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Abstract 
Up to now, the only standardized method to determine the measurement uncertainty for computed tomography (CT) is to use 
calibrated workpieces as specified in the guideline VDI/VDE 2630 Part 2.1. This paper discusses a promising numerical 
method for uncertainty determination with help of a virtual metrological CT (VMCT). It gives an explanation of the 
adjustments, the input parameters and the execution of the simulation. Furthermore, it discusses the first results of uncertainty 
determination compared to the method of using calibrated workpieces with the aid of two example cases. 
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1  Basics – methods of uncertainty determination 
Computed tomography (CT) is the only technology of dimensional metrology that measures the full workpiece in one 
measurement so that it is possible to analyse each required feature in the volume or derived surface model. However, CT 
requires several process steps of high complexity, which have a significant impact on the measurement results. All these 
influences have to be considered for determination of a task specific measurement uncertainty. Up to now, the determination of 
uncertainty of measurement by using calibrated workpieces (as described in VDI/VDE 2630 Part 2.1 [1]) is the method of 
choice. The main idea of the method is not to investigate the error sources separately, but to consider the sum of all influences 
by a statistical evaluation of the deviations of the CT measurements from the reference measurement (usually a tactile 
calibration). For that reason, a calibrated standard and at least 20 CT measurements are required and a statistical analysis must 
be carried out. These time-consuming and costly steps as well as the expensiv calibrated workpiece-like standards are an 
essential motivation to find other ways to determine the task specific measurement uncertainty. 
First investigations to estimate measurement uncertainties by simulation for dimensional X-ray CT have been carried out by 
Hiller et al. [2]. It has been shown that, basically, it is possible to determine the measurement uncertainty by simulation using 
the Monte Carlo method. However, there is still a lack of research regarding CT systems that are dedicated for dimensional 
metrology and therefore have higher demands concerning the accuracy compared to conventional CT systems for material 
testing. 
The use of virtual instruments for uncertainty determination are widely spread [3]. Especially for tactile coordinate measuring 
machines (CMM), the virtual coordinate measuring machine (VCMM) is already field-tested in calibration laboratories [4]. 
Whereby, according to [4], the simulated uncertainty values deviate from other uncertainty determination methods within 
certain limits. Focused on tactile measurements, the guideline VDI/VDE 2617 Part 7 [5] describes the basics of numerical 
uncertainty determination for dimensional measurements. 
General informations about numerical uncertainty determination using the Monte Carlo method can be found in GUM 
Supplement 1 [6]. 

2  Numerical uncertainty determination for CT 
The basic idea of the numerical uncertainty determination is to simulate the whole measurement process as realistically as 
possible. Using a virtual model of a CT system, a simulated CT scan of the workpiece is carried out, resulting in a set of 
simulated projection images. These images are reconstructed and the dimensional measurements are performed using the same 
algorithms that are also used in real measurements (determination of surface point, alignment of the workpiece coordinate 
system, association with regular geometries). 
For real measurements, a large variety of different error sources lead to measurement deviations. These influences have to be 
known and must be considered realistically in the simulation tool. Quantities influencing the uncertainty, which are not 
considered by the simulation, must be estimated separately (e.g. the impact of form deviations that are not included in the 
virtual model of the part).  
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2.1  Workflow of numerical uncertainty evaluation 
To evaluate the measurement uncertainty numerically, a number of complete measurement processes (from data acquisition to 
final measurement results) are simulated, using the same measurement strategy and algorithms as for real measurements. To 
achieve a realistic and robust estimation of the measurement uncertainty, the number of simulations carried out with the 
VMCT should be as large as reasonably practicable. Due to the time consuming simulations, a number of 50 seems reasonable. 
The simulated volumes were evaluated using VGStudio MAX. After defining the workpiece coordinate system, a measurement 
template is imported and the measurement results are exported. Similar to the measurement uncertainty determination using 
calibrated standards, the standard deviation and the offset of the arithmetic mean of the simulated measurement results 
(compared to the nominal value of the CAD data) are used to calculate the task specific measurement uncertainty for each 
feature. Figure 1 compares our numerical approach and the experimental procedure regarding the steps to obtain a 
measurement uncertainty for CT measurements. The expanded uncertainty of measurement is calculated using an appropriate 
coverage factor (k = 2, for a confidence level of 95 %). Due to the complexity of the whole process, consisting of simulation 
software, user interaction and a large number of measurements it is recommended to perform plausibility checks, e.g. with an 
outlier test.  
 

 
Figure 1: Comparison of different approaches to determine measurement uncertainty. Left path: using calibrated workpieces; right path: 
numerical uncertainty evaluation. Measurement uncertainty derived from statistical evaluation of the measurement results or simulation 

results. 

2.2  Adjustment of the simulation tool 
Within the work on the microparts project (EMRP project “Multi-sensor metrology for microparts in innovative industrial 
products”) the simulation tool aRTist (analytical Radiographic Testing inspection simulation tool) [7] by BAM (Federal 
Institute for Materials Research and Testing, Germany) is used to develop a numeric model of the CT system (Werth 
TomoCheck 200 3D) at the Institute of Manufacturing Metrology. Table 1 gives an overview of important influencing 
quantities, which are taken into consideration for the simulation tool. A fundamental description and first investigations about 
the adjustment of the simulation tool can be found in [8]. 
 

Error source influencing quantities implemented in simulation 
X-ray source 
 

- photon spectrum 
- focal spot size and form 
- spot drift 

rotary stage 
 

- geometrical magnification 
- geometrical misalignement and drift 

detector - characteristic curve 
- noise level 
- unsharpness 
- procedure of flatfield correction/ring artefacts 
- geometrical misalignement and drift 

acquisition parameters - number of averaged images per projection 
- number of projections 

measured object - fixture holding the part 
- material composition of workpiece and fixing 
- orientation and variations of orientation in 

repeated measurements 
- unwanted movement during measurement 

Table 1: Considered influencing quantities for simulation listed according to the corresponding error source. 
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3  Verification of the simulation tool 
Two separate measurement series were carried out to test the prototype of the VMCT. To compare different measurement tasks 
and to execute the numerical uncertainty determination by a simple example, as a first workpiece, a rotor head (e.g. for remote-
controlled model helicopter) made of aluminium was chosen. The geometry is depicted in Figure 2. 
For this workpiece, measurement series were done with a voxel size of 30 µm (130 kV acceleration voltage, 300 μA tube 
current, 800 projections, 750 ms integration time). The workpiece was measured in relation to the rotation axis with top plane 
tilted by nearly 45°. The evaluated features of the rotor head (see Figure 2) were measured 2 mm below the top plane. In total 4 
diameters and 6 distances of the circles (center to center) were measured. 
The virtual model of the rotor head was generated from tactile and CT measurements by reverse engineering. 
 

 
Figure 2: rotor head drawing with the evaluated features shown in top and side view; right: isometric view 

Figure 3 show the second workpiece (LEGO connector; polycarbonate, green fixing tube made of ABS polymer) measured 
within the project microparts. The fixture (polyoxymethylene) is designed to protect the workpiece from damage, while still 
allowing tactile and optical measurements. The acquisition parameters are 70 kV acceleration voltage, 300 μA tube current, 
1600 projections and 1500 ms integration time per projection. Due to the size of the fixture, no smaller voxel size than 30 µm 
was possible. Twelve bidirectional lengths on comparably small geometries (nominal radius of approx. 700 µm) were 
measured on the connector. 
 

 
Figure 3: Left: aRTist Scene with LEGO part with fixing. Right: real LEGO part for calibration 

Calibrations for both parts were carried out at the DAkkS accredited calibration laboratory at the Institute of Manufacturing 
Metrology. The workpieces were measured on a numerically corrected and calibrated coordinate measuring machine of the 
type Zeiss UPMC 1200 CARAT S-ACC. The real CT scans were performed with the CT system Werth TomoCheck 200 3D. 
The volumes were evaluated using VGStudio MAX. 
For the measurement uncertainty determination according to VDI/VDE 2630 Part 2.1 [1], 20 CT measurements of the 
calibrated workpieces were performed. 
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For numerical uncertainty determination, 50 simulations were completed. The deviation of the measured features to the 
nominal value of the CAD model characterizes the systematic error of the simulated measurement. Furthermore the standard 
deviation of measurements gives the distribution of the simulated measurement values. Finally, the uncertainty contributions 
were used to generate an expanded uncertainty for each feature. 
In the following, the results of the measurement uncertainty determination are compared to test the numerical uncertainty 
determination. 

4  Results 
As the measurement of the rotor head is a rather straightforward measurement, the results are rather precise. Although some 
aluminium has to be penetrated by the X-rays, a good contrast in the projections is achievable. Furthermore, the evaluated 
geometries and thus the number of measured points are larger compared to the LEGO connector. The CT system is therefore 
suitable for this measurement task, as represented by low values of measurement uncertainty. 
Figure 4 shows reconstructed slices from projection data of measurement and simulation. Compared visually, the projections 
show a good agreement in qualitative terms and due to that, a realistic impact of the error sources for simulation can be 
assumed. 
 

 
Figure 4: Qualitative comparison of the rotor head measurements. Left: measured cross section. Right: simulated cross section. 

Table 2 compares the averaged uncertainty values for numerical and experimental uncertainty determination of the rotor head 
measurements separated into compareable measurands. 
When comparing the average of expanded uncertainty values of diameters (depending on surface determination, bidirectional 
measurement) and lengths measurements of circle distances (independent of surface determination, unidirectional 
measurement), the average of the numerically determined uncertainties is quite similar to those of the experimental method. 
 

Features Averaged uncertainty of simulation 
in µm 

Averaged uncertainty according to 
VDI/VDE 2630 Part 2.1 [1] in µm 

Diameters 4.3 4.2 
Distances 3.1 3.4 

Table 2: Averaged expanded uncertainties of the various types of features for rotor head measurements. 

Figure 5 compares the results for numerical and experimental uncertainties for each feature of the rotor head measurement. 
For the experimental method, the uncertainty of distances between circles “B0” and “B180” as well as between “B180” and 
“B270” are nearly twice the uncertainty of the other length measurements. There is no certain explanation for this fact, but it 
has to be taken into account that for the simulation an ideal virtual model was used, which does not consider influences of 
material and form deviations of the workpiece. Overall, it has to be stated that the uncertainty values for numerical and 
experimental uncertainty determination are at comparable levels. 
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Figure 5: Results of numerical measurement uncertainty determination and determination using a calibrated workpiece for features of the 

rotor head. 

In general, the task specific measurement uncertainties for the features of the LEGO connector are relatively high (see 
Figure 6), due to the small size of the features and therefore small number of evaluable measuring points. 
It has to be noted that an additional influence is the fixing of the LEGO part, in many projections the connector is occluded by 
the fixture that has a larger absorption coefficient and larger diameters than the measured part (see also Figure 3). This induces 
streak artefacts that affected the LEGO connector directly as visualised in Figure 7. Furthermore, the low magnification, due to 
the size of the fixing, generally limits the achievable accuracy for measurements of small features. 
In the comparison of numerical and experimental uncertainty determination, for this specific measurement task, the numerical 
uncertainty values are on average approximately 3 times greater than in experimental case. In contrast to the simple 
measurement task of the rotor head, the impact of the streak artefacts and the low resolution are overestimated by the 
simulation for this complex measurement task. 
 

 
Figure 6: Results of measurement uncertainty determination for distance features of the LEGO connector. 
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Figure 7: Typical cross-section of a measurement (note that brightness and contrast of images have been heavily adjusted to reveal artefacts). 

In the magnified visualisation (right) it can be seen that streak artefacts (induces by the fixture) affect the connector [12]. 

5  Conclusion 
A method to determine the task specific measurement uncertainty for CT measurements numerically was developed and 
verified using two different measurement tasks. 
It has to be stated that these results specifically apply for the measurement task (CT system, acquisition parameters, 
measurement object, geometrical features) examined in this study. However, the results presented in Chapter 4 showed that the 
numerical determination of uncertainty with the aid of a VMCT for dimensional measurements on microparts and other 
workpieces is feasible. In relation to numerical task specific uncertainty determination with coordinate measuring machines 
(CMM), [4] the results still provide a good approximation, although, at the moment, the numerical uncertainties are 
systematically overestimated for the comparably complex measurement task for the micropart LEGO connector. 
By contrast, the numerical and experimental uncertainty values for features of the rotor head are quite similar. This shows that 
the numerical approach for basic dimensional measurements (simple workpiece, one homogeneous material of the workpiece, 
short penetration lengths, only few artefacts) seems to be a reasonable alternative to the uncertainty determination according 
VDI/VDE 2630 Part 2.1 [1]. 
Comparing the determined measurement uncertainty using a calibrated workpiece with the results from the numerical 
uncertainty determination is thereby a suitable procedure to verify the numerically estimated uncertainty. As the characteristics 
of a CT system can change over time, the verification has to be repeated regularly and if required the VMCT must be adjusted. 
For dimensional measurements, the surface determination and the association of geometries are essential for the measurement 
results. Therefore, besides the verification using other existing methods to determine the measurement uncertainty, 
investigations on properties derived from the surface data, e.g. the frequency response of the CT system on small surface 
structures (see also [9, 10]) or the local single point uncertainty (see also [11]), can be used to verify the realism of the 
simulation tool. The single point uncertainty for the measurement of the LEGO connector is investigated more detailed in [12]. 
The relatively good performance achieved for the numerical method to determine the uncertainty of measurement should not 
hide the fact that there are still a number of disadvantages. First, for this method, a large effort is needed to model the CT 
system and the validity of this approach must be investigated further. Another disadvantage is that numerical uncertainty 
determination takes a lot of computing time and power. 
However, an essential advantage of this method is that the determination of uncertainty is moved away from expensive 
equipment. In addition to that, numerical uncertainty determination is feasible for internal and hidden geometries without 
calibration accompanied by irreversible destruction of the workpiece. It is also conceivable to determine the uncertainty of 
measurement previously, whereby only a virtual model of the workpiece is needed. For a large variety of measurement tasks, 
the numerical measurement uncertainty determination seems to be the preferable method. 

6  Outlook 
For dimensional measurements of geometric sizes, if the features have enough evaluable measuring points, the results of the 
VMCT are already very realistic. The numcerical measurement uncertainty determination for form and position and for more 
complex cases (e.g. small structures, multi-material objects, long penetration lengths) still needs to be verified. Using the 
results from the investigations, the model of the VMCT will be enhanced continuously to increase the accuracy of the 
uncertainty determination.  
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As the VMCT facilitates an alternative to the measurement uncertainty determination using calibrated standards (VDI/VDE 
2630 Part 2.1), the results from these investigations may have a large impact on future standardization activities. 
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