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Abstract 
Industrial X-ray computed tomography (CT) has gained a key role in non-destructive testing and dimensional 
metrology as a powerful tool to inspect geometrically complex workpieces. Whereas standards for measuring 
features of homogeneous workpieces are well-established, multimaterial aspects still present several problems 
for CT acquisitions, e.g. incomplete volume data or artifacts due to different absorption behavior. Moreover, the 
state of the art lacks of a systematic approach to assess the optimal set of CT scan parameters for multimaterial 
workpieces. The aim of this study is to investigate a relationship between multimaterial aspects and the 
achievable maximum measurement accuracy. According to the CT specific guideline VDI/VDE 2630-1.3, a 
similarity approach for the tomographic conditions is followed, as similar workpieces require similar scan 
parameters. Therefore, suitable test workpieces were designed and developed. Finally, an experimental study 
was performed to investigate the influence of multimaterial aspects. 
 
Keywords: Computed Tomography, multimaterial workpieces, dimensional metrology, measurement accuracy, 
VDI 2630 
 
1.  Introduction 
 
Industrial X-ray Computed Tomography (CT) is a multi-purpose non-destructive testing 
method. The main advantage of this tool is the possibility of inspecting geometrically 
complex workpieces – including their inner geometry – without damaging or altering the 
scanned object. A possible application of CT is in the field of dimensional metrology, 
representing therefore an alternative to traditional coordinate measuring machines (CMM) [1]. 
Common measured objects include assemblies consisting of different materials [2]. These 
assemblies present several issues. Due to the different absorption behavior, multimaterial 
aspects may represent a challenge while finding the optimal set of CT scanning parameters. 
This becomes evident for assemblies consisting of both low-absorbing materials (e.g. plastics) 
and high-absorbing materials (like metals). Low-energy X-rays are useful to inspect light 
materials, whereas high-energy X-rays can penetrate dense components. CT set-up process 
must be performed while taking this aspect into account. However, a trade-off in the setting 
procedure may cause typical problems (increased noise, artifacts, etc.) which lower 
measurement accuracy [1]. 
 
2. Description of the investigation 
 
2.1 Representing multimaterial aspects 
 
The attenuation of X-ray beam with a given photon energy E and travelling through a material 
object can be expressed by means of the Lambert-Beer’s law [3]: 
 

I = Io e
-μ(E) d      (1) 

 
where I0 is the intensity of the emitted X-ray beam, I is the intensity as acquired from the 
detector, μ is the linear absorption coefficient, which depends on both the material 
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composition and the photon energy, and d is the material thickness. In particular, the linear 
absorption coefficient can be defined as follows:  
 
            (2) 
 
where ρ is the material density and     

 
is the mass absorption coefficient, which depends on 

the material chemical composition and the photon energy.  
Let us consider two plates consisting of two different materials with linear absorption 
coefficients μ1 and μ2 and thickness d1 and d2, respectively. The Lambert-Beer law becomes 
as follows: 
 

I = Io e
-(μ1(E) d1+ μ2(E) d2)     (3) 

 
Let plate 1 be the most absorbing one. If the term μ1(E) d1 becomes much greater than μ2(E) 
d2, then the second plate will not be detected. This is the typical case of an assembly 
consisting of a metal wire with a plastic case. On the other hand, if μ1 is approximately equal 
to μ2, then the two materials will be hard to distinguish. This commonly occurs while 
scanning materials with a similar absorption behavior (e.g. two plastics). 
Hence, we can understand that the total projection μ1(E) d1+μ2(E) d2 plays a major role in 
determining the multimaterial behavior of an object.  
The goal of this study is to investigate the relationship between multimaterial quantities 
(density, absorption coefficients, and thickness) and the achieved measurement accuracy. For 
ease, we choose to work with two-material assemblies. However, the same considerations 
may be extended to assemblies consisting of more than two materials. 
 
2.2  Design of test artifacts 
 
In order to perform this investigation, we designed and manufactured a set of artifacts with 
similar geometry, but different material and thickness. We conceived workpiece shape by 
taking the rotation-dependent attenuation properties of the test artifacts into account. 
Indeed, while scanning an object by using CT, a rotation between scanned object and device 
occurs. The object is scanned from different angular positions and the whole volume can be 
reconstructed by means of e.g. a filtered backprojection algorithm [3]. This involves that 
material thickness d which X-rays penetrate may vary while the workpiece is rotating.  
In our case, we chose a cylindrical shape for the artifacts so that the penetration length does 
not vary with the rotation of the workpiece. As we are interested in inspecting as many 
combinations of material and thickness as possible while minimizing the manufacturing 
effort, we conceived modular assemblies (Figure 1) consisting of an inner and an outer hollow 
cylinder.  
Materials chosen for our investigation are aluminum for the inner cylinder and plastic (POM) 
for the external one, since they feature a strongly different absorption behavior (being 
aluminum more absorbing than POM).  
As shown in Figure 1, an air gap between the two structures is present to distinguish the inner 
surface of the external cylinder from the outer one of the internal cylinder. To allow different 
module configurations, the two diameters which define the air gap – i.e. the outer diameter of 
this inner cylinder and the inner diameter of the external one – are kept constant, whereas the 
outermost and the innermost diameters vary from a workpiece to another. Additionally, both 
cylinders are provided with a screw thread to ensure improved clamping and better handling 
of the parts.  
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Figure 1. Test artifact: (a) a multimaterial assembly consisting of a POM outer cylinder and an aluminum inner 
cylinder, (b) screw thread of the inner cylinder, (c) both parts separate. 
 
 
2.3 Description of CT equipment and artifacts 
 
CT acquisitions were performed using a Zeiss Metrotom 1500 cone beam CT system. This 
device consists of a Viscom 225 kV microfocus tube equipped with a tungsten reflection 
target and a PerkinElmer XRD1621 flat panel detector with resolution 1024x1024 pixels and 
400 um pixel size.  
We performed measurements on 3 aluminum inner cylinders and 3 plastic outer cylinders, 
(see Figure 2). The nominal values of their relevant geometrical features were chosen during 
the design process (Table 1). 

(a) (b)

(c)



 
 

Figure 2. Photo of three POM parts (4,5,6) and 
three aluminum parts (1,2,3).  

 
 
 
 

 
Table 1. Inner and outer diameters of the parts 
(see Figure 1). The material thickness d is the 
difference between the two diameters and 
corresponds to maximum X-ray penetration 
length. 

 

Part Din 
[mm] 

Dout 
[mm] 

d 
[mm] 

1 30 40 10 

2 20 40 20 

3 10 40 30 

4 45 60 15 

5 45 70 25 

6 45 80 35 

 
2.4 Identification of the optimal CT settings 
 
For studying multimaterial properties, we set up different combinations of workpiece 
components. The assemblies we investigated are sorted by increasing total projections (Table 
2).  
 

Combination dAl dPOM 

(1,4) 10 15 

(1,6) 10 35 

(2,5) 20 25 

(3,4) 30 15 

(3,6) 30 35 
 
Table 2. Assemblies and part material thicknesses sorted by increasing total projection  
 
At this stage, we performed an optimization process in order to identify the CT parameter set 
that maximizes the measurement accuracy for every assembly. Firstly, the manipulation 
parameters (magnification factor and workpiece orientation in the machine) were optimized. 
As for the magnification factor, we chose to minimize the source-object distance (SOD) by 
assuring that the assembly remains inside the X-ray cone beam. Subsequently, we chose the 
workpiece orientation that minimizes the maximum X-ray attenuation. In order to avoid 
artifacts, we tilted the workpiece around the z-axis to avoid the occurrence of Feldkamp 
artifacts [3]. We identified an optimal angle of 12° with respect to the vertical axis. 
Afterwards, we optimized the imaging parameters (acceleration voltage and current, prefilter, 
integration time, and detector sensitivity). To assess the optimal CT settings, we arranged 
combinatorial experiments to check which combination of CT parameters maximizes 
measurement accuracy. We checked different parameter combinations in a neighborhood of 
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an initial parameter set suggested by an expert user (Table 3 for assembly (2,5)). This 
procedure was repeated for each assembly. In every scan, a 0.5-mm copper filter was used, as 
it was suitable to reduce artifacts due to beam hardening. 
 

Voltage 
[kV] 

Current 
[μA] 

Integration 
time [ms] 

Gain 
[x Fach] 

CNRpom_a CNRal_a CNRmean 

160 180 1500 8 15.78 11.24 13.50785 

160 200 1500 8 17.55 10.68 14.1138 

160 220 1500 8 17.74 10.66 14.20355 

180 180 1500 8 15.97 10.05 13.01035 

180 200 1500 8 18.60 11.41 15.0008 

200 180 1500 8 19.52 11.37 15.4449 

200 180 1500 16 17.33 12.60 14.96925 

200 200 1500 8 18.98 12.07 15.5252 

200 200 2000 8 18.42 11.26 14.83605 

200 220 1500 8 20.47 11.24 15.8556 

220 180 1500 8 19.89 12.34 16.1135 

220 200 1500 8 21.10 11.62 16.3604 

220 220 1500 8 21.00 11.45 16.22805 

 
Table 3. Tested parameter sets for inspecting assembly (2,5) and the corresponding CNR values. The 
highlighted parameter set is the optimal one for this assembly. CNR values refer to air as background. 
 
Regarding the optimization criterion, we extracted a cross-section from the acquired data 
volumes containing the four diameters (Figure 3). We also performed a histogram-based 
separation of the three materials (air, POM, aluminum). 
 

 
 
Figure 3. Reconstructed model (a) of an inspected assembly and assembly cross-section for CNR evaluation (b)  
 
For each cross-section, contrast-to-noise ratio (CNR) was evaluated. CNR is defined as 
follows: 
 
 

(a) (b)



 
       (4) 

 
where μw is the mean grey value of the workpiece, μb is the mean grey value of the 
background and σb is the standard deviation related to the background grey values. This 
quantity is an estimation for image quality and measurement accuracy, as more accurate 
measurements can be performed if reconstructed edges are sharp and little noise is present [4]. 
Since we have two different materials, CNR can be evaluated for POM and for aluminum 
with respect to air. To define an optimization criterion, one can consider the mean value of the 
two ratios: 
 
 

        (5) 
 
The optimal condition corresponds to the maximum value of the mean CNR. This way, we 
chose parameter sets for each assembly (Table 4). 
 

Assembly 
Voltage 

[kV] 
Current 
[μA] 

Integration 
time [ms] 

Gain 
[x Fach] 

CNRpom_a CNRal_a CNRmean 

(1,4) 200 180 1500 8 17.50 13.19 15.34 

(1,6) 180 200 1500 8 19.67 9.94 14.81 

(2,5) 220 200 1500 8 21.10 11.62 16.36 

(3,4) 180 240 1500 8 17.86 14.82 16.34 

(3,6) 220 220 1500 8 19.45 10.34 14.89 

 
Table 4. Optimal parameter sets and achieved maximum CNR values for each assembly. CNR values are 
evaluated with respect to air. 
 
2.5 Assessment of measurement accuracy 
 
For each assembly, we measured four geometrical features: the inner and the outer diameter 
of the plastic part and the inner and the outer diameter of the aluminum part. Since the plastic 
inner surface faces the aluminum outer one, we expect a significantly different behavior in 
accuracy for two diameters of the same part. 
A common procedure is to express measurement accuracy by means of uncertainty of 
measurements. However, the expression of CT measurement uncertainty still represents a 
difficult and time-consuming task that one may fulfil only under certain restrictions [5]. 
Instead, we evaluated accuracy in terms of the CT measurement error with respect to 
calibrated values obtained by using a tactile CMM. Each feature was measured by using a 
Zeiss Prismo CMM to provide reference values for CT measurements (Table 5). ´ 
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Part Din 
[mm] 

Dout 
[mm] 

1 30.00630 40.02671 

2 20.15518 40.00527 

3 10.07452 40.00899 

4 45.00478 59.97413 

5 44.98151 70.04067 

6 45.01349 80.08145 

 
Table 5. Measurements of the part feature using a tactile CMM. The deviation with respect to the nominal 
values are mainly due to manufacturing imperfections. 
 
Subsequently, we performed several CT scans of each assembly using the optimal parameter 
sets (Table 4) and measured the four diameters. Each scan was repeated three times in order to 
evaluate the mean measurement error with respect to the calibrated values. 
 
3. Results and Discussion 
 
We compared the error of measurements with multimaterial properties of each assembly. In 
particular, we consider the maximum total projection pmax and the related material ratio r, 
defined as follows: 
 

pmax(E) = max(μ1(E) d1+μ2(E) d2)     (6) 
 

       (7) 
 
where d1 and d2 are the overall penetration lengths related to POM and aluminum, 
respectively. Both quantities depend on the considered photon energy, which in case of a 
polychromatic beam varies according to the emitted X-ray spectrum. For this study, we 
consider the linear absorption coefficients related to the maximum photon energy (which is 
numerically identical to the acceleration voltage).  
Multimaterial properties and measured features (Table 6) can now be related by considering 
the measurement error with respect to the calibrated values.  
 

Assembly r pmax DAl,in DAl,out DPOM,in DPOM,out 

(1,4) 0.8504 0.6110 30.0015 40.0267 45.0144 59.9929 

(1,6) 1.9357 1.0294 29.9912 40.0288 45.0026 80.0497 

(2,5) 0.7215 1.0806 20.1550 39.9993 44.9835 70.0468 

(3,4) 0.2765 1.3428 10.0676 40.0005 45.0139 59.9848 

(3,6) 0.6734 1.5756 10.0745 40.0090 45.0135 80.0815 
 
Table 6. Multimaterial parameters (total projection and material ratio) and CT measurements for each assembly. 
 
The mean squared error (MSE) is defined as follows: 

22
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d (E)

d (E)
  r(E) 




       (8) 
 
where Di represents the CT measure of the feature, Dcal is the calibrated value and n is the 
number of CT measurments.  
The features which are more interesting for a metrological analysis are the aluminum outer 
diameter and the POM inner diameter, as they remain constant in each assembly. The other 
two diameters vary, as material thickness varies (see Table 1). As regards the aluminum part, 
the mean squared error related to the outer diameter tends to increase with the total projection 
(Figure 4, left). However, this behavior does not occur for the inner diameter. Regarding the 
POM part, MSE is strongly higher for the outer diameter, since this is much larger than the 
inner one (Figure 4, right). A clear correlation between MSE and total projection cannot be 
identified for features of the less absorbing parts. 
 

  
Figure 4. Mean squared error for the two diameters of aluminum parts (left) and POM parts (right) as a function 
of the total projection 
 
If one considers the percentage error with respect to mean values, we can state that increasing 
total projection affects more severely features of highly absorbing parts, and in particular 
those near less absorbing parts.  
The relationship between the material ratio and measurement error was also evaluated (Figure 
5). It is noteworthy that a material ratio equal to 1 means that the two parts behaves 
identically from the point of view of X-ray attenuation. Ratio values diverging from 1 indicate 
that the parts show different X-ray absorption behaviors. For each feature, we can notice that 
a minimum of MSE is reached for values of r between 0.7 and 1. At the edges of this interval, 
error tends to increase, as the attenuation behavior of parts also differs.  

  
Figure 5. Mean squared error for the two diameters of aluminum parts (left) and POM parts (right) as a function 
of the material ratio 
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In conclusion, we showed that the multimaterial aspects of assemblies can be represented in 
terms of total projection and material ratio. In particular, high projection values determined a 
clearly higher measurement error for the outer diameter of aluminum parts, possibly due to its 
closeness to the POM surface. Material ratios close to 1 cause the measurement error to 
decrease. However, if two parts with unit material ratio are put in contact, it becomes difficult 
to distinguish different materials. In this case, it is to expect that the measurement error would 
increase due to poor contour detection. 
Results of this study suggest that total projection and material ratio can be useful to quantify 
similarity of multimaterial aspects and thus identify the optimal CT parameters, as suggested 
in the CT-specific guideline VDI/VDE 2630-1.3 [6]. Further work is envisioned to include 
multimaterial aspects into a model for workpiece similarity and to provide a method to 
optimize CT settings for multimaterial workpieces. 
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