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1. Introduction
Newly emerging technologies of emobility together with the ne-
cessity of lightweight construction require involved industries to 
be capable of monitoring those new technologies and materials – 
both in production and development. In order to keep pace with 
fast development cycles we need monitoring technology to provide 
fast feedback on new constructions during prototype development. 
Only with quick access to information about these new develop-
ments short times between an idea and the serial production of a 
new model can be met.

2. Motivation
Xray computed tomography (CT) is one very powerful and esta-
blished means of nondestructive testing (NDT) in industry. Imple-
mented in the laboratories worldwide, it is often applied as gold

standard for the inspection and characterization of materials and 
components. CT allows to generate volumetric three-dimensional 
images of an object with the possibility to analyze arbitrary inter-
secting planes through that object without the need for destruction 
of the specimen – as is the case with micro-cuts.
With regular CT systems, the object sizes that can be scanned are 
usually limited to a maximum of some ten centimeters in diameter. 
Until recently, this did hardly allow to apply CT to full size objects 
but only to cutout specimens. With the BMW’s i3, BMW’s first model 
with a car body made entirely of carbon fiber reinforced polymer 
(CFRP), we were confronted with the challenge to be able to bring 
computed tomography to the scale of object sizes far beyond those 
tens of centimeters. This is why we have investigated the possibili-
ties to perform Micro-CT measurements on large scale objects [1]. 
Today, in the context of industry 4.0 with faster development cycles 
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Figure 1 – RoboCT at BMW Group’s pilot plant in Munich.
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and increasingly more complex manufacturing techniques, the BMW 
Group has introduced RoboCT (robot based computed tomography) 
into prototype development, production and analysis. Scans are 
performed by four cooperating industrial robots, which move the X-
ray equipment around the object. Thanks to this technology, the full 
range of vehicles, from MINI to RollsRoyce, can now be qualitycon-
trolled even in the early stages of development [2]. That installation 
promises to analyze newly built units of prototype cars in order to 
save their destructive testing that is being applied today. This shall 
speed up the feedback loop to development and to production – al-
together helping to reduce response times for adjustments and shor-
ten the overall realization process.

3. RoboCT Technology
The principle concept of the RoboCT technology is to replace high 
precision manipulators as are being used for conventional laborato-
ry computed tomography systems by cooperating industrial robots 
manipulating the X-ray equipment. One robot is carrying the X-ray 
source and the other the Xray detector (Figure 2). [3] 
The possibility to build CT systems without complex high precision 
mechanical engineering assembled on large blocks of granite offers 
the possibility to come to yet unknown scales of CT systems and ob-
ject sizes that can be handled. Industrial robots typically are only 
precise up to residual errors in the range of a millimeter in absolu-
te space, whilst CT acquires structures in the object at detail levels  
finer than 100 µm and depends not necessarily on such high absolu-
te precision – but at least on the precise knowledge on the geometry 
with less than 100 µm deviation. This is why the first enabling steps 
necessarily had to be the development of methods of geometric ca-
libration, building a model of the geometry of a RoboCT system and 
its inaccuracies so that these can be compensated for in the subse-
quent computational step of 3-D CT reconstruction.
The installed system usually is set up with robots that can reach 
up to 3 m, which allows to build RoboCT cells with measurement  
volumes of up to 5 m in width, 4 m in height and almost unlimited 
length – defined only by the dimensions of the object to be inspec-
ted. The robots provide the flexibility to position Xray source and 
detector at hardly restricted poses (i.e. position and orientation) in

Figure 2 – Robots positioning X-ray source and detector at the 
A-pillar of a BMW i8 Roadster.

the space of the RoboCT cell. This gives the freedom to acquire CT 
scans of objects that couldn’t yet be examined by means of Xray 
Micro-CT 
and allows for a whole new field of research in computed tomogra-
phy, unlocking the benefits of arbitrary acquisition trajectories for 
industrial application. 

4. Research & Development History
Back in 2005, the idea for the RoboCT technology was born at Fraun-
hofer EZRT having had in mind the application of mobile and large 
scale X-ray inspection of airplanes in operation. The steps of funda-
mental research and development led to the first full scale demons-
tration installation within European FRP7 project QUICOM (“Quan-
titative inspection of complex composite aeronautic parts using 
advanced Xray techniques”) at the site of FACC, a tier one supplier 
for aerospace industry. There, it was possible to prove the feasibility 
to perform RoboCT on the winglet of a business jet and illustrate the 
first clear business case for the application of that new technology. 
[4] In parallel, the BMW Group began their first studies on RoboCT 
with Fraunhofer EZRT to investigate the application of different 
CT methods on BMW’s largest CFRP component, the side frame of 
BMW i3 [1]. The aim was to provide comparable results as the engi-
neers were used to from laboratory CT scans of cutout specimens 
of the material, since computed tomography was already estab 
lished as gold standard characterization modality for such composite  
materials. In 2017, we examined the application of RoboCT for the 
inspection of joining technologies (like piercing and pop rivets,  
adhesive bonding, screws, soldering, welds, etc.) on a full body in 
white. [5][6]

 
5. RoboCT Installations at BMW Group
Based on the previous successful studies, the BMW Group has instal-
led their first RoboCT cell in their pilot plant in Munich in 2018 where 
it assists in the development of tomorrow’s new car models. The sys-
tem consists of four robots on two linear axes forming four possible 
cooperating pairs of robots for CT (Figure 1). 
Thus, the acquisition can be performed with either front, rear, left 
or right pair of robots giving best possible access to either region 
of a car body. The system is equipped with Comet Variofocus X-ray 
sources with adjustable focal spot size down to 250 µm at 225 kV 
maximum voltage and Varex XRD3025 detector with 100 µm pixel 
pitch. The maximum achievable resolution with this setup is at ap-
proximately 70 µm voxel size. The cell is equipped with a lifting table 
designed to raise cars or car bodies up to 2200 mm in height for op-
timal access to the desired scan region. [7][8]

6. Comparison RoboCT versus Laboratory CT
In this contribution, we propose the comparison of RoboCT with 
state-of-the-art laboratory CT. Therefore, we compare scans of a test 
specimen from a regular CT scan with a conventional CT device to 
RoboCT in two different acquisition scenarios. The test specimen (Fi-
gure 3) is a pair of aluminum platelets joined together with selfpier-
cing half-hollow rivets of which a CT scan shall provide all necessary 
information so that the state of the rivet joints can be evaluated.
Three scans have been set up for comparison with acquisition pa-
rameters as shown in Table 1: a) a regular CT scan with a Waygate 
phoenix v|tome|x L laboratory CT scanner b) a RoboCT acquisition 
with the specimen positioned on a pole with hardly any obstructing 
contours that would limit the accessibility for RoboCT application 
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and c) another RoboCT acquisition with the specimen mounted to 
the frame of a car’s back door, resulting in a realistic limited access 
to the regionofinterest (ROI) of the scan.
Regular computed tomography is performed by acquiring X-ray 
projection images from a full rotation of 360° circular scan range by 
precisely rotating an object on a turntable. With additional compu-
tational steps, CT is also possible with the minimum required X-ray 
images from at least 180° scan range for a fully defined 3 D CT image. 
Acquisition geometries with less than 180° result in so called limited 
angle scans with under-determined perspective information in the 
3-D image.
With the acquisition setup shown, we demonstrate the compari-
son between a regular laboratory CT scan and RoboCT. The latter 
is further being distinguished between the current ideal case with 
full accessibility of a ROI and also the impact of a possible full  
scale object’s accessibility onto the CT scan quality when its con-
tours influence the accessibility and thus the angular scan range that 
can be realized.
Figure 4 shows the active pair of robots at one projection angle for 
the specimen mounted on a pole in case of unobstructed accessibi-
lity. In this situation, it was possible to access the object from a very 
wide angular scan range of 240° (a maximum angle of 120° to both 
directions clock and counterclockwise) on a horizontal acquisition 
trajectory as is visualized in Figure 5.
To compare the image quality and to give an impression on the im-
pact of reduced perspective information on the CT image, the rivet 
platelet has then been mounted on the frame of a car’s back door as 
can be seen in Figure 6. The extreme flexibility of RoboCT allowed to 
parametrize a tilted acquisition trajectory with the platelet and the 

frame of the door as rotation axis. On this tilted circular trajectory, 
we could realize a scan range of 125° (70° to +55° inclination to the 
horizontal) limited by the obstructing contour of the door. The acqui-
sition trajectory is visualized in the model in Figure 7.
All three scans resulted in good CT images of the specimen,  
clearly representing the geometry of the rivet joints. Sagittal sli-
ces (Figure 8) allow an easy interpretation of the rivets piercing the 
sheets of metal and visualize their geometric features, like final head 
position or undercut. The RoboCT acquisitions show a very similar 
level of detail as does the laboratory CT scan and only suffer from a 
small amount of additional image artifacts (presumably due to resi-
dual geometric misalignments from the robots’ inaccuracies).
The presence of the car door in the third scan does only introduce a 
little amount of additional artifacts from the material added into the 
measurement volume.
Nonetheless, the perpendicular intersecting plane, illustrated in Fi-
gure 9, shows the influence of limited perspective introduced by the 
limited angle scan with the specimen mounted to the doorframe.
This did no longer allow a full circular CT scan of more than 180°. 
In this orientation, the slice from the 125° scan is more difficult to 
interpret as the geometry of the rivet is no longer reflected without 

a) Laboratory  
CT

b) RoboCT  
unobstructed

c) RoboCT 
at door

X-ray voltage 200 kV 200 kV 200 kV

X-ray power 90 W 260 W 260 W

prefilter 0.5 mm Cu 0.5 mm Cu 0.5 mm Cu

scan duration 0h 16m 1h 30m 0h 50m

FOD 726 mm 750 mm 750 mm

FDD 1050 mm 1050 mm 1050 mm

voxel size 69.18 μm 71.42 μm 71.42 μm

scan range 360° 240° 125°

angular steps 1440 @ 0.25° 881 @ 0.25° 501 @ 0.25°

scan trajectory 
orientation

horizontal horizontal tilted 70°

Table 1 – CT parameters of comparative scans.

Figure 3 – specimen: rivet joint plates, 110 mm x 50 mm.

Figure 5 – horizontal acquisition trajectory with a total of  
240° scan range around a given ROI.

Figure 4 – unobstructed specimen in RoboCT setup with robots at  
maximum angle of 120°.
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disturbance. Especially the two legs of the rivet give the idea of  
anisotropic information in the limited angle CT image, where the ri-
vet leg with a seven o’clock orientation is much better visible than 
the one with five o’clock orientation.
Given the results from this comparison, we can reason that the tech-
nology of RoboCT has arrived at a degree of maturity that allows its 
productive application in the BMW Groups development process 
where it is already established for regular inspection tasks at two 
different facilities.
The image quality provided by RoboCT is hardly inferior to that of 
regular established laboratory CT systems – as long as they are pa-
rametrized for acquisitions at the same level of detail. As expected, 
limiting the perspective information of the CT scan results in image 
artifacts by incomplete three-dimensionally information in the 
image – comparable to limited angle CT scans with regular CT de-
vices. Today, these cannot yet be avoided as long as we are bound 
to acquisitions on regular trajectories, like e. g. circles, which may 
be limited by the contour of the full scale components that are being 
examined. 
As unexpected finding, we were surprised by the extraordinarily 
good representation of the rubber seal within the scan of the door. 
Figure 10 shows an intersecting plane perpendicular to the door-
frame. The CT slice shows the clamps and fastening structures of the 
seal correctly inserted in the metal structures of the door.

Figure 7 – tilted (almost vertical) acquisition trajectory around the inclined 
ROI at the beam of the door.

Figure 8 – sagittal CT slice through the row of rivets 
top: laboratory CT, middle: RoboCT 240°, bottom: RoboCT 125° with door 
(metal frame of door visible below rivets).

Figure 6 – specimen in RoboCT setup mounted to a door.

 Figure 9 – transversal CT slice through one rivet 
top: laboratory CT, middle: RoboCT 240°, bottom: RoboCT 125° with door 
(metal frame of door visible below rivet); one can clearly see the impact of 
missing perspective information in the 125° limited angle scan.

 Figure 10 – CT slice orthogonally through the doorframe (on the right), 
clearly visualizing the door’s rubber seal (on the left) and how it snaps into 
the metal structures.
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7. Next Development Steps
Now that the RoboCT technology has proven maturity for industrial 
application, we primarily aim at increasing its level of usability. To-
day it still takes an amount of several hours for highly trained ope-
rators to set up a measurement and they carry the responsibility to 
avoid possible collision of robots, X-ray equipment and objects by 
extraordinary attention when operating these systems. BMW Group 
is accompanying the research of the engineers at Fraunhofer EZRT, 
working on the enhancement of safety and usability of RoboCT in 
the near future. A digital twin of the system (similar to the one that 
has been used for the visualizations in Figures 5 and 7) shall be de-
veloped so that it will prohibit potentially harmful machine move-
ments. That virtual representation of the CT device and object to 
be scanned shall intelligently assist the operator by parametrizing 
valuable CT scans.

8. Outlook
In the future, today’s technology of RoboCT shall represent one first 
fundament for future cognitive sensor systems. The researchers at 
Fraunhofer EZRT target at intelligent monitoring cells incorporating 
a variety of sensors like e.g. X-ray, ultrasonic, thermography and 
optics that will automatically be combined and parametrized for a 
given task at hand.
With such technological progress in NDT technology, we want to 
come to a point where such monitoring contributes to the produc-
tion processes by providing feedback information to the machinery 
to stabilize and regularize the making of waste-free, high quality and 
highly efficient production – especially in the context of industry 4.0 
with its path towards sophisticated and highly individualized goods.

9. Conclusion
Robot based computed tomography (RoboCT) is an established new 
means of NDT that is already implemented in the BMW Group and 
used to support the different development stages of tomorrow’s car 
models. The comparison of this study has shown that RoboCT is ca-
pable of generating CT images hardly different to established lab CT 
devices at detail levels of about 70 µm voxel size. Already valuable 
for todays development stages in automotive industry, the techno-
logy promises to evolve to play an important role in the future pro-
duction in the context of industry 4.0.

Kontakt: wolfgang.holub@iis.fraunhofer.de
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