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Abstract 

It is fundamental to determine the machine geometry accurately for dimensional X-ray computed tomography (XCT) 
measurements. When performing high-accuracy scans, compensation of a non-static geometry, e.g. due to rotary axis errors or 
drift, might become necessary. Here we provide an overview of methods to determine and account for such deviations on a per 
projection basis. They include characterisation of stage error motions, in situ geometry measurements, numerical simulations, 
and reconstruction-based optimization relying on image quality metrics and will be discussed in terms of their metrological 
performance. Since a radiographic calibration is always required to provide an initial absolute geometry, this method will be 
presented as well. The improvements of the XCT geometry correction methods are presented by means of case studies. The 
methods can be applied individually or in combination and are intended to provide a toolbox for XCT geometry compensation. 

 

Keywords: Dimensional metrology, traceability, XCT machine geometry, calibrated reference standards, radiographic XCT 
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1    Introduction 

Many efforts are being made to render dimensional XCT traceable [1]. To achieve this, a traceable scale needs to be introduced 
and a task specific measurement uncertainty estimated. Since the geometrical arrangement of the XCT machine directly 
influences the scale and can introduce geometrical distortions, it is essential to accurately determine and account for it [2]. 
Methods to determine static XCT machine geometries are established [3–5], however, determining and accounting for non-static 
geometries has not yet been widely applied. 

Here, we present different methods, including stage error mapping, numerical simulations, in situ metrology systems, and 
reconstruction-based optimisation (Figure 1), to determine non-static XCT geometries, i.e. measurement of the changing 
geometrical arrangement of the XCT machine during a scan, and will discuss routes to render these methods traceable. 

 

Figure 1: Methods for non-static XCT machine geometry determination and compensation. 
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2    Static XCT geometry determination 

2.1   Radiographic geometry determination based on a calibrated reference standard 

Radiographic calibration of the XCT geometry is the basis for all further corrections (Figure 1), since it locates the actual focal 
spot and detector plane positions that can change with energy [6] and are usually not accessible mechanically or optically. 

The procedure (Figure 2) relies on recording radiographs of a traceably calibrated structure with fiducial markers, usually 3D 
multi-sphere standards [4,5] or 2D grid structures [7]. Next, the calibrated fiducial marker positions (�, �, �) are forward 
projected to the detector plane (�, �), which can be achieved by parametrising the XCT geometry by means of a projection 
matrix 	 [8]: 


�′�′�′ = 	 ����1� = 
��� ⋯ ���⋮ ⋱ ⋮��� ⋯ 1  �
���1� → ���� = ���/�′��/�′� 

In parallel, the actual sphere, or feature, positions are located in the radiographs, usually by either detecting the edges of the 
markers or the grey value centre of gravity. Next, an optimisation algorithm that adjusts the XCT geometry to minimise the 
deviation between the calibrated forward-projected and actual sphere positions provides the best estimate of the XCT geometry 
during acquisition of the radiographs [3–5]. 

To render the radiographic XCT geometry determination method traceable, all influence factors have to be quantified and taken 
into account. Besides limitations in identifying the locations of the spheres in the radiographs, e.g. by noise and pixel resolution, 
the uncertainty of the reference calibration and the stability of the system, e.g. focal spot drift, have to be considered as well. An 
analysis based on simulated data [9] showed that XCT geometry was solved within 5 µm for displacements parallel to the detector 
and below 50 µrad for all angular deviations. These values of course depend on the reference calibration uncertainty and 
magnification used and can be further improved. A major limitation of the method was coupling between the source-rotary axis 
(SRD) and source-detector distance (SDD), which impedes the accurate determination of their absolute values (several 10 µm 
deviations). This becomes relevant when XCT scans are recorded with an offset from the initial geometry calibration position. 
However, this limitation can be overcome using in situ geometry measurement systems (section 3.2). 

 

 

Figure 2: Radiographic calibration of the XCT geometry using a multi-sphere standard. Sphere positions from a reference calibration (x,y,z) 
are forward projected and compared to the actual sphere positions in the radiographs (u,v). The XCT geometry used for forward projection is 
optimised for best agreement. 

2.2   Projection-based geometry optimisation based on slice image quality metrics 

As mentioned in the previous sections, the misaligned geometrical parameters of the XCT machine typically cause reduction of 
the reconstructed image quality leading to a decrease of the spatial resolution and increase of uncertainty of the dimensional 
measurements. Reconstruction-based geometry optimisation using image quality metrics is highly attractive for the XCT 
community since it does not rely on additional reference measurements or sensor systems. However, questions regarding 
metrological applications and traceability still need to be addressed. Therefore, we evaluate an optimisation algorithm for the 
identification and correction of the misaligned parameters for a metrological cone-beam XCT system. 

There are several methods in literature, which allow projection-based correction of the geometrical misalignments [10–12]. It 
has been shown that the sharpness of the reconstructed slice is the optimal criteria for the parameter optimisation since any 
misalignment introduces blur [12]. Slice images with sharp edges typically contain a larger amount of high spatial frequencies 
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compared to the same but blurry image. In this case, the application of a high-pass filter (e.g. Sobel filter) allows quantification 
of the high frequencies and hence the sharpness of the image. The developed optimisation algorithm builds on iterative sharpness 
maximisation of reconstructed slices. First, the selected slice/s is/are reconstructed using the FDK algorithm. Then the parameter 
set is being iteratively optimized by using Powell’s minimization method based on gradients of the image intensity function.  

The optimisation algorithm was applied on XCT data of a calibrated multi-sphere standard (Zeiss METROTOM-Check nano) 
acquired on a metrological XCT system [13]. All geometrical parameters of the rotation axis were aligned except for the SDD. 
Indeed, the geometrical magnification, defined by the ratio of SDD and SRD, is one of the most essential parameters in 
metrological XCT. Erroneous determination of the SRD and SDD will result in an erroneous effective voxel size and hence 
elevated uncertainty. On the other hand, deviations in the SDD would also result in an incorrect cone-beam angle causing the 
back-projected rays to introduce artefacts (blur) in the reconstructed slices (Figure 3a). Thus, to find the optimal geometrical 
magnification, the optimization was performed for the SDD value while keeping the SRD constant. 

 

Figure 3: (a) Multi-sphere standard reconstructed with an SDD deviation of -20 mm and (b) with the corrected SDD identified by the 
optimization algorithm (SDD = -20.64 mm).  

The developed algorithm could successfully maximize the sharpness of the multi-sphere standard volume data and identify the 
deviation of the SDD based solely on the image sharpness (Figure 3b). Based on the identified SDD and known SRD, the effective 
voxel size was calculated and compared to the reference value. The results for different SDD deviations are shown in Table 1.  

Table 1:  Evaluation of the optimization algorithm for different SDD deviations. 

ΔSDD from 

reference, 

mm 

ΔSDD from 

optimization, 

mm 

Voxel 

uncorrected, 

µm 

Voxel after 

optimization, 

µm 

Relative 

deviation to 

reference 

-40 -40.6666 3.72341 3.53367 -1.25∙10-3 
-20 -20.6367 3.62762 3.53380 -1.21∙10-3 
-5 -5.64571 3.55894 3.53377 -1.23∙10-3 
-2 -2.66652 3.54552 3.53367 -1.25∙10-3 
-1 -1.61782 3.54107 3.53389 -1.19∙10-3 

+10 9.308900 3.49282 3.53356 -1.28∙10-3 

 

Analysing the calibrated sphere centre-to-centre distances of the multi-sphere standard corroborated that the optimization 
consistently converged, regardless of the initial offset in SDD, and resulted in scale deviations between 1.4∙10-3 and 1.5∙10-3 
(Figure 4a). The inconsistency to the relative voxel size deviation is explained by the fact that the sensitivity is coupled to the 
cone-beam angle and relies on absolute calibration of the detector pixel pitch. Since absolute pixel pitch is usually accounted for 
by a shift in source-detector distance, this value is not known to a high degree of accuracy. Sphere diameters of all optimized 
data sets were within 0.3 µm to the reference XCT data (Figure 4b). Since the diameters are small (300 µm), they are less affected 
by scale errors. 

Optimizing XCT geometry using image metrics is widely used in fields where resolution and contrast are key, however 
applications in metrology are rare. The accuracy of about 10-3 is rather low for metrology, where scale deviations of the order of 
10-5 are obtained, however, if small objects or distances are measured, e.g. porosity, and scale deviations of 10-3 can be tolerated, 
the method is promising. Further, for very small objects (< 1 mm), the availability of reference objects might be limited and the 
uncertainty requirements for reference calibration very high. Future work should correlate quality metrics, e.g. for structural 
richness, to the obtained accuracy in XCT geometry determination and further investigate the absolute calibration of detector 
pixel pitch that acts as a scale reference. 



11th Conference on Industrial Computed Tomography, Wels, Austria (iCT 2022), www.ict-conference.com/2022 

4 

 

Figure 4: Analysis of the sphere centre-to-centre distances (a) and sphere diameters (b) using different initial deviations in SDD (-20 mm, 
+10 mm; red data) and after geometry optimization (blue data). Note that the blue markers in (a) overlap. 

 

3    Non-static XCT geometry determination 

As shown in Figure 1 different methods can be employed to determine and correct relative, non-static XCT geometry deviations. 
The following sections discuss these methods in detail, in particular stage error mapping to account for linear and rotary stage 
errors (Section 3.1), in situ metrology, i.e. sensors to monitor the geometry, to compensate drift and assist radiographic calibration 
(Section 3.2), and numerical simulations to derive geometry deviations from secondary signals, e.g. temperature (Section 3.3). 

3.1   Stage error mapping 

One way to introduce traceability to XCT-measurements is determining the geometry and characterising the degrees of freedom 
(DoF) of the measurement setup experimentally (Figure 5). In theory, the method can be used to fully characterise the stage 
errors at all sample positions, but in practice, it is used in combination with radiographic scale calibration. 

Stage error mapping can be used to account for repeatable deviations from the ideal trajectory [14]. It includes characterising 
axial and radial error motion and angular positioning accuracy of the rotary axis, as well as straightness, angular error motions 
and linear positioning accuracy of the linear stages. Since these techniques are metrologically well-established, measurement 
uncertainty estimation is straightforward. The alignment of the axes relative to the X-ray beam axis needs to be determined 
radiographically. Stage error mapping defines the relative change of the 6 degrees-of-freedom related to the rotary axis position 
and angle (xo, yo, zo, Rox, Roy, Roz; coordinate system in Figure 2) as function of nominal position. Radiographic measurement is 
needed to determine the source position (xs, ys, zs) and position offset on the x-scale (magnification axis). The origins of xs, xo 

and pitch Roy are important for correct magnification determination. In most cases origin positions for other degrees of freedom 
are less critical. After the characterisation of linear and rotary movements, the nominal sample position error is known and can 
be corrected. It is notable that some of the DoF are more important for magnification determination of the XCT system, whereas 
some are more relevant for sharpness of the reconstructed data (Table 2). These characterisations with some additional stability 
tests can be used to estimate the uncertainty of length scale of the XCT system. 

In practice, it is typically useful to characterize the x-movement repeatability and pitch and use these in addition to known 
calibration samples. These allow finding possible areas with high gradient or low repeatability in magnification error and the 
magnification gradient in direction of z-axis caused by pitch errors. The other linear axis errors are less important apart from the 
z-axis movement in case of helical scans. The rotary stage errors, however, are important for all XCT measurements, as they 
introduce errors to the reconstructed volume. If rotation errors are known, they can be corrected before or during reconstruction. 

For characterisation of the positioning error of the linear axes, a laser interferometer is typically used. Interferometers allow 
accuracies at the sub-micrometre level, even without perfect optimization of the measurement setup, and they can be used in the 
restricted interior of commercial XCT systems (Figure 5a). This characterisation gives relative errors; to determine the absolute 
SRD and SDD at a certain point, a radiographic calibration is required. For characterisation of the pitch and yaw of the linear 
axes, an autocollimator and a mirror attached to the sample holder can be used. Electronic levels are another option for measuring 
pitch and roll of the horizontal axis and both pitch and yaw for the vertical axis. For characterisation of pitch, yaw and roll, a 
series of radiographic measurements is another possibility, but for covering a wider range, it is typically slower than direct 
measurement. For characterisation of the rotary stage axial and radial runout, a reference sphere is attached to the sample holder 
and the surface of the sphere is measured using tactile or capacitive sensors (Figure 5b). The angular positioning can be measured 
using an autocollimator and an optical polygon (Figure 5c). For characterization of the tilt during the rotation either electronic 
levels, or an autocollimator and a mirror placed on the sample holder is usually used.  
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Figure 5: (a) Calibration of the magnification axis using a laser interferometer. The interferometer (1) is mounted close to the X-ray tube and 
a retroreflector (2) is attached to the rotary stage. (b) Measurement of axial runout of rotary axis using a sphere and tactile transducer. 
(c) Calibration of the rotary axis angular positioning using an autocollimator (1) and an optical polygon (2). 

 

Error Typical 

range 

Typical 

repeatability 

Effect Typical 

uncorrected 

magnitude 

Measurement 

method 

Measurement 

accuracy 

Correction 

magnification axis 
position 

< 10 µm … 
2 mm 

1…5 µm magnification < 1 % interferometer 0.01 µm calibrated 
standard 

magnification axis 
pitch 

10”…1000” < 1” magnification < 5 voxels at 
edges 

autocollimator/ 
electr. level 

0.5” reconstruction/ 
none 

rotation radial 
runout 

< 20 µm 1 µm blurring typically smaller 
than the error size 

tactile / 
capacitive 

< 0.5 µm reconstruction/ 
none  

rotation axial 
runout 

0.5…2 µm 0.5 µm blurring typically smaller 
than the error size  

tactile / 
capacitive 

< 0.5 µm reconstruction/ 
none  

rotation angular 
positioning 

5…100” < 5” blurring ≤ 1 voxel autocollimator 0.5” reconstruction/ 
none  

rotation wobble  < 10” < 1” blurring < 1 voxel autocollimator/ 
electr. level 

0.5” reconstruction/ 
none  

Table 2:  Typical range and repeatability of XCT stage errors and methods for their characterisation and correction. 

 

The linear stage errors of three XCT systems, two commercial ones and one research metrology system, were characterised. 
There were large deviations in the source to rotary axis distance derived from the stage encoders in certain systems (Figure 6a), 
which is relevant to the magnification (xo). These errors, however, are relatively straightforward to correct using a calibrated 
standard. The changes in sample pitch (Figure 6b, relevant to Roy) causes uneven magnification errors across the vertical axis 
and cannot be corrected using a simple scale calibration measurement using e.g. a ball bar, as the error is different at top and 
bottom edges of the image. For full image size, the error caused by pitch to the image could be up to 4 voxels at edges of the 
image. Rotary stage errors were characterised on two systems. They were about 20 µm radially and 1.3 µm axially for the 
commercial system and below 0.2 µm for the metrology XCT (Figure 6c). The rotary axis errors on the commercial system were 
above the typical voxel size used and therefore further investigated. 

To demonstrate the influence of rotary axis errors, they were used as an input for the XCT simulation in aRTist (commercial CT 
system 1 in Figure 6c). The data were reconstructed either assuming an ideal circular trajectory (Figure 7a) or accounting for the 
rotary axis errors using a non-ideal trajectory for reconstruction (Figure 7b). For the uncorrected circular trajectory, 90% of 
surface points were within 5.3 µm, whereas for the corrected non-ideal trajectory they were within 1.3 µm (voxel size: 7 µm), 
demonstrating a significant improvement in surface point accuracy. Even with the uncorrected trajectory, the magnitude of errors 
in surface determination were significantly smaller for this sample than the errors in the rotation trajectory, indicating a partial 
averaging effect.  
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Figure 6: Stage error mapping: Uncorrected linear stage positioning (a) and pitch (b), and rotary axis error motions at typical scan height (c). 

 

 

Figure 7: Simulated influence of a non-ideal rotary axis (commercial CT system 1 in Figure 6c) without (a) and with (b) XCT geometry 
compensation during reconstruction (voxel size: 7 µm). 

 

 

3.2   In situ geometry measurement systems 

In situ geometry measurement systems capture non-repeatable deviations, such as drift, as well as stage errors. They consist of 
position sensors including interferometers and straightness measurement systems [13]. Rendering them traceable is 
straightforward by calibrating the interferometer wavelengths or using error separation techniques for the straightness 
measurements [15]. Some systems presented solely monitor the magnification axis position interferometrically [6], whereas 
others measure the entire XCT geometry (Figure 8) [13]. Such systems proved to be important to increase the accuracy of CT 
measurements and are essential for dimensional XCT scans at high magnifications, i.e. at source-rotary axis distances (SRDs) of 
the order of 10 mm. The main benefits of in situ metrology are discussed in the following: 

 Improved XCT geometry calibration: By introducing a known displacement in the SRD, the accuracy of the 
radiographic XCT geometry determination routine can be improved [4,6]. 

 Drift correction: Non-repeatable errors during a CT scan, e.g. drift of the X-ray tube due to changes in temperature, can 
be compensated on a per projection basis [16]. 

 Compensation of stage errors and long-term deviations in CT geometry: Compensating the geometrical deviations 
between XCT scans, e.g. the radiographic calibration position and the actual scan position, is essential at short SRDs 
(Figure 9). 

 Primary XCT: Traceability in XCT usually is achieved using intermediate reference objects that are calibrated 
employing other measurement principles. If an XCT measurement procedure does not rely on a reference object, it is 
considered primary [17]. An interferometric geometry measurement system could enable an XCT calibration without 
relying on a calibrated reference object, but rather on the calibrated wavelength of the interferometers. 
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As a proof-of-concept a small multi-sphere standard (Zeiss METROTOM-Check nano, Figure 9a) was first used to determine 
the XCT geometry with 36 projections (Figure 2) [4] and subsequently CT scanned at a magnification of 56.5× (SRD 14.1 mm) 
on METAS-CT (Figure 8). The X-ray tube was operated with a 0.03 mm aluminium filter at an acceleration voltage of 80 kV 
and a target power of 5 W. 1000 projections were recorded using an integration time of 4.2 s. Data were reconstructed in CERA 
5.1 (Siemens) with a voxel size of 1.8 µm and analysed in VG Studio MAX (Volume Graphics). Sphere centre positions were 
determined by using a gradient-based segmentation and fitting spherical primitives. Tactile reference data were obtained on a 
micro-coordinate measurement machine (µCMM [18]) with an expanded measurement uncertainty of 0.10 µm (k = 2).  

Figure 9b shows the sphere centre-to-centre distance deviations between the CT scan and the tactile reference measurement. 
Compensating the shift in SRD of 1.8 µm between the geometry calibration and the CT scan using the in situ measurement 
system results in a scale deviation of -5.3∙10-6 (solid red line). This corresponds to an error in the source-rotary axis distance of 
0.07 µm. The standard deviation of sphere centre-to-centre distance deviation was 0.04 µm and the maximum deviation 0.11 µm. 
Not accounting for the shift in source-rotary axis distance would lead to a scale error of -1.2∙10-4 (dashed blue line), which is 
more than an order of magnitude higher. This demonstrates the importance to control the XCT geometry to the sub-micrometre 
level to obtain accurate dimensional data from high-magnification scans. 

 

 

Figure 8: Example of an in situ geometry measurement system implemented on METAS-CT [13]. Red beams indicate laser interferometers 
and orange beams laser straightness sensors that continuously monitor the XCT geometry. 

 

Figure 9: Effect of the in situ geometry measurement system on the scale deviation. (a) Traceably calibrated 22-sphere standard (Zeiss 
METROTOM-Check nano, Ø 3.6 mm). (b) Sphere centre-to-centre distance deviations with (solid red line, scale deviation -5.3∙10-6) and 
without (dashed blue line, scale deviation -1.2∙10-4) compensation using the in situ geometry measurement. The measurement uncertainty of 
the tactile reference calibration is indicated by the shaded area (0.05 µm, k = 1). 
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3.3   Numerical simulations 

Numerical simulations enable indirect determination of XCT geometry deviations caused by secondary signals such as 
temperatures changes [19] or heat dissipation. They can be used for estimation of local effects, e.g. finite element modelling of 
deformations in the X-ray tube [20], or implemented for the full XCT geometry combined with a computational fluid dynamics 
(CFD) model. Establishing traceability could be achieved through comparisons to reference measurements [20].  

Stable temperature of the metrology loop is an essential prerequisite for precision. In general, this is difficult to achieve in an 
XCT system, as both the X-ray source and flat panel detector act as heat sources incorporated in the metrology loop. Different 
compensation strategies are used by manufacturers, typically based on water-cooling and/or interior air-conditioning. While 
particular parts of the metrology loop can be modelled individually, it is important to understand the thermal behaviour of the 
system as a whole. 

The system under investigation was a commercially available 225 kV CT scanner with water-cooled X-ray target and X-ray 
focusing coils (both set permanently at 16 °C), and air-conditioned interior. A custom temperature measurement system, 
consisting of eight high-accuracy (U = 5 mK) thermistors, was installed at various locations (Figure 10a). Temperature readings 
were collected for two distinct X-ray power levels (P= 5 W and P = 45 W, Figure 10b). 

 

Figure 10: (a) Placement of temperature sensors and (b) measurement results for X-ray power P = 45 W. 

In order to investigate the applicability of CFD as a tool for estimation of geometry deviations, all relevant parts of a commercial 
XCT system were first modelled to obtain full CAD data of its interior. However, even with a full CAD geometry available, 
material properties and exact locations of heat sources and sinks were difficult to determine, leading to difficulties in definition 
of boundary conditions for the CFD analysis. Our approach to solve this issue was iterative: unknown parameters were estimated 
and used in the CFD model. The corresponding temperature distribution was calculated and compared to measured data. The 
unknown parameters were then adjusted accordingly, and calculations were repeated until consistency was achieved. CFD 
simulations were iterated until the final temperatures were within 0.5 °C with respect to the measured data, and the time constant 
(τ ≈ 215 s) was within 10 % of the measured value. The simulated temperature and airflow velocity distributions are shown in 
Figure 11 and Figure 12a. 

The process described above was carried out at a single X-ray power level (P = 45 W). Before reaching definite conclusions, 
analyses at additional power levels will be required. However, it can be stated that CFD computations can be successfully applied 
even to “black-box” commercial systems, in order to improve the estimate of thermally induced geometry deviations of the 
metrology loop (Figure 12b), and possibly provide corrections for the measurement results. 

 

Figure 11: (a) Temperature distribution near the X-ray target and (b) isosurfaces for entire X-ray source. 
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Figure 12: Calculated airflow velocity field (a) and displacements of the X-ray source (b). 

 

4    Conclusions 

Methods for XCT machine geometry determination are an important step towards traceable dimensional XCT measurements. 
The geometry data obtained can be used for measurement uncertainty estimations and to render XCT data more accurate by 
accounting for geometry deviations during reconstruction. This proved especially important for high-accuracy and high-
magnification XCT scans. 

We investigated stage error mapping (Section 3.1), in situ geometry measurements (Section 3.2), and numerical simulations 
(Section 3.3) to determine the XCT geometry on a per projection basis, i.e. non-statically. Compensating the repeatable rotary 
stage error motions, which had a magnitude of about two times the voxel size, during reconstruction, increased the accuracy of 
surface points about fourfold. In situ geometry measurements, i.e. positions sensor systems, enabled us to correct the drift in 
source-rotary axis distance, between the radiographic calibration and the actual CT scan, from a few micrometres to about 
0.1 µm. This resulted in sphere centre-to-centre deviations < 0.11 µm and scale deviations < 10-5 at high magnifications (~50×). 

Whereas stage error mapping (Section 3.1) and in situ geometry measurements (Section 3.2) are considered metrologically 
established for XCT geometry compensation, more work is required for image quality metric based optimisation (Section 2.2) 
and numerical simulations (Section 3.3). The image quality metric based optimisation showed a dependency on structural 
richness of the data that should be quantified and relies on the absolute detector pixel pitch as a scale reference, whose traceable 
calibration is required. Further, more data is needed to identify the reason for the reproducible, systematic scale deviation in the 
optimised geometry of about 10-3. Numerical simulations to predict and account XCT geometry deviations require careful 
validation for each model using traceable methods. The advantage of image quality metric based optimisation and numerical 
simulations is that the former requires no calibrated reference object and the latter works with secondary sensor inputs, e.g. 
temperature, which are usually more economical. 

The presented methodologies should be considered a toolbox for XCT geometry correction (see Figure 1 for an overview) and 
their selection tailored to the area of application. To achieve high accuracies, it can be beneficial to combine several methods. 
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