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Abstract 
X-ray computed tomography (CT) is a promising method for non-destructive testing (NDT). Its ability to provide information 
on the internal and external structure of an object has also been adapted to dimensional metrology. Although CT has already 
been accepted in industry for dimensional inspections, the faster expansion of this technology is hindered by the lack of 
standardization. The deficiencies of standardization are also relevant in multi-material measurements, where new 
effects/problems – not studied in detail before – are present. This publication focuses on measurements of gaps between two 
different materials, thus multi-material gap measurements. A dedicated set of multi-material reference standards was 
developed for this investigation in a collaboration between the University of Padova and PTB. Each reference standard is 
composed of two identical prismatic parts in different materials with gap features of different sizes and shapes. The objects are 
made of aluminium, titanium and a carbon-fibre reinforced silicon carbide. Preliminary results using several approaches of 
surface determination and data segmentation are presented in this publication. 

Keywords: Computed tomography, multi-material measurements, gap measurements, measurement errors, 
performance verification 

1  Introduction 
For more than 30 years, X-ray computed tomography (CT) has developed as a promising method for non-destructive testing 
(NDT). Its unique ability to provide information on the internal and external structure of an object simultaneously has also 
been adapted to dimensional metrology as an alternative to conventional (i.e. tactile and optical) coordinate measuring systems 
(CMSs) [1]. The growing need for CT applied to dimensional metrology is mainly driven by the increasing demand for quality 
control assurance of complex industrial parts that often include non-accessible features and multi-material components [2]. 
Although CT has already been widely accepted in industry for dimensional inspections, the faster expansion and acceptance of 
this technology by a wider range of users is hindered by the lack of standardization [3]. The lack of standardization is 
especially true of multi-material measurements, where no common and accepted methods to test CT systems exist and where 
new effects/problems – not studied in detail before – are present. 
A common way to assess the performance of a CMS is through well-defined reference objects. Several reference objects [2–6] 
have been developed and used by the CT metrology research community and industry. Many of them were inspired by the 
reference objects used by traditional CMSs. The measurands are frequently unidirectional point-to-point distances, e.g. sphere 
centres that are not affected by the surface determination (threshold value) process, and partially beam hardening effects, 
which are material dependent. Yet material influence on CT measurements is one of the key aspects of CT dimensional 
metrology. Several investigations have been performed and a number of objects have been developed in this field; the so-called 
“cactus step-gauge” [7], for example, was used to investigate material-dependent thresholding and the effects of material 
thickness. Bartscher et al. [8] used hole plates and stepped cylinders to investigate material influences in dimensional CT. 
Furthermore, stepped cylinders can also be used for the evaluation of material-specific attenuation and penetration thickness 
[2]. The above-mentioned publications, however, accounted for the material influences in single-material samples. In fact, the 
possibility of performing measurements over different materials is of increasing importance due to the appropriate applications 
in the dimensional control of multi-material assemblies and multi-material components (e.g. moulded polymer parts with 
metallic inserts). 
There are several specific scenarios that occur in multi-material measurement tasks, possibly creating new measurement errors 
in comparison to the mono-material case: (i) inter-material measurements, i.e. measurands are defined between features over 
an interface of two or more materials; (ii) in-material measurements with the presence of other material(s), i.e. measurands are 
defined between features which belong to the same material of a multi-material workpiece; (iii) gap measurements, i.e. 
measurands are defined as a (small) air gap between two different materials.  
This publication focuses on the latter case (iii) regarding multi-material gap measurements. A dedicated set of multi-material 
reference standards was developed for testing CT systems in a collaboration between the University of Padova and PTB. The 
objective of the work is to investigate the multi-material influence on gap measurements. Each reference object is composed of 
two identical prismatic parts in different materials with gap features of different sizes and shapes.  
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Two of the critical steps of multi-material measurements performed on CT data are proper surface determination and the 
separation of different materials. Several methods are described in the relevant literature [9–14]. Thus, in this work, several 
approaches of surface determination and data segmentation were adapted and applied to evaluate the acquired datasets in order 
to gain a comprehensive overview of measurement errors and CT performance in multi-material gap measurements. 

2  Multi-material measurements 
Several multi-material scenarios that can occur in a typical measurement task are explained in this section. Furthermore, as the 
mono-material measurements are the most researched case, they are presented here as well to provide a complete overview.  

- The measured features in a mono-material scenario are defined within a single-material over an air/material interface. 
This type of measurement in industry is represented by measurements of the pitch between holes, for instance. Several 
objects were proposed for investigating the single-material effects, e.g. the “cactus step-gauge” presented in [7] or the 
hole plates used in [8].  

- Inter-material measurements are defined as measurements carried out over an interface of two and more materials. A 
typical case of an inter-material scenario is the multi-material assembly.  

- The measurands in the case of in-material measurements are defined within the base material with the presence of 
other material(s) that disturb(s) the measurement task. This configuration is typical, for example, of the quality control 
of electric plugs in the automotive industry, where metal pins are overmoulded by plastic (base) material.  

- Finally, the gap scenario shown in Figure 1 is defined as the measurement of a distance between two different parts 
over a gap filled either with air, liquid or vacuum. A real case of this kind of measurement can be found, for instance, 
in the verification of fitting tolerances, where a tolerance with clearance may be required.  

In order to thoroughly investigate single effects of each scenario, it is necessary to isolate different configurations (or at least 
group them in several sub-groups) and analyse them individually. As a general approach, it was decided to proceed 
systematically from the cases that are most frequent in industry. While multi-material scenarios including inter-material, in-
material and mono-material measurements for testing length measurement errors (E-test) and probing error tests (P-test) are 
addressed by the authors of this publication simultaneously in other ongoing research works, this paper is aimed at the multi-
material gap case. More specifically, the configurations with micro-gaps that tackle the CT limits are discussed here. 

 
Figure 1. Multi-material gap measurements in mono- and multi-material scenarios 

3  Multi-material gap test for CT 
Computed tomography measurements in general are affected by various influencing factors (discussed e.g. in [15]). One of the 
critical aspects, in terms of measurement errors, is the structural resolution that, according to [16], describes the size of the 
smallest structure that can still be measured dimensionally; i.e. the smallest measurable gap between two materials in the 
present case. The aim of the multi-material gap test described in this paper is to investigate the limits of CT in gap 
measurements and to analyse the multi-material influence on the measurement results.  
A typical way to test the performance of a CT system is through a well-defined reference standard. In order to address the 
specific case discussed in this paper, the following requirements for the reference standard were defined: 

1) Material requirements: 
a. The selected materials should represent different multi-material scenarios in terms of different attenuation 

coefficient ratios; i.e. at least one material pairing should represent the case of two materials with close 
attenuation coefficients and one should represent the case of materials with rather different attenuation 
coefficients. 

b. The materials should be chosen with respect to sufficient dimensional stability and a low coefficient of 
thermal expansion (CTE), if possible. 

c. The attenuation coefficients of the selected materials should be adequate for common CT systems in terms of 
penetrability of the workpieces by X-rays. 

d. The materials should ensure simple and precise manufacturing, also taking manufacturing costs into 
consideration. The latter requirement is particularly important for the possible dissemination and use of the 
reference standard in industry. 
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2) Design requirements: 
a. Gaps should be in the range of below one voxel size to several voxel sizes in order to have a comprehensive 

overview of different gap sizes. In the best case, the gap should be continuous in order to investigate the 
smallest measurable gap. 

b. In-material and inter-material measurements in multi-material scenarios should be present. 
c. Mono-material scenarios should be included in the test. 
d. Calibration of all measurement features should be possible by conventional techniques, preferably tactile 

CMS. 
3) Other requirements: 

a. Analysis of relative effects and/or comparison with reference values should be possible. 
b. It should be possible to reveal multi-material-related effects using the reference standard. 
c. The reference standard design and testing application should allow the achievement of a sufficiently low test 

value uncertainty according to ISO 14253-5 (i.e. enabling multi-material effects statements). 

4  Reference standard 
In order to meet all the requirements described in the previous section, a series of reference standards was designed by 
University of Padova and PTB and manufactured at PTB. Since the beginning of the collaboration, the idea was to create a 
symmetrical configuration so as not to introduce further variables such as the influence of different material thicknesses and 
other effects resulting from a non-symmetrical design. Furthermore, in order to reach sufficient resolution/voxel size (VS), the 
size of the object was limited.  

4.1 Design 
The first proposed design study of the multi-material gap standard is shown in Figure 2-a. It is composed of two parts of 
identical shape featuring several gaps of different dimensions. The object can be disassembled and the single features of each 
component can be calibrated in order to provide reliable reference data. Once the object is assembled, the reference features 
defining the measurement coordinate system are remeasured in the assembled state, thereby defining the relative orientation of 
single parts. The shortcoming of this design is that the two parts are fixed by two screws that may cause deflection of the 
material and possible instability over time as the material relaxes. Furthermore, the steps proposed in this design represent just 
discrete values of measurement gaps and, thus, it would be difficult to find the real limit of CT, i.e. the smallest measurable 
gap.  
The design was therefore modified and the final version of the reference standard is presented in Figure 2-b. Similarly to the 
first version, the object is composed of two identical parts. In the final version, however, the step concept was supplemented by 
a tempered plane featuring a continuous gap. The main advantage of having both types of gap features is that the single steps 
define a good reference as the measurement (probing) points can be distributed over a plane and, thus, potential errors can be 
averaged and minimized. On the other hand, the minimum distance between the two tempered planes is theoretically zero, 
which gives the user the opportunity to evaluate the smallest measurable gap for the given CT configuration. The second most 
significant improvement compared to the previous version is the fixing system. The screws from the first concept were 
replaced by two centring pins made of a polymer (PEEK) that does not introduce any further stress to the parts. Additionally, 
the chosen material does not disturb CT data as its attenuation coefficient is negligible compared to the materials used for the 
construction of the multi-material components. After clamping and centring the single parts, the stable position is finally 
ensured by gluing the components together.  
In order to satisfy the material requirements defined in Section 3, the bodies of the reference standard were manufactured in 
three different materials: (i) aluminium, (ii) titanium and (iii) carbon-fibre reinforced silicon carbide (Cesic®). The 
composition and properties of the materials are shown in Table 1. The objects were manufactured in all combinations, also 
including mono-material configurations, thereby resulting in six reference standards. By choosing this set of materials, several 
multi-material scenarios were created. The Al/Cesic® combination represents the case where the attenuation coefficients are in 
close proximity, thereby creating a task where separating the single materials is challenging. On the other hand, an Al/Ti or a 
Cesic®/Ti combination represents the situation where the contrast between the low-attenuating material and the background is 
highly affected by the high-attenuating one (Ti). Furthermore, in order to clearly distinguish between single- and multi-
material effects, single-material reference standards (Ti/Ti, Al/Al, Cesic®/Cesic®) were manufactured as well. 

Material 
Composition/ 

Commercial name 
Density/g∙cm-3 CTE/10-6

∙K-1 
Measured attenuation coefficient 
@200 kV, 1 mm Cu filter/mm-1 

Aluminium AlMg4.5Mn0.7 2.66 23.3 0.049 
Carbon-fibre reinforced 
silicon carbide 

Cesic-MF® 2.65-2.70 2.09 0.053 

Titanium Ti6Al4V 4.42 8.6 0.134 

Table 1: Properties of materials selected for the manufacturing of multi-material reference standards 

All the materials used for the gap standards were machined by high-precision electrical discharge machining (EDM), providing 
smooth surfaces with low form deviations (flatness of the measured planes was measured below 2 µm), being adequate for this 
investigation. Although Cesic® is a ceramic compound, high-precision electrical discharge machining-based techniques are 
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applicable for this material due to its sufficient electrical conductivity. This propriety of Cesic® has shown significant 
advantage over other considered materials, as all the chosen materials are conductive, and thus might be manufactured using 
the same manufacturing technology (i.e. similar manufacturing quality is obtained). On the other hand, Cesic® as a carbon- 
fibre reinforced silicon carbide is not completely homogenous; however, for the used magnification no significant effect of the 
non-homogeneity on the measurements is expected. Besides this, ceramics are in general fragile materials and they should be 
manufactured and handled carefully. 
The general dimensions of the reference object are shown in Figure 2-b. The highest achievable resolution in voxel size (VS) 
concerning the size of the object is ca. 20 µm. Taking into consideration the design requirements from Section 3, where gaps 
ranging from below one VS to several VS were demanded, the steps ranging from 10 µm (ca. half of the VS) to 1000 µm were 
designed. Furthermore, the tempered plane represents a continuous gap ranging from 500 µm to theoretically 0 µm. In order to 
facilitate the calibration and to ensure the unambiguous alignment of the workpiece during the calibration and CT 
measurements of the object, several reference features were defined on the object (see the features highlighted by a red star in 
Figure 2-b). The reference features also include the two biggest gaps (500 µm and 1000 µm) that are accessible both in the 
dismounted and the mounted state, and thus can be used for the correction of the gap measurements that cannot be performed 
by tactile CMM in the assembled state. 
a) 
 
 

 

b) 

 
Figure 2: Different versions of the multi-material gap standard: rejected first design version with general dimensions (a), accepted second 

design version with general dimensions and highlighted reference features shown by a red star (* ) (b) 

4.2 Calibration 
Reference measurements of the multi-material gap standards were performed using a high-precision tactile micro-CMS Zeiss 
F25 with the maximum permissible error (MPE) equal to (0.25 + L/666) µm (where L = measuring length in mm). A complete 
calibration could not be performed in the assembled state as it would be impossible to measure the smallest gaps (the size goes 
down to 10 µm) with the used touch probe with a diameter of 120 µm. It was therefore necessary to follow an alternative 
calibration procedure composed of measurements in the mounted and dismounted state and subsequent correction of reference 
values described by the following four steps:  

1) Reference measurements of all the steps and the tempered plane on part 1 in the dismounted state. 
2) Reference measurements of all the steps and the tempered plane on part 2 in the dismounted state. 
3) Assembly and fixation of the two parts, and subsequent reference measurements of the features that are accessible by 

the tactile probe in the mounted state. 
4) Calculation of the non-accessible features using the results from steps 1, 2 and 3. 

All the steps and the tempered planes as well as the contact planes are measured in steps 1 and 2 of the reference 
measurements. The position, flatness deviation and tilt of the planes were measured.  
In the third step, the largest accessible gaps, i.e. 500 µm and 1000 µm, were measured. The remaining non-accessible gaps 
were evaluated based on a linear correction coefficient. This coefficient was calculated from the difference between the 
measurements of the largest gaps (500 µm and 1000 µm) in the mounted and dismounted state.  
It should be noted that the gaps of 500 µm and 1000 µm are positioned at the opposite ends of the workpiece. This ensures a 
reliable correction of the calculated values for the remaining steps as the correction coefficient was approximated over the 
distance between the largest gaps.  

5  Preliminary experiments 
In order to evaluate the possible application and capability of the reference standards for the testing of CT performance in 
multi-material gap measurements, preliminary experiments were performed in this study. The experiments were also 
performed with the aim to validate the proposed multi-material test procedure, and reveal possible flaws and further aspects 
that need to be improved. 
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5.1 Experimental set-up 
The measurements for the purpose of this study were performed on five out of six objects. The missing assembly is in the final 
phase of the manufacturing process and will be analysed in subsequent publications. The set of workpieces therefore includes 
three mono-material (Al/Al, Ti/Ti and Cesic®/Cesic®) and two multi-material (Al/Ti, Al/Cesic®) assemblies. Although one 
material combination is missing, both multi-material scenarios with low and high differences of attenuation coefficients are 
included. Furthermore, the mono-material combinations are used as a reference to isolate the multi-material effect on 
measurement results. 
Computed tomography scans were acquired on a metrological CT system (Nikon MCT225) with the unidirectional centre-to-
centre sphere distance (MPESD) equal to (9 + L/50) µm (where L is length in mm). The samples were scanned tilted by about 
30° with respect to the rotary axis in vertical orientation (see Figure 3-a). The scale of the system is periodically corrected in 
order to minimize residual systematic scaling error. The errors caused by temperature were not considered as the CT cabinet is 
air-conditioned and the temperature during the scans was maintained within the range of 20±0.5 °C. Furthermore, the samples 
were placed into the cabinet with enough advance time to equalize the material and ambient temperature and stabilize the 
dimensions.  
The CT scanning parameters were optimized in order to obtain the best possible results, minimizing CT artefacts, beam 
hardening in particular, and maximizing the contrast-to-noise ratio (CNR). CNRs were calculated according to Equation 1: 

� � �, (1) 

where µm and µb are the mean grey values (GV) of the material and background respectively, and σb is the standard deviation of 
the background GV. The values of µm were calculated based on the regions of interest (ROI) defined in the material (lower or 
top) and the values of µb and σb based on the ROI inside the two biggest gaps as shown in Figure 3-b. The CNR values and CT 
scanning parameters are reported in Table 2. 

a) 

 
b) 

 
Figure 3: Orientation and position of the reference standard during scanning (a). Definition of regions selected for the calculation of CNRs 

(b) 

Assembly name 
lower part/top part 

CNR lower 
part* 

CNR top 
part* 

Voltage/kV Current/µA 
Exposure 
time/ms 

Filter 
No. of 

projections 
Al/Al 13.6 13.5 220 50 2000 0.5 mm Cu 2000 
Cesic®/Cesic® 14.0 14.0 220 50 2000 0.5 mm Cu 2000 
Ti/Ti 11.2 11.2 220 50 2898 0.75 mm Cu 2000 
Al/Cesic® 13.8 13.4 220 50 2000 0.5 mm Cu 2000 
Ti/Al 12.9 3.0 220 50 2898 0.75 mm Cu 2000 
* lower part stands for the part that is in the first place of the assembly name 

Table 2: CNRs and scanning parameters for the five scanned samples 
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5.2 Evaluation methods 
In order to investigate the effects of multi-material measurements as well as the effects of different approaches to data post-
processing, the acquired data were evaluated using different procedures. The results obtained by these techniques were then 
compared to the reference CMS values and the trends of the measurement errors were analysed. 
To ensure the full comparability and consistency of the results, the same procedures concerning the definition of measurement 
features, data alignment, etc. were used regardless of whether the sample was mono- or multi-material. The common 
measurement procedure is defined by the following steps: 

1) Determination of the surface on the lower part.1 
2) Alignment of the dataset to the lower part using three reference planes (front, lower and left) as shown in Figure 4-a. 
3) Duplication of the volume, so that the alignment and the defined reference features are preserved for future re-

alignment. 
4) Determination of the surface on the top part.1 
5) Alignment of the dataset to the top part using three reference planes (front, lower and left) as shown in Figure 4-b. 
6) Creation of the measurement elements on both volumes.  
7) Re-alignment of the copied volume to the lower part using the three copied reference planes (front, lower and left) as 

shown in Figure 4-a. 
8) Export of z coordinates of the measurement elements and calculation of defined gaps. 

a) 

 

b) 

 
Figure 4: Different alignments for the evaluation of CT data. Alignment to the lower part (a) and alignment to the top part (b) 

The gaps were measured as the distance between two opposite points defined on the surfaces of the corresponding 
steps/tempered planes at certain x coordinates in the case of the tempered surface on both halves of the object (see Figure 5-a, 
b). Slightly different approaches were applied to measurements of single steps and the continuous gap created by the tempered 
planes. 
The points in the case of steps were constructed using a patch-based strategy. This strategy is based on the collection of a 
priori  defined fitting points forming a 1×2 mm grid including 55 points (see Figure 5-c). A representative point defined as a 
centre of mass of the fitted points is used for the final evaluation. 
A similar patch-based approach is used for constructing the representative points on the tempered planes. In this case, a line-
shaped patch constructed by 40 points fitted over a length of 2 mm instead of a grid is used for defining the representative 
point (see Figure 5-d). The lines are constructed in certain x coordinates, thereby defining corresponding gap sizes. 
Each gap is measured in three positions, close to the edges and in the centre as shown in Figure 5-c, d, and the calculated value 
is averaged in order to minimize systematic errors. The patch-based approach was applied in order to minimize the influence of 
noise in the data and to improve the comparability of the CT and CMM results. 
 
 
 
 
 
 
 

                                                           
 
 
1 Does not apply to mono-material objects, where the surface is defined on the whole part. 
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a)

 

b)

 
c) d)

Figure 5: Description of the measurement procedure: two-point measurement of the gap between two steps (a) and two tempered planes (b). 
Principle of the patch-based construction of measurement points: grid-shaped patches on steps (c) and line-shaped patches on tempered 

planes (d) 

In order to fit the measurement elements, a surface on the acquired CT dataset must be defined. The surface determination 
procedures used in this experimental study are listed below: 

1) ISO-50% applied to the complete dataset (ISO) 
This method is the simplest way to define a surface on any dataset and is usually applied as a first choice. It is based 
on applying a global threshold taking into consideration the complete dataset. The threshold is defined as the 
arithmetic mean value between the background and the material peak (see Figure 6-a).  
Generally, the global thresholding applied to the complete dataset is appropriate if only one material is present. 
However, in the case of the Al/Cesic® combination, the difference between attenuation coefficients is so small that it 
is not possible to distinguish between the two material peaks. Therefore, this procedure was applied to all datasets, 
including the Al/Ti combination for reference, even if the material peaks of Al and Ti can clearly be distinguished as 
depicted in Figure 6-b and 6-c. 

2) ISO-50% local adaptive threshold applied to the complete dataset (ISO-adv) 
This method is considered as the state of the art for surface determination. The threshold value, e.g. defined by the 
ISO-50% calculation described above, is used as a starting point. The algorithm subsequently searches for local 
gradients within the voxel range defined by the user and defines the surface accordingly.  
Similarly to the ISO procedure, the starting threshold value is selected in the automatic mode as shown in Figure 6-a. 
The search distance for local gradients is set to four voxels and this method was also applied to all five objects. 

3) ISO-50% with double surface determination (ISO-double) 
In the case of multi-material objects with clearly separated material peaks (Figure 6-b and 6-c), different surface 
determinations for low- and high-attenuation materials can improve the results. Therefore, this method was applied to 
the object composed of Al and Ti parts, where the material difference is most significant. 
As a first step, the surface of the low-attenuating material (Al) is defined in the same way as described in the first 
(ISO) procedure, i.e. by defining the global threshold in the automatic mode (Figure 6-b). As a second step, the 
surface on the high-attenuating material is defined on the copied volume. In this case, the background line remains at 
the same place as for the low-attenuating material, the material line, however, is dragged towards the second material 
peak (Figure 6-c). 

4) ISO-50% with double surface determination and local adaptive threshold (ISO-double-adv) 
ISO-double is supplemented in this procedure by local adaptive thresholding with a search distance of four voxels in 
order to further improve the defined surfaces. This technique was applied to the Al/Ti assembly only, as just one 
material peak could be defined for the other combinations. 
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a) 

 
b) 

 

c) 

 
Figure 6: Histogram-based definition of the surface threshold value: mono-material case with automatic calculation of ISO-50% threshold 

value (a), multi-material sample with the automatic selection of low-attenuating material peak (b) and histogram of a multi-material sample, 
where the material line was dragged towards the high-attenuating material peak 

6  Results 
The five mono- and multi-material objects were scanned and the datasets were analysed following the various procedures 
described in the previous section. The measured gaps were subsequently compared to the reference values provided by tactile 
micro-CMS. In order to visualize the results and evaluate potential multi-material effects on measurement results, a separate 
chart showing measurement errors for each evaluation procedure and multi-material combination was created. The results can 
be seen in Figure 7. The first analyses performed on the Ti/Al sample showed that defining a common surface according to 
ISO and ISO-adv procedures on two materials with such different attenuation coefficients results in an invalid surface. 
Therefore, the values evaluated on the Ti/Al sample using ISO and ISO-adv procedures are no longer considered in this paper. 
They are not plotted in the charts so as not to distort the results. Instead, the biased results were replaced by values using ISO-
double and ISO-double-adv procedures. The number of plotted points is not consistent over all diagrams; this is due to the fact 
that, for certain combinations of assemblies and measurement procedures, it was not possible to fit measurement features due 
to the missing surface. 
Several trends can be observed in the charts from Figure 7: 

1) The improving effect of local thresholding can clearly be seen when comparing charts in Figure 7-a and 7-c with 
charts in Figure 7-b and 7-d. In general, measurement errors using global thresholding are systematically higher 
compared to local adaptive thresholding even for mono-material objects (including the Al/Cesic® combination). 
Furthermore, the curve of the Al/Ti object using the ISO-double procedure is offset by another 20 µm (i.e. 1 voxel 
size) with respect to other curves. It is also worth noting that the smallest measurable gap is systematically lower 
using global thresholding, especially in the Al/Ti case. Thus, one can significantly improve the results by using the 
local adaptive method and reduce the measurement error difference between multi- and mono-material samples. 

2) Focusing on mono-material samples, a relation between attenuation coefficients and measurement errors can be 
observed. It seems that the higher the attenuation coefficient is (in this case Ti has the highest), the higher the 
measurement errors are. This is especially relevant for the cases where global thresholding was used, as the 
measurement errors were the highest for titanium samples and the lowest for aluminium or Al/Cesic® samples. 

3) Measurements on the sample composed of parts with the highest difference of attenuation coefficients (Al/Ti) result 
in the highest measurement errors both for the global and local thresholding. This shows a clear multi-material effect 
on gap measurement results. It can also be observed that while the biggest gaps measured on the Al/Ti sample are 
measured with errors comparable with other samples, the difference increases with decreasing gap size. 

4) The minimum measurable gap in terms of existing surfaces for constructing measurement features (i.e. not with 
respect to the MPESD) is systematically higher in the case of global thresholding and the Al/Ti sample. More 
specifically, when using local thresholding, it was possible to fit and measure gaps down to 24 µm (slightly above one 
voxel size) for certain samples, whereas the limit for global thresholding was 50 µm (except for the Cesic®/Cesic® 
sample). The limit for the Al/Ti sample was even higher; 100 µm (five times the voxel size) for both thresholding 
methods. 
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a) Tempered planes: ISO + ISO-double b) Tempered planes: ISO-adv + ISO-double-adv 

 
ISO Double ISO Double  

c) Steps: ISO + ISO-double d) Steps: ISO-adv + ISO-double-adv 

 
ISO Double ISO Double  

Figure 7: Results of CT scans performed on mono- and multi-material gap standards represented by measurement errors for different 
evaluation procedures: measurement errors evaluated on gaps between two tempered planes with data processed according to ISO and ISO-
double procedure (a), and ISO-adv and ISO-double-adv procedure (b); measurement errors evaluated on gaps between two steps with data 

processed according to ISO and ISO-double procedure (c), and ISO-adv and ISO-double-adv procedure (d). 

7  Conclusions 
A series of mono- and multi-material reference standards was designed and manufactured for investigating the multi-material 
effects on measurements of gaps by CT. The samples were made of aluminium, titanium and carbon-reinforced silicon carbide. 
The gaps are formed by two identical opposing surfaces featuring discrete steps and tempered surfaces. The gap sizes range 
from 10 µm (half of the voxel size) to 1000 µm. The reference standards were calibrated using a high-precision tactile micro-
CMS. 
A preliminary experimental study was performed in order to evaluate the capabilities of the reference standards and to 
investigate the performance of CT in multi-material gap measurements. A set of CT scans was acquired and evaluated by 
different methods using global and local thresholding and further data post-processing. The CT measured gaps were compared 
to the reference values from the tactile micro-CMS and measurement errors were evaluated with respect to the method used for 
data processing. 
In general, by using local adaptive thresholding, lower measurement errors were achieved. Furthermore, the multi-material 
effect was significantly decreased by using local thresholding, i.e. the offset between measurement errors for mono- and multi-
material samples was equalized by using local adaptive thresholding. Nonetheless, the sample made of materials with the 
highest difference between attenuation coefficients (Al/Ti) demonstrated the highest errors even using local adaptive 
thresholding. The increase of measurement errors was most significant for the smallest gaps.  
This study gives an initial insight into the complex problem of multi-material gap measurements. Further research will be 
directed towards applying further techniques for surface determination and data (material) separation. Additional experiments 
with the Ti/Cesic® sample will be performed in order to confirm the trends observed on the Al/Ti object that has similar 
material properties. Moreover, further experiments and CT scans with different CT settings and sample orientations need to be 
performed in order to isolate the multi-material effects and gain a comprehensive overview of the problem. Another aspect that 
will be addressed in future research is the multi-material effect on structural resolution. Finally, in order to gain robust 
measurement results, the evaluation of the test uncertainty will be performed in subsequent publications. 
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