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Abstract
Computed tomography is used as a tool for non-destructive testing in the industry as
means for quality assurance and development. For some time now, industrial CT
systems have been in use for tasks in the field of dimensional measurements. The
advantage of this technique is the ability to completely and non-destructively scan and
measure the surface of complex parts. Within a joint research project of the Fraunhofer
Institutes IPA, IZFP, IOF and IIS under leadership of the Fraunhofer IPA, a so-called
"Tomometer" was developed. This device realises the entire process chain in measuring,
ranging from data acquisition to metrological processing. The multi-sensor Tomolibri®
combines a high resolution CT system with a an optical sensor developed by the
Fraunhofer IOF.. This surface scanner is based on fringe projections and provides 3D
coordinates of the visible surface with an accuracy of a few micrometers
This article depicts the components of this multi-sensor device and, using selected
examples, shows the application of the second sensor for refeeding the CT data, for
using the synchronous artefact reduction as well as software tools for metrological
evaluation.
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1. The Multi-Sensor Tomolibri

®

The multi-sensor Tomolibri® is a prototype specifically designed for metrological
purposes. The basis for this 3D measurement device is a newly developed CT system
that is capable of delivering very precise CT data due to precise manipulating system
and high resolution x-ray technique. The x-ray projections are corrected on-the-fly using
a new process for artefact reduction. This directly results in enhanced CT data. Both
artefact reduction and reconstruction are running parallel to the x-ray images acquisition
thus yielding a digital voxel-based model of the object shortly after the acquisition. The
additionally mounted surface sensor kolibri® yields measuring points on the accessible

surface of the part using the same frame of reference as the CT data. Advantages of the
kolibri® system are high speed as well as high precision of the measurements (< 10 µm).

Figure 1: Setup of the IZFP CT system.

The Tomolibri® system consists of an x-ray source, a manipulating system, an optical
sensor, an x-ray flat panel detector and the hardware for reconstruction. The Tomolibri®
system is integrated into an air-conditioned x-ray cabin. The x-ray flat panel detector
used is a Perkin Elmer flat panel XRD 1620. This detector has an active area of 40 cm x
40 cm with 2048 x 2048 pixels. Pixel width is 200 µ m and the dynamic range is about
14 bit. Precision of the Tomolibri® system is primarily determined by the precision of
the manipulating system. To reduce the degrees of freedom a setup using a fixed
distance between source and detector was chosen. A detector distance of 150 cm was
devised in order to minimize artefacts resulting from a large vertical aperture angle and
to obtain sufficient intensity from the x-ray source. The manipulating system uses five
axis, three translational axes, one rotational axis and a horizontal linear axis for
adjusting the detector and to reduce circular artefacts. The specified absolute precision
of the linear axes is 2 µm. Positioning precision is better than 10 µm. As x-ray source a
micro focus x-ray tube from Viscom, V9225 D-ED, is used. The specifications of this
tube are as follows:
-

Maximum anode potential: 225 kV
Maximum tube power: 320 W
Minimum focal spot size: 5 µm

Reconstruction of volumes consisting of up to 20483 voxels requires very high
computing power. Thus an eightfold Blade computing system is used. Storage of the
reconstructed volumes, sized up to 16 GB, is done using a fibre channel connection to
the SAN system (Storage Array Network) of the Fraunhofer IZFP. The data acquisition
computer is connected to the reconstruction computers via glass fibre. First tests using
the newly developed 64 bit reconstruction software show very fast memory times of
about five minutes for a volume sized 8 GB. To improve the speed the data acquisition
computer and the evaluation computer are integrated into the glass fibre network as

well. Figure 1 shows the flat panel detector with 2048 x 2048 pixels on the right side.
On the left side one can see the 225 kV micro focus x-ray tube. The optical sensor is
positioned outside the primary beam of the x-ray tube. For optical data acquisition the
rotary table is moved out of the CT data acquisition position and positioned below the
optical sensor. After data acquisition the rotary table is moved back into the CT position
and CT data acquisition is started. The measuring range of the multi-sensor Tomolibri®
is a hemisphere with a diameter of about 50 mm.
2. Synchronous Artefact Reduction EAR
Computed tomography is increasingly used for metrological tasks like in industrial
workpiece testing. Apart from the determination of the measurement uncertainty the
enhancement of the image quality is also part of the current research in order to
establish CT as measurement device. Artefacts in computed tomography result from
non-linearities within the acquisition system [1, 2]. A widely used and effective method
for correcting such non-linearities for homogenous objects is based on the linearization
techniques, using a correction function to transform polyenergetic to monoenergetic
projection data. In practice a correction line is determined experimentally from the
radiography of a suited reference object with known sizes. Material properties of this
object should be close to that of the object to be analyzed.
The Iterative Artefact Reduction (IAR) method is an iterative multistage process. The
IAR replaces this calibration measurements by a method, which is independent of any
reference object. It determines the required ray path length through the object for the
computation of the correction line directly from the reconstructed volume of the
inspected part No knowledge of the energy source spectrum or material characteristics
is required. The synchronous artefact reduction EAR replaces the postprocessing of the
projection data by IAR. The required ray path lengths for the determination of the
correction function are determined from the geometry data of the specimen in form of a
nominal model. Apart from the higher quality of the nominal model compared to a
volume with artefacts, the important advantage is the saving of time. Even after the
acquisition of just a few projections a correction line is available so that the object can
be reconstructed parallel to the data acquisition.
For the computation of the correction functions the ray path lengths are determined via a
virtual CT from the nominal model. In order to do that, the nominal model within the
virtual CT needs to be positioned on the rotary table exactly the same way as the test
body of the real CT. To achieve that two different models for registration are
implemented, which are discussed in detail in [3]. The spatial position and orientation of
the CAD model within the virtual CT must be aligned to the real object on the rotary
table using translation and rotation. The established methods of registration require a
decently chosen starting position, which is determined in a rough first registration step.
The second step then includes the exact registration. This is done using a 2D/3D
registration algorithm that uses 2D projection data. Alternatively a multi-sensor concept
is used for the exact 3D/3D registration i.e. a surface describing point cloud, acquired
by an optical sensor, is used alongside the detector measurements. In figure 2 the results
of the correction are compared. Independant of the registration concept used, the
reconstructions using EAR are almost identical to those of the more time consuming
IAR corrected reconstructions. This can especially be seen on the profiles in figure 3.
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Figure 2: Comparison of the three correction methods with an uncorrected slice of the aluminium test
body in the upper left. Upper right shows a conventional correction (IAR), lower left a 2D/3D EAR
correction and lower right shows a 3D/3D EAR correction. The line profiles are shown in the next figure.

3. Metrological Evaluation of the Multi-sensor Data
The metrological evaluation of CT data is divided into several steps [4]. First the
surface of the object in the CT data needs to be determined using a suitable process.
This way the surface is available for a virtual touch. Geometrical elements and
freeforms can be measured and the deviation from the nominal geometry can be shown
in colour. For measuring freeforms and nominal/actual value comparison an alignment
of the acquired data to the nominal data is required. The determination of the object's
surface from the CT data has a great impact on the result of the measurement. The up to
now widely used process of segmentation via a global threshold results in large
inaccuracies as the threshold is not applicable to the entire data set due to physical
artefacts. What is more, the threshold is usually determined manually, which
additionally reduces the accuracy of the measurement.
In the newly developed multi-sensor CT system Tomolibri® the exact surface data
acquired by the optical kolibri® system are used in new methods for data fusion in order
to set limits to the uncertainty of measurement and to increase precision at the extraction
of measuring points. To do that local thresholds are determined within the CT data
using the additional precise measuring points. The data fusion process generates a

corrected point cloud using these information, which is now available for metrological
evaluation.
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Figure 3: Line profiles of cross sections in figure 2. As can be seen the corrected gray values are much
better suited to separate material from air. The results of the corrections thus differ only slightly.

This way a nominal/actual value comparison of the whole part can be done by
additionally using CAD data (Figure 4). To do that, it is necessary to precisely match
the nominal and actual data. This process is called "registration" and is done by a newly
developed software tool. The registration is automatically done using a momentum
analysis followed by a best fit. If desired, the registration can be enhanced by using an a
feature based registration. To do so, the user just needs to select corresponding pairs of
geometrical attributes from the nominal and actual data. Following that, the
measurement data are transformed into the coordinate system of the CAD data.
For the precise and fast measurement of parts the fact that technical structures often
consist of geometrical primitives (plains, cylinders, cones) can be used. The Fraunhofer
IPA best-fit algorithms allows for the automatic identification of all geometrical
primitives within a point cloud. It is also possible to measure single elements manually.
To do that, a mouse click near the geometrical element is sufficient. The best-fit
routines automatically detect the dots belonging to the object and arrange for the best
fit. As result to this precise fit, you obtain all the necessary parameters to characterize
form and position of the object within the area. In order to check the part's adherence to

positional tolerance it is possible to compute distances and angles between best-fitted
elements and compare them to tolerance conditions.

Figure 4: After alignement of the measured point cloud to the CAD model the differences of the
actual/nominal geometries can be computed and visualized.

Also for form tolerance like e.g. plane or cylinder tolerance it can be checked wether the
measured points deviate from the ideal form more than the tolerance allowed. Very
informative in this respect is the representation of the deviation in terms of colour of the
single points compared to the ideal geometry.
4. Conclusion
The methods for the synchronous artefact reduction EAR, for data fusion and for
metrological evaluation are modular and allow for the easy integration into existing
systems. Fields of application for computed tomography as measuring device can be
found in the plastics industry, prototype manufacturing, medical engineering and the
automotive industry. It can also be used everywhere one needs to measure nondestructively and completely. Time consumption for the measurement and evaluation is
about 30 minutes and it thus allows for a reduction in time and cost as compared to
destructive measurement methods. Especially the ability to measure dimensions
otherwise inaccessible makes CT a very useful tool in initial sample inspection or in
inspecting random samples for process monitoring. Nominal/actual value comparison
also yields valuable information for the further treatment of tools.
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