CT measurements have 
been described e.g. using modulation transfer function (MTF) concepts on the basis of the spatial 
modulation visible in the volumetric grey scale images or by using tests like VDI/VDE 2630-1.3 that 
try to make measurements of reference standards comparable to classical coordinate measuring 
machines and standards like ISO 10360-2. All tests mentioned do not describe the behaviour of 
dimensional CT measurements for very small geometries or microstructures and hence give no 
statement on the structure resolution of CT. This paper takes a different look at this topic by analysing 
the properties of dimensional CT measurements at workpiece edges. The objective is to determine a 
“metrological structure resolution” dedicated to dimensional CT. Reference standards and workpieces 
featuring sharp edges have been studied using different CT measurement parameters, e.g. different 
magnifications and thus different resolutions. Dimensional measurements are performed on CT data 
sets after the surface determination process. Thus, the full measurement process of CT is analyzed (in 
contrast to other resolution analysis techniques). The paper discusses the applied procedures, analysis 
methods and optical reference measurements and the aspects of form deviation of edges. 
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1  Introduction 
Industrial computed tomography (CT) is used for non-destructive testing and for some time it has also 
been used for the dimensional measurement of workpieces. For the latter – the dimensional CT – 
properties of measurement systems have been described e.g. using modulation transfer function (MTF) 
concepts on the basis of the spatial modulation visible in the volumetric grey scale images (see e.g. 
ASTM E 1695 or EN 16016-3) or by using tests like VDI/VDE 2630-1.3 which try to make 
specification statements based on measurements of reference standards comparable to classical 
coordinate measuring machines and standards like ISO 10360-2. The tests mentioned do not describe 
the behaviour of dimensional CT measurements for small geometries or microstructures. Thus, the 
resolution of dimensional CT measurements – or as it is named in the following the “metrological 
structure resolution” – is not treated.  
 
Statements on the metrological structure resolution of CT systems are required for at least two reasons: 

1. This resolution statement acts as a counterbalance to the statement of the specified probing 
error performance. Especially probing form errors (characteristic PF according to VDI/VDE 
2630-1.3 for CT systems) can be largely improved by a low pass filtering of measured data  
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– with the drawback of loosing resolution. Thus, VDI/VDE 2630-1.3 and previously 
developed guidelines VDI/VDE 2617-6.1 and VDI/VDE 2617-6.2 for optical coordinate 
measuring machines (CMM) require a specification of probing errors to be made only with a 
simultaneous statement on the structure resolution (under the same measurement conditions). 
Also in international standards for dimensional CT currently being developed in ISO technical 
committee TC 213 WG10, structure resolution aspects are under discussion. 

2. Certain measurement problems in industry require a high metrological structure resolution of 
the measurement system. Examples are, for instance in manufacturing technology, the cutting 
edges of tools. These geometries must be measured at a high structure resolution, in the order 
of 0.1 µm. According to [1], the smallest radii to be measured are 3 µm, and reproducibility 
< 0.5 µm is needed. Thus, a reliable specification statement of the resolution of the CT 
measurement system is required for the user to select an appropriate system. 

 
Metrological structure resolution has to be distinguished from other resolution statements. 
Examples are: 

• Abbe, Sparrow and Raleigh criteria for microscopes and telescopes (do not match CT directly, 
criteria describe testing properties/detectability not the measurement of a structure geometry, 
measurement process incomplete) [2] 

• JIMA chart or Siemens star analysis [3] (2D standards, only subsystem of CT is tested, 
measurement process incomplete) 

• VDI 2617-6.1, -6.2 (depth of pit, spike or gap, width of ideal 2D edge, multiwave standard) 
(not applied to CT up to now or concept not applicable for the case of the 2D edge) 

• Slanted edge / MTF from 3D surface approach (not applied to dimensional CT up to now, 
MTF sensitive to relative orientation, interpolation effects may occur) [4] [5] 

 
These approaches show systematic problems that inhibit the use for dimensional CT or have not been 
applied to CT yet – see points given in italics in the list above. Two core objectives for the 
metrological structure resolution are that the analysis shall cover the full chain of measurement steps 
and that the statement shall allow a rating of measurements of small structures. Reliable measurements 
of complex geometries require more suitable assessment conditions compared to pure visibility 
statements. Thus, the second objective intrinsically claims for a resolution statement to separate 
measurements of adequate measurement and evaluation conditions from improper ones. According to 
the opinion of the authors this limit is to be set at a level that is deduced from the well-known 
behaviour of the measurement system for standard workpiece measurements.  

2  Selected approach for measuring metrological structure resolution 
This paper takes a different look at structure resolution by analysing the properties of dimensional CT 
measurements at workpiece edges. In contrast to the “Slanted edge / MTF from 3D edge” approach the 
edges are analysed in real space here – the measured edge radii of sharp edges serve as an indication of 
the metrological structure resolution of the CT system. Measurements of the edge radii are to be 
performed on CT data sets after the surface determination process. Thus, the complete measurement 
process of CT is analyzed (in contrast to other techniques). The edges under study are locally described 
by fitting a common cylinder or by analyzing circular sections. Measurements of outer edges can be 
characterized with low uncertainty by classical tactile profilometers or by using AFM / SEM 
techniques. Razor blade edges have been measured with edge radii of the order of 20 nm, while 
industrial edge standards exist with nominal edge radii of 1 µm (with possible calibration uncertainty 
U(k=2)=0.1 µm by classical tactile profile measurements or calibration uncertainties U(k=2) of the 
order of 20 nm with metrological AFM) [6]. Structures with sharp edges can be manufactured with 
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outer or inner edges for arbitrary edge angles. In the following the discussion and measurements are 
limited to outer edges. The presented approach has been used in [7] to quantify the impact of filtering 
on CT measurements; here, the analysis of data is refined. 
The analysis of sharp edge measurements as a criteria for the resolution of a CT measurement system 
results in a resolution statement in real space, i.e. in the units millimetres or micrometres. For many 
users this statement is more easily applicable to their specific measurement tasks if compared with 
frequency and amplitude-based resolution statements (e.g. MTF statement in unit line pairs / mm at 
10% modulation, cf. ISO 15708-1 /-2). An aspect to be handled within the analysis of edges is the 
influence of the shape of the test edges, which can be quite sharp, but neither has zero edge radius nor 
has an ideal shape.  

3  Experimental setup 
Reference standards and workpieces featuring sharp edges have been studied using different CT 
measurement parameters, e.g. different magnification and thus different resolution of the CT 
measurements. 
 
Reference standards 
As study objects two bodies have been analyzed, the edges of a calotte cube reference standard 
(specimen KKW3, hollow cube version) made of titanium [7] and a commercial cutting blade piece (a 
splint broken from the full iron blade) made of steel. The calotte cube has been measured in three 
different magnifications to study the impact of the magnification on the metrological structure 
resolution. The highest magnification of this series coincides with the magnification settings in [7]. 
The calotte cube serves in our context just as a sample reference body with sharp edges. 
The cutting blade splint measurement is presented to show a measurement at the resolution limit of the 
CT system under study with the given configuration (higher resolution is possible using the 
transmission target of the CT system, this target has not been used for this study).  
All four measurements presented have been performed with a reflection target with a nominal smallest 
focus size of 3 µm and applying a (constant) polynomial beam hardening correction for each of the two 
specimens. Measurement parameters are given in Table 1. Table 1 also contains an estimate of the 
geometrical resolution/ unsharpness UTOT of the respective CT scan. A more precise treatment is given 
in [8]. In the estimate applied here only the unsharpness caused by the finite focus width and the 
unsharpness caused by the finite pixel size of the detector is used [9]. Furthermore, the unsharpness of 
the detector is estimated by twice the (1D) pixel size (here square sized pixels of dimensions 0.2 mm × 
0.2 mm) [10] and the X-ray focus size is approximated by the applied X-ray tube power (1 µm focus 
size / 1 W) [11]. UTOT shall not be confused with the metrological structure resolution or any 
measurement uncertainty statement. It is given here only to quantify the given geometrical effects of 
the respective CT scans. For the CT scan of the cutting blade the simple formula for the X-ray focus 
size results in a size which is below the technical specification limit of the applied X-ray tube 
(minimum focus size 3 µm). Thus, this minimum focus size of 3 µm has been used to calculate UTOT. 
 
Analysis of edges 
The CT measurement data were reconstructed with Nikon CT Pro V2.2 SP2. After adaptive surface 
determination in Volume Graphics VGStudioMAX 2.1, regions of interest (ROI) were defined for both 
specimens (Fig. 1 and 2). STL models were created from ROIs for the 4 measurements under study 
using VGStudioMAX (“superprecise” mode without simplification, and a static low point reduction 
threshold of 2 µm for the calotte cube measurements and 0.5 µm for the cutting blade splint 
measurement). Resulting STL models range from 0.7 MB to 32 MB. Before STL export the 
measurement data were aligned to the edges. The calotte cube measurements were registered using a 
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CAD model of the reference standards. Thus, the extracted STL models of the three calotte cube 
measurements are located at the same position and the same orientation. Fig. 1 and Fig. 2 show the 
ROIs chosen for the edge analysis from the full CT volume data sets of the calotte cube and the cutting 
blade splint. Figs. 3-5 detail the ROIs for the calotte cube edge. The loss of spatial resolution induced 
by the varying magnification is clearly visible. Analysis of the respective edges was performed using 
GOM ATOS 6.2 and MATLAB R2010b. In ATOS 49 parallel intersection cuts were set to achieve a 
set of (nearly circular) sections to the edge with equidistant spacing (Fig. 6).  
 
 Calotte cube edge 

measurement 1 
Calotte cube edge 

measurement 2 
Calotte cube edge 

measurement 3 
Cutting blade 

splint 
Enclosed edge 
angle  

90° 90° 90° 16° 

Voltage 175 kV 175 kV 175 kV 85 kV 
Current 37 µA 37 µA 37 µA 29 µA 
Filter 0.3 mm Cu 0.3 mm Cu 0.3 mm Cu 0.1 mm Cu 
Exposure 2829 ms 2829 ms 2829 ms 4000 ms 
Frame 
averaging 

2x 1x 1x 2x 

No. projections 1600 1600 1600 1640 
CT mode Start/Stop Fast CT Fast CT Start/Stop 
Measurement 
time 

3h 46 min 1h 15 min 1h 15 min 5h 28 min 

Magnification 12.1 5.0 2.0 87.0 
Filter of  
filtered 
backprojection 

Ramp Ramp Ramp Hanning with cut-
off to zero at 75% 

of maximum 
spatial frequency 

Voxel size (16.6 µm)3 (40.0 µm)3 (99.9 µm)3 (2.3 µm)3 
UTOT 33.4 µm 80.2 µm 200.1 µm 5.5 µm 

Table 1: CT measurement parameters and calculated geometrical unsharpness estimate UTOT 
 
The following steps were performed in MATLAB. By defining a band of width d in the direction of 
the angle bisector (Fig. 7) the edge area was segmented from the planar faces. Finally, a Gaussian 
circle was fit to every segmented edge section (Fig. 7). Output was written to log files for posterior 
analysis. Alternative analysis was performed using GOM Inspect Professional V7 SR2 for the three 
calotte cube measurements (cf. Table 1). Here, the fitting was completely automated using a GOM 
Inspect Professional script. 
 

  
Fig. 1: Calotte cube with marked ROI at edge under 
study (measurement 1), edge length 10 mm 

Fig. 2: Cutting blade splint with marked ROI at edge 
under study, front edge length 2.3 mm 
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Fig. 3: ROI of calotte cube edge 
measurement 1 

Fig. 4: ROI of calotte cube edge 
measurement 2 

Fig. 5: ROI of calotte cube edge 
measurement 3 

 
An objective to the edge radius analysis is that it shall be performed in a stable way which does not 
depend strongly on input parameters set by the operator. The choice of aligned multiple sections and 
posterior circle fitting has the advantage that local deviations of the edge only have a minimum and 
local impact on the fit – they contribute to the form error of the circle fit. Analysis parameters of the 
edge fitting are radius and (Gaussian) form errors of every circle. Alternative analysis has been 
performed using projected sections. Here, all sections are projected to a plane perpendicular to the 
edge. Finally, the thus created point cloud is evaluated by a common circle fit. This procedure shows 
itself to be very sensitive to alignment errors and thus, has been rejected. Also the common fitting of a 
cylinder to the edge [7] has been finally rejected. It is not a priori clear how long the analysis interval 
is to be set for the analysis – a faulty analysis can result from an improper choice. In the following only 
the data achieved from the fitting of circles to parallel section cuts is reported.  
 
 

 
Fig. 6: Analysis of one calotte cube edge using 
parallel intersection cuts (here measurement 3); area 
chosen for circle fitting is shown in red 

Fig. 7: Detail of a sample section of one edge and 
respective fit of a circle (for calotte cube measurement 2). 
Observe distance d which determines the analysis interval 
(i.e. only red points are included) 

 
Reference measurement 
Reference measurements of the calotte cube edge have been performed using an optical measurement 
system – Alicona Infinite-Focus with a 10-fold (Fig. 8) and a 50-fold objective. The control software 
of this optical measurement system specifies a vertical resolution of 2.3 µm / 0.5 µm and a lateral 
resolution of 3.9 µm / 2.1 µm for both objectives, respectively. The Alicona Infinite-Focus 
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measurement system is well adapted to the grey and non-reflective surface of the eroded titanium 
surface of the calotte cube. The intrinsic micro-roughness of this surface is used to apply the focus 
variation measurement principle. The total field of view of the full edge of length 10 mm has been 
measured using the stitching mode. In total 20 fields / 56 fields of view are applied with the 10-fold / 
50-fold objectives, respectively. Stitching artefacts are not present. Measurements with the 50-fold 
objective however show some imaging artefacts (holes and connection errors in the triangulated 
surface). Thus, a further increase of the magnification does not give better results. 
 

 
Fig. 8: Sample view of optical reference measurement and respective deviation histogram of calotte cube edge 
under study (here 10-fold objective data and test fit with a common cylinder) 

4  Results of experimental study 
Fig. 9 and Fig. 10 give a graphical presentation of the edge radii and respective form errors of the 
circle fits for every section cut. Observe the logarithmic plotting of the edge radius in Fig. 9. Table 2 
gives the statistical analysis of the measured mean radius values, the standard deviation of the mean 
radius and the form errors are given as a mean value and as 95% coverage interval. The moderate 
difference in the assessed mean radii between the calotte cube measurement 1 and the respective value 
given in [7] is due the refined analysis strategy. In [7] a cylindrical fit was performed while here a 
series of circle fits is applied. 
The alternative analysis performed in GOM Inspect Professional 7 SR2 for the three CT calotte cube 
measurements showed satisfying correspondence with the respective results from GOM ATOS 
(sectioning) and MATLAB (data analysis and fitting). Also with slightly laterally shifted section cuts 
estimated En-factors [12] of less than 1 (values 0.46, 0.47 and 0.83) were observed which indicate that 
the measurements are in conformance. For the En analysis an estimated expanded uncertainty of each 
(mean) radius measurement of twice the standard deviation of the mean value was used. The approach 
of testing the metrological compatibility [13] of measurements is described in more detail in [14]. The 
En limit of 1 and the use of expanded uncertainties according [12] is in the case discussed here identical 
to the choice of κ=2 and the use of standard uncertainties as given in [14] (cf. section 4.4 in [14]). 
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Fig. 9: Edge radius results for individual section cuts (edge radius in logarithmic plotting! KKW3 
entitles the calotte cube specimen under study) 
 

0

2

4

6

8

10

12

14

16

18

20

0 5 10 15 20 25 30 35 40 45 50

Fo
rm

 e
rr

or
 in

 µ
m

Section cut number

KKW3 CT Mag 2.0
KKW3 CT Mag 5.0
KKW3 CT Mag 12.1
KKW3 Alicona 10x
KKW3 Alicona 50x
Cutting blade CT Mag 87.0

 
Fig. 10: Form error of edges for individual section cuts (KKW3 entitles the calotte cube specimen) 
 
The observed mean form errors of the edges are on average of the order of 10% of the radii values. The 
form errors are input quantities to a test uncertainty budget of the edge radius measurement. Here, the 
form error (either from a real form error of the edge or as a measurement error of the CT system under 
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study) contributes with a fraction of its value to the budget – depending e.g. on the edge angle. 
Therefore, the impact on the test uncertainty of a test based on the measurement of edge radii is not 
dominant in the case studies here. 
In the present study the bandwidth d (cf. Fig. 7) has been chosen manually or using selection tools 
present in the respective CAD software. An improper choice of d can have contrary effects. A choice 
of a bandwidth d which is too large results in increased form errors and an increased mean edge radius. 
Bandwidths d which are too small lower the statistical significance of the fits and increase the noise of 
the result. This description can serve as a guide for further edge analysis. The optimal bandwidth d is 
described by the series of respective circle fits which have the best statistical significance (e.g. given 
by a χ2 test). 
For the form analysis of the edges no low pass filtering was performed as the entire process chain of 
CT already low-pass filters the data. As a statistical figure the mean value and the 95% coverage 
interval are specified. The latter is introduced in the recent ISO 10360-8 drafts (for optical distance 
sensors) for analysis of probing form dispersion (P95% value). Here, this value should provide a stable 
analysis, which is not distorted by noise and local effects of the edge. The choice of the analysis 
criteria for form and its application to a test uncertainty budget is to be further studied. 
The assessed edge radii data in Table 2 show a good correlation between the nominal resolution as 
given by the intrinsic measurement technique and the geometrical unsharpness estimate UTOT in 
Table 1 for the case of CT scanning. Also for the optical measurements the correlation between the 
assessed edge radii (cf. Table 2) and the vendor given resolution estimates is good (cf. section 3). The 
observed systematic behaviour indicates that the edge radius of sharp edges is an appropriate candidate 
for measuring the metrological structure resolution also of different measurement systems. 
 

Measurement 
identification 

Section cut 
spacing in 
µm 

Mean 
radius 
in µm 

Standard 
deviation of 
mean radius in 
µm 

Mean value of 
single section 
form errors in 
µm 

95% coverage 
of single 
section form 
errors in µm 

Calotte cube 
CT 
measurement 1 
Mag 12.1 

200 27.29 0.33 2.9 4.64 

Calotte cube 
CT 
measurement 2 
Mag 5.0 

200 67.83 0.74 7.34 10.62 

Calotte cube 
CT 
measurement 3 
Mag 2.0 

200 185.27 1.31 11.62 17.84 

Calotte cube 
Alicona 10x  200 6.96 0.15 0.79 3.98 

Calotte cube 
Alicona 50x 200 4.44 0.20 0.22 1.30 

Cutting blade 
splint CT  
Mag 87.0 

50 2.99 0.05 0.23 0.42 

Table 2: Edge measurement results (49 section cuts on each data set) 
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5  Discussion of application 
The edge-radius-based resolution analysis is to be compared with the Slanted edge / MTF from the 3D 
edge approach. The approach presented here is a direct one, which is easier in its application. No 
special or dedicated software is required. The analysis can be done efficiently and automated in 
modern CAD and inspection software. Control parameters and input quantities in a test uncertainty 
budget according to ISO 23165 are the assessed mean edge radii, the standard deviation of the mean 
radius and the form deviation of individual edge radius fits (95% coverage width for all observed 
values specified here). The direct approach does not use interpolation of profiles, which is usually 
performed with an MTF analysis. Care has only to be exercised at choosing a section distance, which 
is not commensurable with the voxel size, and an appropriate analysis bandwidth d for segmentation of 
the edge from the neighbouring planar faces.  
The edge analysis can help to estimate the quality of CT parameter settings also for CT simulations. If 
one inputs a perfect edge, then a lower curvature is an indication of good CT parameter settings. 

6  Summary 
The resolution aspect of computed tomography (CT) systems has been analyzed for the case of 
dimensional CT. For dimensional CT, resolution statements should be adapted to measurements of 3D 
geometries of workpieces. Thus, the full measurement chain has to be treated. Furthermore, the 
statement has to consider that for reliable measurements of geometric structures, well-conditioned 
measurement conditions are to be stipulated. These two objectives imply that the “metrological 
structure resolution” for dimensional CT and classical resolution statements based on the detectability 
of tiny structures from noise has to be distinguished.  
In this paper an approach has been presented to assess the metrological structure resolution that is 
based on the analysis of sharp edges. Experimental data has been presented for two specimens: The 
edges of a calotte cube reference standard and a cutting blade splint. The series of measurements of the 
calotte cube featuring different magnifications and thus nominal resolutions shows that this resolution 
effect can be quantitatively measured with an edge-radius-based analysis. The analysis of the cutting 
blade splint shows measurements at the resolution limit of the CT system in applied configuration 
(X-ray tube with reflection target head). A CAD software-based analysis of the edge radius of CT data 
has been discussed. The results of the assessed edge radii as a measure for the metrological structure 
resolution are in good correlation with geometrical resolution / unsharpness estimates for the analysed 
CT scans covering a wide range of magnifications. The same observation has been made for reference 
measurements using an optical measurement system based on focus variation. Also here resolution 
estimates made by the vendor of the measurement system and the measured edge radii are in good 
correlation. The concept presented in this paper can be transferred to other measurement systems and 
sensors. Further work has to be done for the statement on the test uncertainty of edge radius 
measurements and respective conformity statements. Both are required especially when non-ideal 
edges are used. 
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Abstract 
This paper presents an experimental investigation on the CT-induced random surface deviations using 
a multi-wave standard. To quantify the amount of random surface deviation in the performed 
measurements, the root-mean-square deviation of the extracted features was used. Discussions on the 
obtained results and on the evaluation procedure are included. 
 
Keywords: Industrial computed tomography, geometrical evaluations, random surface deviations. 

1  Introduction and background 
One significant issue in using of x-ray CT systems to perform geometrical evaluations is the 
introduction of random surface deviations to real features during the extraction operation [1]. Provided 
that random surface deviations are not feasible of correction as other CT-induced errors (e.g. 
magnification and offset deviations), minimizing its occurrence is fundamental in obtaining reliable 
and satisfactorily accurate measurement results. 
Many of the causes of random surface deviations are related with CT setup parameters, and therefore 
can be minimized by selecting adequate sets of setup parameters. Causes of random surface deviations 
(and related intermediary effects) which can be minimized through an adequate selection of setup 
parameters include (but are not restricted to): 

• Quantum noise, scattering and detector noise generated during the image acquisition, 
producing random disturbances in the projections and in the voxel matrix [2]; 

• Relatively large voxel size, leading to aliasing in the projections and producing Moiré 
patterns in the voxel matrix [3]; 

• Relatively small number of projections, producing aliasing artifacts (streaks) in the voxel 
matrix [3]; 

• Relatively large sampling intervals when performing global or local threshold operations, 
leading to additional aliasing [1]. 
 

However, selecting the setup parameters that will lead to a minimum amount of random surface 
deviation is not a trivial task. This task requires a reasonable understanding on general and task-
specific cause-effect relations leading to random surface deviations. 
This paper presents an experimental investigation on the CT-induced random surface deviation (and 
some related issues) using a multi-wave standard (MWS) [4]. To better understand causes leading to 
random surface deviations, the MWS was measured with different sets of CT setup parameters. The 
amount of the random surface deviation generated during the extraction operation was quantified by a 


