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Abstract 

In order to perform measurements in industrial computed tomography (CT), the specimen in question has to be mounted on the 
kinematic system of the CT device. In principle this applies to all measuring machines, however, it is an especially critical step 
of a CT measurement as there are no companies providing mounting systems in particular for CT applications that have been 
tried and tested by many years of usage. As a mounting system for CT applications should not interfere with x-ray beams to 
ensure an uncorrupted measurement, many users rely on special mountings cut from foam, 3D printed mounts or custom- made 
parts. However, there has not been a systematic survey on which mounting strategy leads to minimal random error in 
measurement results. Therefore, this paper aims at determining the influence of different mounting strategies on the random 
measurement error and image quality of the resulting scans. To this end, measurements of a defined test-object using different 
mountings are performed and compared with respect to these quality parameters. Finally, a recommendation for the optimal 
choice of a mounting system based on the results is given.   
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1    Introduction 

To ensure high accuracy of CT measurements, it is important that the workpiece does not move relatively to the measurement 
machine [1]. Although this applies for all coordinate measuring machines, it is of particular interest in CT applications. This is 
the case because – as of July 2019 – there is only one supplier for tailor-made CT mounting systems, which has been published 
only recently [2]. This lack of choice is due to the fact that conventional mountings are not suitable for CT applications. In order 
to be suitable for CT applications, a mounting must not be made of a material that interferes with x-ray beams, i.e. it has to have 
a low x-ray attenuation coefficient [1]. Otherwise the mounting would be visible in the final measurement and thus impede the 
analysis of the CT data. Eventually, it could even cause artefacts and a loss of image quality. Due to this, there is a need for 
mountings specifically designed for CT applications. While some applications, e.g. automated in-line inspections, allow for a 
custom-made mounting to be built specifically for one measurement object (e.g. [3]), a respective approach is often not feasible 
in research and development surroundings. Therefore, many researchers use foam or special 3d printed mountings. In comparison 
to e.g. a jaw chuck used with tactile coordinate measuring machines, these approaches seem more error-prone due to movements 
of the specimen. In order to evaluate this hypothesis, different mounting strategies are compared systematically in this paper. 
Using a special reference test object, image quality as well as the random error is analyzed. Thus, this paper aims at quantifying 
the effect of different mounting strategies on the measurement result, in order to provide a user with advice on how to best mount 
their specimen.  

2    Test object and evaluation strategy 

    
Figure 1. Test object designed to assess the influence of the mounting on the measurement result 
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Figure 2. Technical drawing of the test object including names of features as they are referred to in the text as well as the object’s dimensions. 
“Reg” is used as abbreviation for “region”, “uni” for uni-directional and “bi” for bi-directional. All dimensions provided in millimeters.  

 
The test object used in this paper is depicted in Figure 1. Figure 2 shows technical drawings of the object. Besides the part’s 
dimensions the measurement features are shown in Figure 2, as well. The object is made of aluminum by means of milling. It 
consists of the main housing and two cylindrical inserts which are not shown in the technical drawings but are visible in Figure 
1. The housing measures 10mm x 10mm x 5mm and consists of three different regions with different wall thickness. While the 
top most region (reg1) is very thin, the lowest region (reg3) is solid except for four small holes. By providing regions with different 
wall thickness, the test object is designed to resemble industrial work pieces. Analyzing the different regions individually, the 
influence of the chosen CT settings on beam hardening effects can be assessed. While, the housing allows to investigate uni- and 
bi-directional features, the cylindrical inserts enable the analysis of the achieved resolution. Ideally, they only touch in one line. 
However, a finite resolution of a CT smears this line to an area. Analyzing this contact area, the resolution of a CT scan can be 
investigated.  
 
By measuring the outside dimensions of the test object, the impact of the chosen mounting strategy on the measurement deviation 
of bi-directional (affected by surface determination) features is assessed. Measuring the distance of the holes on the lower part 
of the test object, the impact on unidirectional features (not affected by surface determination) is observed. The top right hand 
corner is cropped in order to provide a reference for orientation. Using it, the two bi-directional features and the four uni-
directional features are individually distinguishable. Their indices are provided in Figure 2. These features are first measured 
with tactile coordinate measuring machines (CMM). For all bi-directional features a Zeiss O-INSPECT 322 CMM and the 
evaluation software Zeiss Calypso are used, while the uni-directional features are measured with a CMM Zeiss F-25. The tactile 
measurements provide reference values to calculate the measurement deviation. The mean reference values provided in Table 1 
are the average from 16 repeated measurements (O-INSPECT) and four repetition measurements (F-25), respectively. The CT 
scans are conducted using a Zeiss METROTOM 800 CT. METROTOM OS 2.6 is used to perform reconstruction. The features 
are measured with Volume Graphics Max 2.2. Automatic surface detection without advanced settings is used. While registration 
is done manually, the same measurement plan is used for all scans. The measurement results of the glued clamping show that 
this measurement strategy provides sufficiently precise results, although the usage of advanced surface determination settings 
and a completely automated macro may improve random as well as systematic errors even further. 
 

Table 1. Results of CMM reference measurements in millimetres. 

Feature BiReg1, 1 BiReg1, 2 BiReg2, 1 BiReg2, 2 BiReg3, 1 BiReg3, 2 Uni1 Uni2 Uni3 Uni4 

Value 9.9847 9.9887 9.9912 9.9909 9.9921 7.0026 6.9982 7.0019 6.9998 9.9847 

 
Besides dimensional measurements, the impact of the mounting on the resolution is determined. In order to perform these 
analyses, two types of image quality are evaluated. All calculations of image quality are done in MATLAB. First, the quality 
parameter provided by Reiter et al. [4] is calculated. For this analysis, the histogram of each complete scan is used. Second, the 
image sharpness of the region where the inserts touch each other and the walls of the housing is determined. This examination 
is not carried out globally as the calculation of Reiter’s quality parameter. Instead a one voxel thick ROI of the touching point is 
extracted from each CT scan. An example of such a ROI is shown in Figure 3. The touching point’s image quality is analyzed 
using the image quality parameters given in [5]. Except for 𝑓""#, the chosen quality measures are also provided in the more 
common literature review [6]. The chosen image quality parameters represent typical groups of image quality parameters. While 
𝑓$%& uses the inhomogeneity of grey values in an image as an indicator for sharpness, 𝑓'&( measures image quality by assessing 
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the difference of grey values between neighboring image regions. 𝑓$)**+ and 𝑓$)**, are two image quality parameters based on 
the similarity of neighboring image regions. They have been found to assess image sharpness very well in [6]. Additionally, 𝑓""# 
is used. This image quality parameter makes use of the 2d Fourier transformation of an image. The amount of amplitudes with 
high frequencies is supposed to correlate to image sharpness. 
In the following formulas, 𝑔(𝑖, 𝑗) represents the grey value of an image at the position 𝑖 and 𝑗 in the image’s pixel grid in x- and 
y-direction. 𝑀 and 𝑁 represent an image’s size. The mean intensity of an image is given by �̅�. 𝐹(𝑢, 𝑣) denotes the 2d Fast Fourier 
transformation of an image with pixel indices 𝑢 and 𝑣. Ω represents a parameter that acts as a band pass filter. In this paper, high 
frequencies corresponding to a wavelength of 1/200 of the image’s short side as well as low frequencies (1/4 of the image’s short 
side) are cut off. The formulas of the image quality parameters are:  
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Figure 3. Exemplary ROI that is used to calculate the image quality parameters. Each ROI contains the touching point of the insert cylinders. 
Furthermore, each ROI is one voxel thick.   

3    Mountings and procedure 

In total, the influence of six different mountings on the measurement results and image quality is investigated. For each of the 
six mountings, ten measurements are undertaken. First, the test object is measured five times without reassembly of the mounting 
in order to assess the stability of the mounting. After the first five measurements, the mounting is disassembled and reassembled 
for each measurement in order to check for repeatability. For both types of repetition and all features, the difference to the tactile 
reference measurement and the span as difference between smallest and biggest measurement value are calculated. Results are 
provided in the next section. 
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The mountings are shown in Figure 4, Figure 5 and Figure 6. All mountings are mounted to the rotary stage of the CT device. 
Four mountings use the spike displayed in Figure 4. The spike is screwed to the rotary stage to cover the z-distance. Next, 
different adapters are screwed to the spike. As shown in Figure 4 in the top right hand corner, a small plastic carrier plate is used 
for three types of mountings. First, the object is fixed to the carrier plate with double faced adhesive tape. Second, a rubber mat 
is glued to the carrier plate and the object is placed on the rubber mat in order to prevent the test object from moving. Third, the 
test object is glued to the carrier plate using superglue. This mounting is not shown. The measurements using the glued mounting 
were carried out last. The mountings using the plastic carrier plate are referred to as “tape”, “rubber” and “glue” in the results’ 
section.  
Besides these mountings using the plastic carrier plate, a 3d printed mounting is used. It is shown in Figure 4 in the lower right 
hand corner. It consists of an adapter and a carrier plate. The adapter is screwed onto the spike and the carrier plate is pressed 
into the adapter. Then, the test object is clamped by the small arms of the 3d printed mounting. The opening provided by the 
arms is 0.2 mm smaller than the nominal size of the test object to guarantee enough clamping force. This mounting is referred to 
as “3dPrint”. Next, a conventional foam (“foam”) mounting is used as shown in Figure 5. Last, a clamping kit from dk 
Fixiersysteme GmbH is used (“dkFix”). The parts shown in Figure 6 all belong to a larger set of different mountings that can be 
individualized for different applications. In this paper, a ball head and a special clamping for small work pieces are used. The 
ball head is screwed to the rotary stage and the actual clamping is fixed on the ball head. The clamping uses foam pads in order 
to enable work piece and background separation. For all mountings, an inclination angle of 15° is used. This value may vary 
slightly for the foam and dk Fixiersysteme mounting as the work piece is placed manually onto the mountings.   
 

 
Figure 4. Different exemplary mountings containing the test objet. All are based on a spike that is screwed onto the rotary stage. In the text, 
they are referred to as “tape”, “rubber”, “glue” and “3d print”. 

 

 
Figure 5. Clamping made from foam. Referred to as “foam”. Figure 6. Mounting by dk Fixiersysteme GmbH. Referred to as 

“dkFix” 
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4    Results 

 
The results section is divided in two parts. First, the analysis of dimensional measurements is presented. Second, the image 
quality is investigated.  
 
The results of the dimensional measurements are depicted in Figure 7 to Figure 10. While Figure 7 and Figure 8 display the mean 
results for all bi- and uni-directional features, Figure 9 and Figure 10 provide results for all features. However, these are mean 
values of the five repetitions conducted for all mountings. Random errors are represented by the span of the measurement results. 
The span is calculated by subtracting the smallest measurement value from the biggest. The span is used instead of the standard 
deviation as the number of repetitions is only five.    
 
Figure 7 shows that bi-directional features are mostly overestimated by the CT measurements in comparison to the reference 
method, while uni-directional features are underestimated. Furthermore, the mean of bi-directional features varies for the 
different mountings. This behavior may result from the presence of the mountings in the measurement volume which leads to 
the mountings affecting surface determination. Surprisingly, uni-directional features show the same behavior. While the values 
vary for the different mountings, the difference between bi-directional and uni-directional features does not vary much. This 
applies for results with and without reassembly. A possible explanation for this pattern is the presence of scaling errors of the 
voxel grid. Although the CT device was recalibrated monthly according to the manufacturer’s advice, scaling errors are the most 
plausible explanation. As the measurement room’s temperature is controlled to +/- 0.5°C, temperature changes in the 
measurement room can be ruled out as a cause for varying results of uni-directional features. Additionally, it is assumed that a 
change of local temperature inside the CT device would only alter the span of measurement results but not affect the mean 
measurement deviation. Thus, it is recommended to recalibrate the CT device before every important measurement or at least 
track scaling errors with a test object.  
 

 
Figure 7. Mean measurement deviation and random error of uni- and bi-directional features for different mountings. The bars represent the 
average deviation and average span for all bi- and uni-directional features respectively. The average is calculated from the values given in 
Figure 9 and Figure 10. Thus, this figure includes measurement repetitions and is an aggregation of Figure 9 and Figure 10. 

 

While it is difficult to recommend a mounting based on the corresponding mean deviation, Figure 8 shows that the mountings 
have a big effect on random errors. As expected, the measurement results’ span is much bigger for measurements performed 
after the reassembly of the whole mounting (dark green and dark blue bars) than for measurements without reassembly of the 
mounting (light green and light blue). Especially, mountings based on foam (foam and dkFix) as well as the rubber mat mounting 
are associated with big random errors. Tape, glue and 3dPrint result in relatively small random errors. While gluing a work piece 
to the mounting leads to the lowest random measurement error, cleaning the work piece with dissolvent is tedious and not feasible 
for all materials. Based on these findings, it is recommended to use double faced adhesive tape or a 3d printed mounting if a low 
random measurement error is paramount. However, these mountings may influence the surface determination process. 
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Figure 8. Span of measurement results for different mountings. The span is calculated by subtracting the smallest from the biggest measurement 
value. The average span for uni- and bi-directional features is shown. It is calculated from the spans of the different features shown in Figure 
10, which results from measurement repetitions.  

 

Figure 9 and Figure 10 show that the individual uni- and bi-directional measurement features behave similarly to the respective 
mean values. In both figures, the measurement undertaken after reassembly are denoted by the index “Re”. Unexpectedly, the 
mean of bi-directional feature 1 in region 1 BiReg1, 1 differs greatly from feature 2 BiReg1, 2 for all mountings. This hints at a flawed 
measurement strategy as the other regions do not display a similar deviation.  

 
Figure 9. Mean deviation of the measurement features from CMM reference values. The average is calculated from measurement repetitions. 
The index “Re” marks measurements that were undertaken with reassembly of the mountings.  
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Figure 10. Mean span of measurement repetitions. The index “Re” marks measurements that were undertaken with reassembly of the 
mountings. 

While the random deviation of the measurement results in a clear recommendation for a preferred mounting strategy, the image 
quality does not reflect this conclusion. Results from calculating the image quality are provided in Figure 11 and Figure 12. The 
displayed values are normalized by dividing each value by the largest value that is achieved for a quality parameter (i.e. largest 
value in each row).  
None of the presented image quality measures successfully identifies a mounting associated with a low random measurement 
error. Figure 11 shows that neither tape, glue nor 3dPrint exhibit particularly high- or low-quality parameter values. As expected, 
the span of image quality parameters differs more for experiments with reassembly steps as shown in Figure 12. Therefore, it is 
not possible to judge the random measurement error by analyzing the chosen image quality parameters. If it had been otherwise, 
image quality parameters could have been used to estimate if a CT scan is blurred resulting from an unstable mounting.  

 
Figure 11. Mean normalized value of image quality parameters. The normalization is calculated by dividing results by the maximal result 
achieved for each image quality parameter. The average is calculated from measurement repetitions. The index “Re” marks measurements that 
were undertaken with reassembly of the mountings. 
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Figure 12. Mean span of normalized image quality parameters. The index “Re” marks measurements that were undertaken with reassembly of 
the mountings. 

5    Summary 

In this paper, six different mounting strategies for industrial CT applications are compared. This paper aims at quantifying the 
impact of the chosen mounting strategy on the measurement results, especially on the random measurement error and the blurring 
of the CT scan. Additionally, the effect of reassembly is investigated.  
 
The results show that foam based mountings lead to big random measurement errors. This is especially true if repeated 
experiments are undertaken with reassembly of the mounting. On the contrary, gluing the work piece to the rotary stage, using 
double faced adhesive tape or clamping the work piece with a 3d printed mounting lead to good results. However, is not possible 
to distinguish the examined mountings based on their scans’ image quality parameters. To conlude, the the mounting system has 
a relevant impact on the measurement result but does not determine the image quality.  
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