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Abstract 

X-ray CT measurements are affected by a multitude of influence factors, among which the correct estimation of the CT system 
geometry is of major importance. The presence of geometrical misalignment and/or the wrong estimation of system geometry, 
indeed, leads to artifacts and distortions in the measured volume, and to measurement errors when performing metrological tasks. 
That is why it is important to quantify the effects of geometrical misalignments or misestimation on CT measurement accuracy. 
In this work, the effects of detector misalignment are experimentally investigated on a metrology CT system. Physical 
misalignments were purposefully induced on a flat-panel detector for investigating the influence of a detector out of plane rotation 
on measurement results. The experimental results show the effects of the induced detector misalignment on center-to-center 
measurements, diameter and form measurements on a calibrated ball bar. The effects of the amplitude of the angular 
misalignment induced are also shown. 
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1  Introduction 
X-ray computed tomography (CT) is increasingly used as a non-contact measuring technique for performing a wide variety of 
dimensional and geometrical measurement tasks in industrial applications. In fact, thanks to its ability to provide holistic 
measurements on the scanned workpieces, it offers unique advantages compared to traditional tactile and optical coordinate 
measuring machines (CMMs) [1-3]. In particular, with the rapid development of additive manufacturing (AM) techniques which 
are capable of producing highly complex parts with non-accessible geometries, CT is proving its high potential for performing 
dimensional quality control [4]. 
An important requirement for using CT systems as coordinate measuring systems (CMSs) is the study of measurement accuracy 
and traceability to the unit of length (the meter) [5-8]. CT measurements are affected by a multitude of influence quantities (e.g. 
scanning parameters, workpiece material and size, geometrical misalignments, etc.) that make the traceability to the unit of length 
one of the major challenges for metrological applications. Among these influence factors, the correct estimation of the CT system 
geometry is of major importance as it provides the necessary information to fully describe the geometry of data acquisition and 
performing the tomographic reconstruction on which all the following dimensional analysis are based. In fact, an error in the 
estimate of the CT system geometry (i.e. set-up) or the presence of geometrical misalignments not accounted for during the 
reconstruction affect all the subsequent steps in the measurement chain and could lead to artifacts and distortions in the 
reconstructed volume, and to measurement errors when performing metrological tasks [9]. That is why it is important to quantify 
the effects of geometrical misalignments or misestimation on CT measurement accuracy. 
The geometry may be incorrect due to system misalignment and imperfect mechanical calibration or a misestimation. The 
mechanical calibration consists of precisely calibrating all axes of the system, e.g. source-to-detector and source-to-rotary table 
distance, etc. This calibration is routinely checked and fed into the reconstruction routine. Alternatively, the geometry may be 
estimated directly from images. For example, several studies are available in which different methods based on the acquisition 
of single or multiple projections images of test phantoms, generally composed of high density point-like objects (e.g. spheres), 
are proposed for estimating cone-beam CT systems geometries [10-12].  
In [9] the effects of geometrical misalignments and errors on CT system geometry are studied on simulated CT data. The authors 
investigate the influence of positional errors of the X-ray source, object and detector and the effects of detector angular 
misalignments and center of rotation errors on CT dimensional measurements. Different ball bars with varying length ranging 
from 2 mm to 100 mm were there simulated. The authors show how, when considering detector angular misalignments, the 
detector out-of-plane rotations have significant effects on dimensional measurements.  
In this work, the effects of detector misalignment are experimentally investigated on a metrology CT system, a NSI CXMM50. 
Reference CT measurements of a CMM calibrated ball bar were acquired with the system aligned according to the manufacturer’s 
guidelines. Physical misalignments were then induced on a flat-panel detector, and sphere center-to-center measurements, 
diameter measurements and form measurements were then calculated and compared to the reference measurements. 
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2  Experimental set-up 
The principal hardware components of a CT system are the X-ray source, the rotary table, and the detector. In an ideal case these 
three components are perfectly aligned, as schematically represented in Fig. 1. In a perfectly aligned system, the X-ray source, 
the center of rotation and the detector center are positioned on a straight line. This line, which coincides with the central ray, 
intersects the detector on its center, and is perpendicular to the detector surface. Moreover, the rotation axis is perpendicular to 
the central ray, while its projection is parallel to the detector columns.   
In real practice, it is not possible to reach the perfect alignment conditions represented in Fig. 1 and some residual errors between 
the three components could be present in the system geometry. CT system geometry has to be taken into account before 
reconstruction. The presence of geometrical misalignments and/or the wrong estimation of the system geometry could have a 
strong impact on the reconstructed volume leading to artifacts and distortions, and to measurement errors for metrological 
applications.  

 

 
 

Figure 1: Schematic representation of a perfectly aligned CT system. In this image the origin of the coordinate system is placed on the 
detector center. 

 

For the experimental investigation, the effects of detector angular misalignments were studied. A tactile CMM calibrated ball 
bar consisting of seven equally spaced spheres was used (with nominal sphere diameter equal to 1.59 mm, and with spheres 
center-to-center nominal distances ranging from 5 mm to 30 mm). CT reference scans of the ball bar oriented in the vertical 
direction (i.e. parallel to the Y axis of Fig.1) and positioned off-center from the center of rotation were acquired with the system 
aligned according to the manufacturer’s guidelines, using the scanning parameters reported in Table 1.  
 
 

Voltage 110 kV 
Current 150 µA 

Exposure time 1.5 fps 
Frame averaging 2 

Filtering  none 
Voxel size 20 µm 

Detector pixel size 127 µm 
 

Table 1: Scanning parameters used for the experimental investigation. 
 
 

The flat-panel detector was then physically misaligned in order to study the influence of a detector out of plane rotation about 
the X axis on the measurement result (Fig.2). Three angular misalignments of approximately 0.5°, 1° and 1.5° were chosen to 
investigate the influence of the misalignment with varying angles. These values were chosen in order to correlate the influence 
of the angular misalignment for reasonable angles, i.e. angles smaller than those easily eliminated by mechanical assembly. 
For each misaligned configuration one scan was acquired with the ball bar oriented in the vertical direction and positioned off-
center from the center of rotation. This was done to reveal the error from misalignment about the X axis, which is expected to 
be maximal on the vertical direction, as reported in [9]. The ball bar was positioned so that the middle sphere (number 4) was 
roughly centered on the middle plane of the detector in the aligned configuration, sphere 1 was positioned close to the upper 
edge of the detector and sphere 7 was positioned close to the lower edge of the detector. For each scan a procedure to estimate 
the geometry of the system was applied as per the system manufacturer’s guide. In this procedure, out of plane rotation of the 
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detector was disabled from the geometry estimation. Therefore, the detector misalignment about the X axis was not accounted 
for, whereas magnification errors at the center of the detector were taken into account. The acquired information was then used 
to perform the reconstruction. 

 
 

Figure 2: Representation of the detector angular misalignment studied in the experimental investigation. The flat-panel detector was 
purposefully physically misaligned in order to study the influence of detector out of plane rotation about the X axis.  

3  Results 
All CT data were reconstructed by means of the manufacturer’s reconstruction software, using a conventional FDK based 
algorithm. CT volumes were subsequently imported and analyzed using VGStudio MAX 3.0. A local adaptive surface 
determination was applied for all CT scans, and Gaussian least square fitting was used for spheres evaluation. Sphere distance 
errors (i.e. sphere center-to-center distances), diameter errors and form errors were calculated for the CT scans acquired with the 
system aligned according to manufacturer’s guidelines, and for the scans acquired with the system misaligned. 
The measurement results obtained for the CT scans collected in the aligned configuration were compared to the calibrated values 
obtained from tactile CMM measurements. Sphere distance errors and diameter errors smaller than 2 µm were found. This 
confirms the proper operation of the CT system before the misalignment process, and these results can be used as reference 
results showing the residual errors which are present when measuring the ball bar with a properly aligned CT system.  

 
 

Figure 3: Sphere distance errors for all the six nominal lengths of the ball bar. In the x axis of the graph the nominal lengths of the ball bar 
are represented whereas in the y axis the measured errors (CT values – CMM values) are plotted for all the angular misalignments considered 

in the study. The errors obtained from the reference CT scans with the system in the aligned configuration are also reported. 
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In Fig. 3 sphere center-to-center measurement errors, calculated as the difference between CT measured values and CMM 
reference values, are plotted for each of the six nominal lengths of the ball bar. The results obtained for the different misaligned 
configurations, characterized by different amplitudes of the detector angular misalignment about the X axis of Fig.2 are reported 
and compared. From Fig. 3 it is evident how the amplitude of angular misalignment has a strong influence on the measured 
results. With a misalignment of approximately 0.5° about the X axis sphere center-to-center errors up to 12 µm are present. When 
increasing the amplitude to 1° the sphere center-to-center errors increase and they reach 18 µm. The worst case is represented 
by the 1.5° misalignment which leads to sphere distance errors close to 28 µm. As expected by increasing the detector angular 
misalignment, the sphere distance errors increase and reach values significantly larger than the ones obtained with the system 
aligned. Already with a 0.5° tilt, the maximum sphere distance error found is 10 µm larger than the measurements obtained with 
an aligned system. Therefore, for the presented experimental results, it can be concluded that a detector misalignment about the 
X axis has a significant effect on center-to-center measurements performed in the vertical direction (Y direction represented in 
Fig.1).  
It is interesting to notice from Fig.3 that for all the three angular misalignments investigated up to 1.5°, the sphere distance errors 
present a symmetrical behavior about the X axis (i.e. for example the sphere distance error between sphere 1 and 2 is similar to 
the sphere distance error between sphere 6 and 7 but with the opposite sign).  This is because the magnification is established at 
the center of the detector, and as shown in Fig. 2, the angle introduced is affecting the magnification symmetrically about the 
detector center. Additionally, the lengths reported in Fig. 3 which comprise points symmetric about the X axis are characterized 
by a smaller error because they have opposite errors that cancel out. For example, sphere 1 and sphere 7 are positioned 
approximately at opposite Y coordinates in the aligned configuration, and when introducing an angle, the distance to the source 
is affected in opposite directions (further or closer from the source), which changes the magnification. 
 

 

 

Figure 4: Diameter errors for all of the seven spheres of the ball bar. In the x axis of the graph sphere numbers are represented whereas in the 
y axis the measured errors (CT values – CMM values) are plotted for all the angular misalignments considered in the study. The errors 

obtained from the reference CT scans with the system in the aligned configuration are also reported. 

 
Figure 4 describes the effects of the different angles, on the diameter errors of the spheres of the ball bar. It is visible how in this 
case the spheres which occupy similar regions on the detector (but at opposite sides) in the aligned configuration, show diameter 
errors with opposite sign. Also in this case, when increasing the angular misalignment, the measured diameter errors increase. 
For a 1.5° misalignment they reach 5.3 µm for sphere number 1. It is interesting to note that sphere 4, which is approximately in 
the center of the detector, is nearly unaffected by the misalignments. 
In the aligned configuration, no trend in the diameter error is visible and all the errors are randomly ranging from zero to 2 µm. 
Therefore, it can be concluded that the particular trend visible in Fig. 4 is caused by the angular misalignment about the X axis 
(see Fig.2). 
The form errors were also compared. In this case no significant difference between the aligned and misaligned configurations 
was found. This is likely due to the relatively small change in magnification over the extent of a single sphere which is dominated 
by other factors contributing to the form error, such as detector noise. 
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The experimental results show that a misalignment about the X axis of the detector has significant effects when measuring sphere 
center-to-center errors and diameter errors of a ball bar positioned in the vertical direction. Moreover, for the X tilts of the 
detector up to 1.5° considered in this study, magnifications errors are present which increase for spheres far away from the center 
of the detector in the aligned configuration (see Fig.1). These magnification errors are also characterized by opposite sign, 
depending whether the sphere is positioned in the upper or lower part of the detector. However, as reported in [9] it is expected 
that different angular misalignments impact in a different way on the measurement results depending on the orientation of the 
sample in the measured volume. Therefore, it is also expected that the detector misalignment about the X axis which was 
considered in this study produces different effects when measuring features oriented in a different direction other than vertical. 

4  Conclusions 
In this work, the effects of detector angular misalignments induced on a flat-panel detector were investigated and compared to 
the reference results obtained with the system aligned according to manufacturer’s guidelines. Three different angular 
misalignments of approximately 0.5°, 1° and 1.5° were physically induced on a flat-panel detector in order to study the effects 
of an out of plane rotation about the X axis of the detector. A CMM calibrated ball bar consisting on 7 equally spaced spheres 
was used for the experimental investigation and scanned off-center form the center of rotation and placed in the vertical 
orientation in the measured volume. The experimental results show that the out of plane rotation about the X axis has a significant 
influence on measurements when scanning an object in the vertical orientation. When increasing the angular misalignment 
induced in the flat-panel detector, the measurement errors consistently increase. The sphere center-to-center measurements with 
a detector tilt of approximately 0.5° show errors up to 12 µm. Increasing the amplitude of the misalignment to 1° causes the 
errors to reach 18 µm, errors get to 28 µm for 1.5°. The experimental results show also that for the angular misalignments up to 
1.5° considered in this study, the sphere center-to-center measurements exhibit a clear trend with a signed error that is symmetric 
about the center of the detector.  
When analyzing diameter errors, it was also found that spheres which occupy similar regions on the detector in the aligned 
configuration, but at opposite sides vertically, show diameter errors with opposite signs. For the maximum misalignment 
considered in the study. i.e. 1.5°, the diameter errors reach 5.3 µm. Form measurements were also investigated, and no clear 
trend was found between the aligned and misaligned configurations. 
It can be concluded that the detector out of plane rotation considered in this study has a significant effect when dealing with 
metrological applications. In particular, it is shown how the investigated out of plane rotations influence the measured errors of 
features scanned in the vertical orientation. Future works will be focused on analyzing the influence of different angular 
misalignments (i.e. detector yaw and detector roll) and the influence of sample orientation on the measurement results. 
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