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Abstract 
Verification of dimensional measurement accuracy and other metrological characteristics of X-ray 
Computed Tomography (CT) systems is necessary both for establishing traceability of CT dimensional 
measurements and for achieving comparability of CT to other dimensional measuring techniques used 
in industrial metrology.  
This paper summarizes the state of the art in accuracy evaluation of CT dimensional measurements, 
discussing methods for metrological performances verification and traceability establishment. The 
work is based on experimental results obtained both from (i) the first international interlaboratory 
comparison on CT dimensional metrology and from (ii) additional CT measurements performed at 
University of Padova specifically for a more in depth examination of specific metrological 
characteristics. 
Particular attention is given to the evaluation of a specific metrological characteristic that too often is 
neglected when testing CT systems: the structural resolution for dimensional measurements. After 
discussing possible methods for determining the structural resolution, a new method is proposed, based 
on a novel calibrated reference standard that has been developed expressly for facilitating the 
evaluation of structural resolution. Preliminary results of an experimental investigation are discussed 
and conclusions are reported. 
 
Keywords: Computed tomography, dimensional metrology, measurement accuracy, metrological 
verification, structural resolution.  

1  Introduction 
X-ray Computed Tomography (CT), developed in the 1970s as a medical imaging technique, is used 
today also in several industrial applications. One of the most promising industrial applications is 
dimensional metrology [1]. In particular, CT coordinate measurements are extremely interesting 
because they offer important advantages with respect to tactile and even optical coordinate 
measurements. The advantages include: non-destructive inspection of internal features, holistic 
measurement of the entire workpiece obtaining dense volumetric data, simultaneous material analysis 
and dimensional quality control, measurement of components in assembled state, measurement of 
interfaces in multi-material components, inspection of complex and internal features produced by 
additive manufacturing, and in depth realistic visualization of object’s details. 
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In order to ensure accuracy of measurements and comparability with other measuring systems, 
metrological performance verification of CT systems is fundamental. As for coordinate measuring 
machines (CMMs), CT systems must be periodically tested to verify the quality of measurements. 
Moreover, to ensure traceability, uncertainties of CT dimensional measurements have to be clearly 
stated for each specific measurement task [2, 3]. 
However, up to now there are no international standards available for metrological testing and 
uncertainty assessment in the field of CT dimensional metrology [1]. National guidelines are published 
for specific verification procedures [4], but international standards are still under development and no 
standard is given for task-specific uncertainty evaluation. Furthermore, the existing standards related to 
tactile and optical CMMs cannot be applied directly to CT systems, due to different measurement 
methods and error sources influencing the measurement process [5, 6]. 
This lack of internationally accepted specification and verification rules is one of the main restrictions 
to a wider recognition of computed tomography as a reliable and accurate measuring technique. 
Internationally accepted testing procedures are essential not only to allow the users to easily compare 
different measuring devices, but also for taking full advantage of CT systems capabilities [7]. 
Furthermore, standardization is needed to protect the manufacturers from technical and commercial 
risks, giving the right mean to guarantee the overall system performance. 
In the following, the state of the art in accuracy evaluation of CT dimensional measurements is shortly 
presented. Section 2 deals with available methods for metrological performances verification and 
traceability establishment, including discussions of main results obtained from the first international 
intercomparison of CT dimensional measuring systems. Afterwards, in Section 3 the focus goes on the 
evaluation of a specific metrological characteristic that too often is neglected when testing CT systems: 
the structural resolution for dimensional measurements. Finally, in Section 4 a new method is proposed 
for testing of structural resolution, based on a novel calibrated reference standard that has been 
developed expressly for this kind of test. Preliminary results of an experimental investigation are 
discussed and conclusions are reported. 

2  Accuracy evaluation and traceability establishment 
In CT dimensional metrology, as for other coordinate measuring techniques, two important steps are 
needed in order to evaluate measurement accuracy and ensure traceability: (i) metrological 
performance verification and (ii) assessment of task-specific measurement uncertainty. The first step is 
fundamental for acceptance and reverification tests, which verify the ability of CT systems to measure 
calibrated sizes and forms. This step is also required, but not sufficient, for traceability establishment 
(which is a requirement of ISO 9000 [8] and ISO 17025 [9]). As a second step, further analysis and 
tests are needed for determining task-specific uncertainty of measurements and establishing 
traceability [10]. These two steps are briefly discussed in the following. 

2.1 Metrological performance verification of CT systems 
In order to ensure comparability of results, not only with different CT systems, but also with other 
coordinate measuring systems (such as tactile CMMs), procedures for testing of CT systems should 
preferably be closely harmonized with the principles of ISO 10360-2 [11], which is internationally 
used for testing of CMMs. 
The German guideline VDI/VDE 2617-13 [4] was developed precisely for this scope: achieving 
comparability with the metrological characteristics of tactile and optical CMMs. For this reason, the 
guideline is closely related to ISO 10360-2 and indicates the specific additional aspects necessary 
when using CT systems. This guideline is widely considered as the most important document currently 
available for the development of a future international standard on metrological performance 
verification of CT systems (which will be part of the ISO 10360 series). The main tests specified by 



 

163 

VDI/VDE 2617-13 are those necessary to evaluate: (i) length measurement errors and (ii) probing 
errors. The first are determined by measuring five different calibrated lengths. The second are 
determined by measuring a calibrated sphere and are distinguished in evaluation of probing error of 
size (PS) and of probing error of form (PF). 
Figure 1 shows an example of calibrated standard that can be used to test length measurement errors in 
accordance with VDI/VDE 2617-13. The standard is called ‘Pan Flute Gauge’, consists of five 
calibrated glass tubes of different lengths, on a carbon fibre frame, and was developed by the 
University of Padova for the first international intercomparison on CT dimensional metrology, called 
“CT Audit” [12, 13]. Since the five calibrated lengths of the ‘Pan Flute Gauge’ are bidirectional lengths 
(i.e. measurement is possible using bidirectional probing of opposite points from opposite directions at 
two nominally parallel surfaces) these can be used to test length measurement errors in agreement with 
VDI/VDE 2617-13. It should be noticed that unidirectional lengths (e.g. spheres’ centres distances) 
would produce non-comparable length measurement errors, due e.g. to different influence of edge 
detection errors. The ‘Pan Flute Gauge’ includes also inner and outer calibrated diameters; they are 
useful to test also influence of threshold determination. 
 

   
Figure 1: (a) ‘Pan Flute Gauge’: one of the calibrated reference standards used in the CT Audit international 
intercomparison [12]; the five glass tubes’ lengths range from 2.5 to 12.5 mm. (b) Detail image of the volume 
reconstruction obtained from a CT scanning of the ‘Pan Flute Gauge’. (c) Same detail as in the previous image, 
but obtained from a different CT scanning, with worse structural resolution. 
 
The CT Audit intercomparison allowed testing several measurement characteristics on 15 CT systems 
operated by different expert users in America, Asia and Europe, using four different calibrated samples 
representing a variety of dimensions, geometries and materials. More than 5000 dimensional 
measurement results were collected from the participants. Full description of the CT Audit 
intercomparison is reported in [12, 13]. In the following paragraph, the main results of CT Audit that 
are related to metrological performance verification are briefly recalled, as a basis for discussing the 
international state of the art in metrological performance verification of CT systems used for 
dimensional metrology. 

2.1.1 Results from the first international intercomparison 
CT Audit results show that most CT dimensional measurements are possible with sub-voxel accuracy: 
length measurement errors in the order of 1/10 of the voxel size are clearly reachable by the CT Audit 
participants [12]. However, only 40% of participants were able to declare their maximum permissible 
error of length measurement (EL,MPE). Moreover, comparing the declared EL,MPE with the actual mean 
length measurement errors that were obtained in cases of length measurements on CT Audit samples, 
the following results were obtained:  

(i) in case of unidirectional length measurements, only 50% of the participants that declared an 
EL,MPE were able to perform actual length measurement errors within their EL,MPE;  
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(ii) in case of bidirectional length measurements, only 33% of the participants that declared an 
EL,MPE were able to perform actual length measurement errors within their EL,MPE. 

This documents that standard procedures for metrological performance verification of CT systems are 
still not widely applied even among expert users of CT systems for dimensional metrology. As a result, 
only a minority of participants are able to perform length measurements with errors below their CT 
systems’ specification. 
Furthermore, comparing the results obtained from unidirectional and bidirectional length measurement 
tasks, the CT Audit results confirm that unidirectional measurements are less problematic than 
bidirectional measurements. In particular, unidirectional CT measurements show better comparability 
to reference tactile calibration [13]. 
Another important evidence resulting from CT Audit is that measurements of form (such as roundness) 
are more problematic than measurements of size (such as lengths and diameters) [14]. The main cause 
of this is identifiable in the larger influence of noise of CT data on form measurements, while size 
measurements are the result of averaging calculations that reduce the influence of outliers. For limiting 
the influence of noise, low-pass filters can be used, but in this case the effect of filters on the structural 
resolution for dimensional measurements should be taken into account. 

2.2 Measurement uncertainty 
Dimensional measurements obtained from CT scanning have to include a valid statement of the task-
specific uncertainty [15]. In fact, measurement uncertainty evaluation is needed to: (i) determine the 
quality of a measurement, (ii) take decisions on conformance or non-conformance of products with 
specifications and (iii) achieve traceability. In order to obtain a correct statement of the task-specific 
uncertainty, the general reference method is currently outlined in the Guide to the Expression of 
Uncertainty in Measurement (GUM) [15]. However, uncertainty in CT measurements comes from 
many and complex influence quantities; therefore, evaluating the total uncertainty budget according to 
the GUM is extremely difficult for CT measurements. Currently there are no international standards 
and guidelines concerning measurement uncertainty evaluation in the specific case of CT 
measurements. Furthermore, since the measurement uncertainty depends strongly on the measurement 
task and the measurand, the use of metrological performance specifications for assessing the task-
specific uncertainty is not adequate for general CT measurements. These reasons contribute to the 
difficulties of CT users to provide appropriate statements of CT measurement uncertainties.  
An overview of possible approaches for uncertainty determination in CT dimensional metrology is 
reported in [1]. 

2.2.1 Results from the first international intercomparison 
Analysing the results of the CT Audit intercomparison is useful also for extracting a general indication 
of the difficulties faced at the state of the art by users of CT systems when asked to determine the 
uncertainty of dimensional measurements. 
For each measurement result, the CT Audit participants were asked to state the expanded measurement 
uncertainty and to declare which method was used for uncertainty evaluation. The uncertainty 
evaluation methods that were used by the participants are listed here below. 

- GUM method with analytical calculation of uncertainty contributors; this method was used by 
13% of participants. 

- Substitution method based on the use of similar calibrated objects; this method was used by 
13% of participants. 

- Method based on participant’s experience on similar measuring tasks; this method was used 
by 20% of participants. 

- Method based on maximum permissible errors of the CT system; this method was used by 
20% of participants. 
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- Other methods were used by 20% of participants. 
- Finally, in 13% of cases, the participants did not state the measurement uncertainty. 

Further interesting data can be derived by calculating for each CT Audit measurement result the En 
number according to ISO/IEC 17043 [16]. En numbers express the validity of the expanded uncertainty 
estimate associated with each result [4]. If -1 < En < 1 then there is good agreement between 
participant’s results and reference value (both with their expanded uncertainty); otherwise the 
agreement is unsatisfactory.  
The total number of measurement results provided by the CT Audit participants was 5308; 48.1% of 
them have |En|<1, 35.7% have |En|>1 and the remaining 16.2% are without uncertainty statement. From 
these data it is clear that almost half of measurement results have |En| > 1, which reveals an invalid 
evaluation of the uncertainty associated with the measurement result. This demonstrates that typically 
the participants have difficulties in evaluating measurement uncertainty appropriately and confirms 
that traceability of dimensional measurements is still a major challenge in CT scanning, even for expert 
users. Further details are available in [12]. 

3  Structural resolution for dimensional measurements 
The following part of this paper focuses on the evaluation of a specific metrological characteristic that 
too often is neglected when testing CT systems: the structural resolution for dimensional 
measurements. As defined in the guideline VDI/VDE 2617-13 [4], the structural resolution describes 
the size of the smallest structure that can still be measured within error limits to be specified.  
As for other types of coordinate measuring systems, the statement of the structural resolution for 
dimensional measurements is very important and shall always be specified together with other 
measurement characteristics that specify the accuracy [17]. In fact, tests of length measurement errors 
and probing errors do not provide information on structural resolution. For example, if smoothing 
filters are increased, the probing error of form can be improved while at the same time the structural 
resolution being worsened [18]. 

3.1 Test methods 
Spatial resolution in computed tomography has already been studied thoroughly in literature, and 
several methods for its determination have been proposed and published in standards, including study 
of Modulation Transfer Function (MTF), Point spread function (PSF) and other approaches using 
several phantom structures [19-23]. However, these methods refer to spatial resolution of the grey 
scale range of voxels, which is not equivalent to the structural resolution for dimensional 
measurements. In fact, the structural resolution for dimensional measurements takes into account the 
complete measurement chain of CT dimensional measurements, which means that in addition to the 
resolution in the grey scale range of voxels it takes into account also: threshold determination, surface 
points extraction and filtering and averaging of surface points. Achieving a good spatial resolution in 
the grey scale range of the voxels is necessary but not sufficient for achieving also a good structural 
resolution for dimensional measurements.  
New methods are therefore necessary for appropriate testing of structural resolution for dimensional 
measurements. At present, the reference document for studying the structural resolution for 
dimensional measurements in computed tomography is the guideline VDI/VDE 2617 Part 13. 

3.1.1 Test method according to VDI/VDE 2617 Part 13 
In Appendix A of VDI/VDE 2617 Part 13, a practical method is proposed for testing the structural 
resolution for dimensional measurements. Basically the method consists in determining the diameter of 
the smallest sphere for which the measuring system is able to determine a diameter, with error stated 
by the CT system manufacturer [4]. 
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A disadvantage of this method is that, when the structural resolution for dimensional measurements is 
unknown, a number of calibrated spheres with different diameters should be measured, until the correct 
diameter, corresponding to the structural resolution value, is found. In addition, since the value of 
structural resolution is subject to change depending on different variables (including scanning 
parameters, data processing parameters, materials, etc.), the needed number of calibrated spheres with 
different diameters may increase substantially. Furthermore, since typically CT dimensional 
measurements show structural resolution values well below 1 mm, calibrated microspheres are needed 
for applying this method. Procuring, calibrating, manipulating and measuring microspheres may be 
difficult and expensive. 

3.1.2 Results from the first international intercomparison 
One of the four calibrated samples used in the CT Audit intercomparison is the ‘QFM cylinder’, which 
was developed by Lehrstuhl Qualitätsmanagement und Fertigungsmesstechnik (QFM), University 
Erlangen-Nuremberg, Germany. It consists of a titanium cylinder with several geometrical features, 
including microfeatures, as schematically shown in Figure 2. 
 

 
Figure 2: Schematic representation of the ‘QFM Cylinder’ used in the CT Audit intercomparison. The nominal 
dimensions of the titanium cylinder are: height = 80 mm, outer diameter = 50 mm and inner diameter = 40 mm. 
 
One of the measurement tasks involving the ‘QFM Cylinder’ in the CT Audit intercomparison was the 
measurement of the dimensions of the microfeatures. In the intention of the CT Audit organizers, this 
measurement task was intended for evaluating the structural resolution for dimensional measurements, 
using a method similar to that proposed in VDI/VDE 2617 Part 13, but using the microfeatures instead 
of microspheres. The results were not satisfying mainly because of the finite number of microfeatures, 
so that it was not possible to identify the exact correspondence between microfeatures dimensions and 
actual structural resolution value. 
Another investigation performed in the CT Audit intercomparison that is, to a certain extent, connected 
with the structural resolution for dimensional measurements, is the measurement of diameters of the 
‘Pan Flute Gauge’ (Figure 1). An interesting systematic trend was observed from the measurement 
results of the ‘Pan Flute Gauge’: CT-measured outer diameters tend to be always larger than the 
corresponding calibrated diameters, while CT-measured inner diameters tend to be always smaller than 
the corresponding calibrated diameters. One of the causes of this effect was related to structural 
resolution: when the CT system’s resolution was near to the thickness of the tubes of the ‘Pan Flute 
Gauge’, the CT data results were deteriorating (Figures 1-b and 1-c show the effects on CT data when 
worsening the structural resolution), so that the participant could react to the visible deterioration of 
surfaces by correcting the threshold value in the direction of enlarging the material boundaries and 
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then producing the systematic effect discussed above. Other causes of this systematic effect can be 
found in scatter effect and beam hardening correction. Further details are given in [14]. 

4  Newly developed standard for testing of structural resolution  
Taking into consideration the above-mentioned limitations of the testing method based on 
microspheres, a new testing method is proposed in the following for testing the structural resolution for 
dimensional measurements. The method is based on a newly developed reference object, called 
‘Hourglass’ standard. 

4.1 The ‘Hourglass’ standard 
The ‘Hourglass’ standard was conceived, developed and calibrated at University of Padova expressly 
for testing structural resolution for dimensional measurements by CT systems. Its geometry was 
chosen as simple as possible, in order to facilitate the evaluation of structural resolution. The basic 
geometry consists of (at least) two spheres with the same nominal diameter (D), which are physically 
touching each other, as schematically shown in Figure 3-a. The diameter D must be well larger than 
the value of the structural resolution; for example, the first prototype of the ‘Hourglass’ standard was 
produced with D equal to 8 mm, as described in Section 4.2.1. As a result of the actual structural 
resolution, when the ‘Hourglass’ standard is CT-measured, its reconstructed surface resulting from the 
CT measurement is actually distorted in proximity of the contact point, as schematically shown in 
Figure 3-b. 

  
Figure 3: Concept of the ‘Hourglass’ standard. (a) Nominal geometry of the ‘Hourglass’ standard, which consists 
of two solid spheres of equal diameter, D. (b) Distorted geometry of the surface reconstruction resulting from CT 
measurement of the ‘Hourglass’ standard, where the actual diameter d and height h of the contact zone depend on 
the structural resolution. 
 
In order to evaluate the structural resolution for dimensional measurements, the ‘Hourglass’ standard is 
measured using the CT device under investigation, and the surface geometry is reconstructed from the 
CT measurement. Depending on the actual structural resolution, the spheres of the ‘Hourglass’ appear 
as a single object in the surface reconstruction: the spheres appear to be connected by a characteristic 
form error on the contact zone, as shown in Figure 3-b. The dimensions (d and h) of the distorted 
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contact zone (appearing in the surface reconstruction obtained from the CT measurement) increase as 
the structural resolution increases, as schematically shown in Figure 4. Then, the structural resolution 
can be determined by measuring the height, h, on the surface reconstruction. For better accuracy, the 
value of h can alternatively be calculated from the values of the diameters D and d (the first one being 
known from sample’s calibration, and the second one being measured from the surface reconstruction 
obtained from the CT measurement of the sample), because these diameters are measurable with better 
relative accuracy than the height h.  
 

 
Figure 4: Representation of surface reconstruction obtained from CT measurements of the ‘Hourglass’ standard. 
As the value of the structural resolution increases (left to right), also the dimensions of the contact zone increase. 

4.2 Experimental investigation 
A preliminary experimental investigation was carried out using a microCT system at University of 
Padova in order to evaluate the feasibility of the new method for testing the structural resolution based 
on the use of the ‘Hourglass’ standard. Additionally, six calibrated microspheres were CT-measured 
together with the ‘Hourglass’ standard, in order to compare the results of different structural resolution 
tests. Materials and methods, as well as preliminary results are presented and discussed in the 
following. 

4.2.1 Materials and methods 
An ‘Hourglass’ standard was produced using two precision spheres made of borosilicate glass with 
nominal diameter equal to 8 mm. The diameters of the two spheres were calibrated using a state of the 
art coordinate measuring machine Werth Video-Check-IP 400 (Werth Messtechnik GmbH, Giessen, 
Germany). 
Six microspheres made of borosilicate glass were CT-scanned together with the ‘Hourglass’ standard. 
The diameters of the microspheres were ranging from 140 to 400 µm. The microspheres were 
positioned near the ‘Hourglass’ standard, as visible in Figure 5. 

 
Figure 5: Image taken from CT volume reconstruction of the ‘Hourglass’ standard and additional six 
microspheres: (1) Section view of one of the two spheres of the ‘Hourglass’ standard; (a-f) six microspheres. 
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A microCT system SkyScan 1172 (SkyScan-Bruker microCT, Kontich, Belgium) was used for the 
investigation. Five different CT measurement tests of the ‘Hourglass’ standard and the six 
microspheres were performed. The CT scanning parameters used for the first test are shown in Table 1. 
 

Voltage 100 kV 
Tube current 100 µA 
Detector size 2000 x 1336 pixels 
Physical filter 0.5 mm Al 
Nr. of angles 1800 
Voxel size (5.6 µm)3 

Table 1: CT scanning parameters used in Test Nr. 1. 
 
All five CT measurement tests were performed using the same scanning parameters shown in Table 1, 
except the voxel size. The voxel size was changed for each one of the five different tests, by modifying 
the magnification (source-object and source-detector distances) and the detector binning. The voxel 
size of the five tests are the following: Voxel size for test Nr. 1 = (5.6 µm)3; Voxel size for test Nr. 2 = 
(12.5 µm)3; Voxel size for test Nr. 3 = (22.3 µm)3; Voxel size for test Nr. 4 = (27.3 µm)3; Voxel size 
for test Nr. 5 = (50.1 µm)3. 

4.2.2 Preliminary results 
For each one of the five tests presented above, the surface geometry was reconstructed, obtaining point 
clouds of the ‘Hourglass’ spheres and the six microspheres. The point clouds were analysed using 
elaboration procedures implemented in three-dimensional data modelling and evaluation software 
(PolyWorks, InnovMetric Software Inc., Canada). In particular, the actual diameter d and height h of 
the contact zone of the ‘Hourglass’ standard (see Figure 3-b) were calculated for the five tests. The 
results are shown in Table 2. 
 

Test Nr. d (mm) h (µm) 
1 0.505 16.0 
2 0.732 33.5 
3 0.743 34.6 
4 0.785 38.6 
5 1.434 129.6 

Table 2: Diameter d and height h of the contact zone of the ‘Hourglass’ standard (see Figure 3-b) resulting from 
dimensional measurements performed on the reconstructed surfaces of the five tests described above. 

 
These results show that the values of height h and diameter d are continuously increasing from Test Nr. 
1 to Test Nr. 5. This indicates that the value of the structural resolution is continuously increasing from 
Test Nr. 1 to Test Nr. 5. 
Figure 6 shows the results obtained from the diameters measurement of the six microspheres, resulting 
from the five tests described above. In particular, for each microsphere and each Test Nr., the probing 
error of size (PS) was determined. Figure 6 shows the deviations of the PS values obtained for Test Nr. 
2, 3, 4 and 5, with respect to the PS value obtained for Test Nr. 1. Two facts are clearly visible from 
Figure 6: (i) for a given Test, as the diameter of the microsphere decreases, the probing error PS 
increases; (ii) for a given microsphere diameter, the probing error PS increases continuously from Test 
Nr. 1 to Test Nr. 5. This confirms the conclusion already derived from Table 2: the structural 
resolution is continuously increasing from Test Nr. 1 to Test Nr. 5. 
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Figure 6: Results obtained from the measurement of the diameters of the six microspheres. 

4.2.3 Discussion 
Results from the newly developed testing method using the ‘Hourglass’ standard are in agreement with 
the results obtained from CT measurement of microspheres. The correlation between the two different 
methods is under study: new investigations are needed in order to experimentally determine the 
relationship between the value of height h measurable from the ‘Hourglass’ standard and the structural 
resolution value determined from the microsphere method. Future investigations have to include 
microspheres with smaller diameters. However, microspheres below 100 µm are problematic to 
manipulate and calibrate. This confirms the difficulties in practical implementation of the microspheres 
method for testing of structural resolution. 
The experimental investigation conducted in this work demonstrated that the newly developed 
reference standard allows reduction of duration and costs of testing procedures, with respect to the use 
of standards constituted by a number of microspheres with different diameters. One single ‘Hourglass’ 
standard is sufficient for testing an entire range of CT dimensional measurements with different 
structural resolutions; on the contrary, when using the microspheres method, different diameters of 
microspheres are needed for different structural resolutions to be verified. 
Based on the experience gained from the present work, future work on the newly developed testing 
method has to include the following studies: (i) influence of ring artifacts, (ii) influence of different 
sample orientations, (iii) influence of material homogeneity, (iv) investigations using different 
materials and diameters, (v) investigations using different CT systems and scanning parameters. 

5  Conclusions 
This paper presented a brief overview on the state of the art in accuracy evaluation of CT dimensional 
measurements. Particular attention was given in examining methods for: (i) metrological performance 
verification, (ii) measurement uncertainty evaluation and (iii) testing of structural resolution for 
dimensional measurements. The main conclusions concerning these three points are briefly recalled in 
the following. 

(i) By analysing the main results of the first international intercomparison on CT dimensional 
metrology, it was found that only a minority of expert users participating in the 
intercomparison were able to perform length measurements with errors below their CT 
systems’ specification. At the same time it was found that most CT dimensional 
measurements are possible with sub-voxel accuracy: CT Audit results show that length 
measurement errors in the order of 1/10th of the voxel size are clearly reachable. 



 

171 

(ii) Furthermore, CT Audit results demonstrate that typically the participants have difficulties in 
evaluating measurement uncertainty appropriately: almost half of dimensional measurement 
results have |En| > 1, which reveals an invalid evaluation of the uncertainty associated with the 
measurement result. This documents that traceability of dimensional measurements is still a 
major challenge in CT scanning, even for expert users. 

(iii) Concerning structural resolution for dimensional measurements, after discussing current 
limitations of available methods for determining the structural resolution, a new testing 
method was proposed, based on a newly developed reference object: the ‘Hourglass’ standard. 
A preliminary experimental investigation showed that the new method allows reduction of 
duration and costs of testing procedures, with respect to the use of standards constituted by a 
number of microspheres with different diameters. Correlation of results between the two 
different methods is under study.  

As a final remark, this work calls the attention to the urgent need for internationally accepted 
procedures for metrological performance verification and traceability establishment in CT dimensional 
metrology, in order to gain a wider recognition of computed tomography as a reliable and accurate 
dimensional measuring technique. 

Acknowledgements 
The following Organizations are thanked for their participation in the CT Audit international 
comparison: AIST - National Metrology Institute of Japan; BAM - Federal Inst. for materials research 
and testing, Berlin, Germany; Elettra Sincrotrone Trieste S.C.p.A., Italy; Human Technology Research 
Institute at AIST, Japan; Industrial Technology Center of Tochigi Prefecture, Japan; Katholieke 
Universiteit Leuven, Belgium; Nikon Metrology - X-Tek Systems Ltd, UK; Novo Nordisk A/S, Device 
R&D, Denmark; Novo Nordisk A/S, DMS Metrology & Calibration; Denmark; Pratt & Whitney, 
Austin, USA; RayScan Technologies GmbH, Germany; RWTH Aachen University - WZL, Germany; 
Universidad de Zaragoza, Spain; University of Erlangen-Nürnberg - QFM, Gemany; Werth 
Messtechnik GmbH, Germany. In addition, the authors wish to thank Dr. M. Bartscher (PTB, 
Germany), Prof. L. De Chiffre (DTU, Denmark), Prof. J.P. Kruth (K.U. Leuven, Belgium) and Prof. A. 
Weckenmann (QFM, Germany) for their valuable suggestions and friendly support to the CT Audit 
project. The CT Audit project was financed by the Department of Innovation in Mechanics and 
Management of the University of Padova (overall project coordination, from definition of participants, 
procedures and samples, to data elaboration) and by the single participants (CT measurements and 
shipping of samples). 

References 
[1] Kruth J-P, Bartscher M, Carmignato S, Schmitt R, De Chiffre L, Weckenmann A (2011). 

Computed Tomography for Dimensional Metrology. CIRP Annals, 60/2:821-842. 
[2] Bartscher M, Hilpert U, Goebbels J, Weidemann G (2007). Enhancement and proof of accuracy 

of industrial computed tomography (CT) measurements. CIRP Annals, 56/1:495.8. 
[3] Carmignato S, Savio E (2011). Traceable volume measurements using coordinate measuring 

systems. CIRP Annals, 60/1:519-522. 
[4] VDI/VDE 2617 - Part 13 (2011). Guideline for the application of DIN EN ISO 10360 for 

CMMs with CT-sensors. VDI, Duesseldorf, 2011. 
[5] Schmitt R, Niggemann C (2010). Uncertainty in measurement for X-ray-computed tomography 

using calibrated work pieces. Measurement Science & Technology, 21(5). 
[6] Krämer P, Weckenmann A (2010). Multi-energy image stack fusion in computed Tomography. 

Measurement Science & Technology, 21:045105. 



 

172 

[7] Carmignato S, Dreossi D, Mancini L, Marinello F, Tromba G, Savio E (2009). Testing of X-ray 
Microtomography Systems using a Traceable Geometrical Standard. Measurement Science & 
Technology, 20: 084021. 

[8] Wilhelm R G, Hocken R, Schwenke H (2001). Task specific uncertainty in coordinate 
metrology”, CIRP Annals, 50/2:553-563. 

[9] ISO 9001: 2008. Quality management systems - Requirements, International Organization for 
Standardization, Geneva. 

[10] ISO/IEC 17025: 2005. General requirements for the competence of testing and calibration 
laboratories. International Organization for Standardization, Geneva. 

[11] ISO 10360-2: 2009. Geometrical Product Specifications (GPS) - Acceptance and reverification 
tests for coordinate measuring machines (CMM) - Part 2: CMMs used for measuring linear 
dimensions. International Organization for Standardization, Geneva. 

[12] Carmignato S (2012). Accuracy of industrial computed tomography measurements: 
experimental results from an international comparison. CIRP Annals, 61/1:491-494. 

[13] Carmignato S, et al., First international interlaboratory comparison on computed tomography 
for dimensional metrology. Proposed for submission to Precision Engineering. 

[14] Carmignato S, Pierobon A, Savio E (2012). CT Audit Interlaboratory Comparison of CT 
Systems for Dimensional Metrology. Project report, University of Padova, Italy. 

[15] ISO/IEC Guide 98-3 (2008). Uncertainty of Measurement: Part 3. Guide to the Expression of 
Uncertainty in Measurement. International Organization for Standardization, Geneva. 

[16] ISO/IEC 17043: 2010. Conformity assessment – General requirements for proficiency testing. 
International Organization for Standardization, Geneva. 

[17] Carmignato S, Neuschaefer-Rube U, Schwenke H, Wendt K (2006). Tests and artefacts for 
determining the structural resolution of optical distance sensors for coordinate measurement. In: 
Proc. of EUSPEN International Conference, Baden bei Wien, May 2006, p. 62-65, ISBN/ISSN: 
978-0-9553082-0-8. 

[18] Carmignato S, Savio E (2011). Metrological performance verification of coordinate measuring 
systems with optical distance sensors. International Journal of Precision Technology, Vol. 2, 
No.2/3, pp. 153-171. 

[19] Staude A, Goebbels J (2011). Determining the spatial resolution in computed tomography – 
Comparison of MTF and line-pair structures. International symposium on digital industrial 
radiology and computed tomography, Berlin, 20-22 June 2011. 

[20] Rampazzo P (2012). Computed Tomography for dimensional quality control: study of structural 
resolution (Tomografia computerizzata per il controllo qualità dimensionale: studio della 
risoluzione strutturale). M.Sc. Thesis, supervised by S. Carmignato, University of Padova. In 
Italian. 

[21] ASTM E 1441: 2000. Standard guide for computed tomography (CT) imaging. American 
Society for Testing and Materials, United States. 

[22] ISO 15708-1: 2002. Non destructive testing - Radiation methods - Computed tomography - 
Principles. International Organization for Standardization, Geneva. 

[23] BS EN 16016: 2011, Non destructive testing - Radiation methods - Computed tomography - 
Operation and interpretation. British Standard, United Kingdom. 


