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Abstract 

The use of industrial computed tomography for dimensional measurements is still met with considerable suspicion because of 

the numerous factors that influence the measurement uncertainty, which thus is hardly describable by a mathematical model. 

As a consequence, reference measurements with a tactile coordinate measuring machine (CMM) are usually performed. Image 

unsharpness when using computed tomography (CT) can be seen as low pass filter and therefore is one among many factors 

that influence the metrological performance of a CT system. However, it is also known that the geometry of the probe tip acts 

as a mechanical filter when using tactile CMMs. 

 

The studies in this work are performed with the help of a simple specimen which includes a number of surfaces of different 

waviness and roughness. Capturing the surfaces using both systems and comparing the results allows a deeper analysis and 

understanding of the filtering effects. The measurements are performed with probe balls of different diameters on a CMM. The 

CT measurements are performed using various spatial resolution settings, resulting in different surface filtering characteristics. 

Additionally, surface measurements using a stylus instrument are performed. The comparison of these measurements shows 

that the CMM is more accurate when measuring form deviations of higher order. However, it also shows that the metrological 

performance, when measuring dimensional and geometrical measurands using the two systems, is comparable in many cases.  
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1  Introduction 

Measuring uncertainty using computed tomography consists of numerous uncertainty contributions as well as (mostly 

unknown) systematic measurement deviations [1]. For that reason a reference measurement on a tactile measuring system is 

usually performed to evaluate the results of a CT measurement. As tactile metrology has been the method of choice for a long 

period of time it is still considered as a reliable method to verify the results of more recent technologies like CT. 

Unsharp edges in CT images that are mainly caused by the focal spot size and detector unsharpness are two limiting factor for 

accuracy. Every scanned surface is subject to unsharpness because of filtering effects. However, CMMs are also subject to 

some mechanical filtering. A probe ball can only detect valleys and grooves that are wide enough to get into which has the 

consequence of smoothing the surface. 

The goal of this work is to analyze what consequences these mechanical and CT-based filterings have on the measuring results. 

This is useful for the following reasons: 

 • Because of the numerous technical differences it is often discussed how to compare tactile measurements and CT-

measurements. • Effects of systematic, system-intrinsic errors are often neglected in practice. However, for measurements in the 

micrometer range it is highly important to attend and compensate these kinds of effects, limiting accuracy. • Questions can also be: Is surface measurement possible with CT? What is the smallest structure size on surfaces that 

can still reliably be measured using CT? 

2  Problem definition 

Three different measuring systems are compared in this work [2]. Contrary to the stylus instrument and the coordinate 

measuring machine which are tactile measurement systems, the CT scanner is a non-contact measuring system. 

In general a CMM is the technical implementation of a Cartesian coordinate system [3]. A common CMM is equipped with a 

tactile probe head that consists of a sensor, a stylus and a probe ball that touches the surface of a workpiece. Upon contact a 

signal containing the coordinates of that point is recorded. The probe is then backed off and moved to the next location where 

the process is repeated. Figure 1 (left) pictures the filtering caused by the probe ball. How deep the probe can enter into the fine 

grooves of the surface depends very much on its diameter. Additionally, the sampling rate determines how precise a contour is 

scanned. If more points of the surface are touched, there is a higher probability that the small peaks and valleys are touched by 

the probe. The finer the structures on the surface of the workpiece the smaller must be the tip radius and the higher must be the 
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sampling rate in order to fully capture the spatial frequency content of the real surface which follows the Nyquist-Shannon 

theorem.    

CT uses the ability of X-ray radiation to penetrate objects. [4] Therefore an X-ray beam is fired from a radiation source 

towards a detector. The object to be scanned is placed on a rotary table between the source and the detector where it is 

penetrated by X-rays. Depending on the material and the penetration length a certain number of photons are able to reach the 

detector. Contrary to medical CT systems in industrial CT the object is rotated while the source and the detector remain in 

place during the CT measurement. During each rotation step a grayscale image of the object is taken, whereby every gray 

value corresponds to the number of photons reaching a definite detector pixel. The reason for some kind of filtering effect in 

this method of measuring is that the high contrast resolution power, which is a metric of image unsharpness, is limited. Hence, 

the edges (surfaces) cannot be detected exactly because intrinsic unsharpness contributions depending on the focal spot size,  

detector characteristics and other effects, as well as the spatial discretization using voxels distort the real surface characteristic 

to a certain extend (see Figure 1 right). 

A comparison of the detected profiles, illustrated in Figure 1, shows significant differences in the signal sequence on identical 

surfaces depending on the measuring technology. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Example of the filtering effects on CMM (left) and CT (right) and comparison (bottom) 

3  Performing the measurement 

To get a representative comparison a specimen is needed which can be measured on each of the three systems and which has 

surfaces of different waviness and roughness. It is also important to perform repeated measurements in order to get a reliable 

average value for each section and each measuring parameter as well as to minimize the influence of outliers. 

3.1 The specimen 

For this purpose an aluminum hollow shaft with three inner and three outer sections of different waviness and roughness is 

manufactured (see Figure 2). To realize this, a conventional lathe is used with different feeds. Each section has a length of 30 

millimeters which allows a surface measurement compliant to DIN EN ISO 4288 [5]. The hollow shaft is processed with three 

different feeds along the inner side and three different feeds along the outer side of the hollow cylinder resulting in six different 

surfaces.  

 
Figure 2: Specimen with six different inner and outer surfaces 
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3.2 Measuring systems 

As the effects on the surface contours shall be deeper analyzed in our study, an additional reference measurement is necessary. 

A conventional tactile stylus instrument is used to receive reliable information about the surface properties on the specimen. 

The three different systems are illustrated in Figure 3. 

 
Figure 3: Measuring systems that are used: stylus instrument for reference measurements (left), CT system (middle), CMM (right) 

The parameter to compare is the profile depth, because it can be taken out of the original profile, contrary to the roughness and 

waviness profiles that are already filtered using Gaussian filters [6]. The profile depth is defined as the distance between the 

highest and the lowest point of a surface contour (see Figure 4). 

 
Figure 4: Profile depth 

To vary the spatial resolution of the CT scanner without changing the other parameters, the magnification factor and the pixel 

size are changed in a series of measurements. The first CT measurement is performed in a measuring range of 75 mm x 75 mm 

which is the maximum magnification for this object. The full detector resolution of 2048 x 2048 pixels is used. For the second 

measurement pixel binning is activated to reduce the detector resolution to 1024 x 1024 pixels. The third step is to double the 

focus-object-distance for a measuring window of 150 mm x 150 mm. Each of these scan options is repeated three times to get 

an averaged result of the profile depth. 

 

The following parameters are kept constant for the CT measurements: • Current:   180 mA • Voltage:   200 kV • Image average:  1 • Steps:   1000 • Pre-Filter:  1 mm Copper  

 

According to equations (1) – (2) the pixel size and the focus-object-distance, respectively, is doubled to double the resulting 

voxel size and to halve the spatial resolution. The voxel size 懸 is defined by 

 懸 =
��      (1) 

 � =
������      (2) 

 

where � is the pixel size, � is the magnification, ��� is the focus-detector-distance and ��� is the focus-object-distance. 

Table 1 contains the scan parameters of all three measurements that are chosen. 
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Measurement: 1 2 3 

Focus-detector-distance [mm]: 1297.021 1297.567 1296.526 

Focus-object-distance [mm]: 246.170 246.664 490.929 

Magnification: 5.269 5.260 2.641 

Pixel size [��]: 200 400 400 

Exposure Time [ms] 1000 285 285 

Voxel size [��]: 37.523 75.165 149.717 

Table 1: Scan parameters of the CT measurements 

For comparison reasons there should be a similar number of measuring points for the same measuring region on the surface of 

the specimen. In order to reach this, the average distance of two points in the CT point cloud is determined and set as the 

measuring interval of the CMM. In this case the highest resolution CT scan has an average point distance of 0.04 mm which 

consequently becomes the sampling interval for the CMM measurement. To examine the influence of the probe ball on the 

detected surface, the CMM measurement is repeated four times with different ball diameters that are listed in Table 2. 

 

Measurement: 1 2 3 4 

Probe ball diameter: 0.30 mm 0.69 mm 2.00 mm 4.00 mm 

Table 2: Selected probe ball diameters 

4  Results 

On the computated surface models of the CT scans the differences are visible already be eye. For a quantitative analysis the 

profile depths of CT and CMM measurements, such as the reference measurements of the stylus instrument, are compared with 

each other. The depth such as the position of the profiles shall be considered.  

The resulting surface models obviously show differences in the level of details (see Figure 5). While areas of high profile 

depths are visible with all three scan parameters, fine structures almost disappear completely by using a low spatial resolution. 

But it can clearly be seen that also high profile depth areas are smoothed as a consequence of limited resolutions. 

 
Figure 5: Resulting surface models of scans with decreasing resolution from left to right 
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A look at the grey values shows the cause of the unsharpness around the edges (see Figure 6). The diagram depicts the 

transition between material and air. This means, that the area between the green and the red line is the region of a blurred edge. 

Ideally, the boundary between material and air would be a vertical line. But the lower the resolution is, the wider the boundary 

is between material and air in a CT scan. 

 

 
Figure 6: Grey scale of the same edge in different resolutions 

 

However, an important distinction has to be pointed out between unsharpness and inaccuracy. Not the whole range of 

unsharpness is the uncertainty of the measurement. Algorithms for surface determination make it possible to reduce this area in 

which the real edge must be with the help of the grey value’s gradient. However, measurement uncertainty increases with 

unsharpness [7]. In practice with the help of so-called subvoxeling methods a rule of thumb value for the uncertainty of 

dimensional measurements is between 10 % and 20 % of the voxel size, assuming high CT image quality. Table 3 contains the 

uncertainties depending on the voxel sizes of Table 1 according to this range of uncertainty. 

 懸怠 = 37.523 �� 懸態 = 75.165 �� 懸戴 = 149.717 �� 憲1 = 3.7523…7.5046 �� 憲2 = 7.5165…15.033 �� 憲3 = 14.9717…29.9434 �� 

Table 3: Uncertainties depending on the different voxel sizes 

 

To compare the measurements of all three systems, only the profile depth is considered. Because of the measuring principle of 

a stylus instrument cylinder diameters cannot be determined using this measuring system.  

 

In Figure 7 the determined profile depths are plotted for the six surfaces with different roughness values. The roughness depth �z is measured according to DIN EN ISO 4287 [6] and DIN EN ISO 4288 [5].  One interesting observation is made about the 

roughest surfaces (�z ≥ 39 µm). The results show no significant differences between the most accurate measurement of CT (38 

µm voxel size) and CMM (0.3 mm ball diameter) and the reference measurement on the stylus instrument. The measured 

profile depth using the CMM and CT partially has an even higher value than the reference value of the stylus. This would 

mean that in these cases it is measured more accurately with CT and CMM than with the stylus instrument which does not 

reflect reality due to the fact that the tip radius of the stylus instrument is in the single-digit micrometer range. The error lies in 

the type of evaluation. For profiles measured with the CMM the angular deviation in the coordinate system is up to 0.03°. At a 

measuring length of 17.5 mm this results in an uncertainty of +9.163 �� that the measuring results may deviate upwards. The 

CT point cloud also has such angular deviations, but not as large because it is fitted into the coordinate system with the help of 

a cylinder. 

 

On finer contours (�z ≤ 19 µm) the relative deviations increase on both systems, but especially on CT measurements in respect 

to the reference values. The main reason is the unsharpness which exceeds this fineness of the surfaces. The results also show 

that the detected profile depth decreases significantly due to greater probe ball diameters or voxel sizes. In other words, the 

surface is significantly smoothed in both cases. 
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Figure 7: Measured profile depths using the three measuring instruments. The roughness value Rz is measured with the stylus instrument and 

is used for the classification of the surfaces.   

 

In addition to the depth of the profile, the position of the detected surface points (3D coordinates) is considered. In other 

words, it is to analyze, if the filtering affects rather the peaks or the valleys of the profile or if both are affected at about the 

same level. Especially in production metrology it is important to know which parts of the contour are filtered. Otherwise the 

surface is detected in the wrong location, which can be the reason for parts, wrongly identified as rejects. To get this 

information the diameters of the inner and outer cylinder of the hollow shaft are measured in every section of different 

roughness. Therefore a minimum circumscribed cylinder and a maximum inscribed cylinder are fitted into each of the surfaces. 

The range between these cylinders is plotted for the different measuring instruments, ball diameters and voxel sizes in Figure 

8. The error bars represent the interval between the outermost diameter and the innermost diameter measured with the 

respective probe balls or voxel sizes. In addition, the mean points of these intervals are connected by a line to visualize the 

trend of the filtering effect. 
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Figure 8: Ranges of measured cylinder diameters. The error bars represent the range between the outermost and the innermost diameter. 

 

5  Conclusions and Outlook 

This study can be the basis for further research regarding filtering properties in computed tomography. The results show that 

the CMM mainly filters lower lying surface structures of the contour, while CT filters peaks and valleys in a similar fashion. 

One could conclude that the mean value obtained by CT reflects the mean value of the real contour more reliable compared to 

CMM. However, the CMM also provides reliable results for very fine profiles where CT meets its limits. A CMM only needs a 

sufficiently small probe ball, whereas a CT is mainly affected by the intrinsic image unsharpness (focal spot size, detector, 

voxel size) but also by additional effects like image noise and image artifacts, which should be compensated if possible.  

One advantage of CT is obvious, if time is included as a relevant factor. While a CT system scans the entire geometry of an 

object in a few minutes, a CMM runs 1.5 to 2 hours for only four measuring paths of just one of the six roughness levels to 

obtain the same point density. 

   

An interesting fact is the small deviation of the reference profile depth to the values determined with CT and the CMM. 

Further research should investigate, if it is possible to analyze whole surfaces with CT measurements. If the spatial resolution 

would be further increased, this could even work for even finer surface structures. This would provide additional opportunities, 

e.g. to develop a tool that analyzes roughness and waviness on regions of interest or even complete surfaces. Such tools could 

be very useful for quality assurance, because dimensional measurands and surface characteristics could be analyzed in one 

single CT scan. 
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