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Abstract. In the automotive industry, many car parts are being made out of plastic, 
synthetic, or fiber-reinforced materials. A systematic replacement of conventional 
metallic components is underway, mostly to save weight or reduce costs. The 
durability of these new constructions depends highly on the manufacturing process; 
hence the requirements are increasing on quality control in production lines. A 
typical example is car bumpers. Modern variations of car bumpers are much 
equipped with many sensors and connections, where a high precision in their 
mounting tolerances is essential. In production lines, visual inspection combined 
with functional testing is the  widespread  method for examination. Errors due to 
human factors are usually high. In addition, visual inspection is time consuming, 
which reflects on the production cost. An efficient replacement for the visual 
inspection hasn’t been yet available.  
 In this paper the application of millimeter-wave imaging to the examination of 
car bumpers and automobile parts is presented. The mm-wave signals can penetrate 
the outer surface and deliver an image of the inside structure of the bumper body. 
Wiring, sensors, screws, tubes, and other components can be separated in the 3D 
image to examine their location and orientation. Material damages can be identified 
and localized. The mm-waves are safe to use, which is of a great importance for 
utilization in open environments, like production lines. Additionally, the systems do 
not need regular maintenance, certified professionals or specific regulatory 
permissions as with conventional CT systems. 
 Moreover, modern image processing and computer vision techniques can 
greatly assist the analysis of the 3D image data by means of image registration, 
segmentation, features extraction and machine learning techniques in order to 
automatically search for flaws, parts and components in mm-wave imaging of 
automotive parts, e.g. bumpers. Thus the human effort to interpret the 3D 
information is largely avoided. 
 This contribution demonstrates the capabilities of such imaging solutions with 
measurements of actual car bumpers with a real-time mm-wave imaging system 
operating at 75 GHz delivering a 2 millimeter of spatial resolution. Various image 
results are hence presented and discussed. 

More info about this article: http://ndt.net/?id=19394
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1. Introduction  

Alike many industrial productions, automotive industry is continuously keen to reduce 
manufacturing costs while at the same time increase their production capacity and 
flexibility to adapt to the fast changes required by car designers. Nowadays, the modern 
driver assistance solutions and safety monitoring sensors demand more and more complex 
integration of components all around the car body. Hence modern car bumpers has become 
one of the most sophisticated car parts to integrate many components at various locations 
and combinations according to the car design and purchased options. Fig. 1 and Fig. 2 show 
an example for the remarkable change happened to car bumpers’ complexity along the last 
60 years. 

In order to cope with the cost and weight limitations, many car parts are designed and 
manufactured based on plastic, synthetic, or fiber-reinforced materials. The durability of 
these new constructions depends highly on the manufacturing process, e.g., material 
thickness, homogeneity, mold temperature, density, etc. Hence a parallel increase in the 
quality control standards evolves to assure an acceptable production yield.  Even during the 
car lifetime, service and maintenance acquire testing methods to examine the compliance of 
the components to the manufacturers’ standards. All these demands favor the utilization of 
capable non-destructive testing (NDT) methods with a fast and convenient approach to 
monitor possible material damages or parts misalignment. Currently, production lines rely 
mainly on a combination of visual inspection and functional testing to examine the 
integrated sensors and components. During visual inspections, errors due to human factors 
are typically high. In addition, visual inspection is time consuming, which reflects on the 
production cost. An efficient replacement for the visual inspection hasn’t been yet 
available. 

 
Different NDT technologies can possibly address this demand, including systems based on 
X-ray, ultrasound, optical, or millimeter-wave methods. X-ray solutions, e.g., computed 
tomography (CT), are very expensive and inherently very slow in acquiring measurements; 

 

Fig. 1 Car bumper example of the 
1950s [1] made mainly out of metal 

without any integrated parts. 

 

Fig. 2 Modern example [1] for car bumper with many 
integrated components for park assistance, lighting, 

cleaning, air flow, etc. 
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hence reduce cost-effectiveness for production lines. Nevertheless, it can be utilized for 
dedicated investigations of selected parts or regions within a car bumper. Different than in 
CT systems, most ultrasonic scanners require a direct contact to the bumper surface and 
suffer extremely from any air gaps within the examined structure; making them 
inapplicable in this case. Optical systems, like stereo camera setups, can assist in examining 
parts placed visible on the surface. However, they cannot look behind surfaces. In addition, 
they demand relatively stable lighting conditions all around the scanned area.  

 
On the other hand, millimeter-wave (mm-wave) imaging technology has proven to be 
capable of imaging complex three-dimensional objects in real-time. In the meanwhile, mm-
wave imaging is widely elaborated in the security domain for airport passenger 
screening [2]. The same scanning technology can be adapted and extended to cover NDT 
applications as well. Millimeter-wave signals are electromagnetic waves with wavelengths 
range from some millimeters down to one millimeter, or equivalently from a few tens of 
GHz up to 100 GHz in frequency. Modern electrical components allow the generation and 
reception of these signals without the complications experienced in the past decades. 
Beneficially, they acquire no direct contact and can still penetrate the outer surface and 
deliver an image of the inside structure of the bumper body. Wiring, sensors, screws, tubes, 
and other components can be separated in the 3D image to examine their location and 
orientation. Material damages can be identified and localized. The mm-waves are also safe 
to use, which is of a great importance for utilization in open environments, like production 
lines. Additionally, a fully electronic scanning, without moving parts, reduces the need for 
regular maintenance. There is also no necessity for certified professionals or specific 
regulatory permissions as with conventional CT systems. 

 
The QPS technology, Fig. 3, offers a platform 
for imaging solutions at frequency ranges 
from 70 GHz to 80 GHz in real-time [3]. The 
system illuminates the object with a single 
frequency at a time and then collects the 
scattered reflections at many positions over 
an area of two square meters. The collected 
data is consequentially used to reconstruct a 
full three-dimensional image of the scanned 
object. Due to the penetration of the signals 
into the bumper, internal components become 
visible. Image resolution is limited 
theoretically to half of the wavelength; hence 
a resolution of approximately two millimeters 
is available. Car bumpers paints are typically 
filled with metal particles, which can degrade 
signal penetration. Nevertheless, thanks to the 
high quality imagery delivered by the QPS 
platform, visibility behind the paint is still 
guaranteed. Fig. 4 demonstrates three various 
images of car bumpers with different installed 
components while being imaged from front 
and through the paint already. 

 
 
 

Fig. 3 QPS platform with 1m x 2m  
scan surface 
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In the following section, examples demonstrating the modern capabilities of car bumper 
analysis with mm-wave imaging technologies are presented. In Section 3 modern image 
processing methods are discussed, for evaluating the rich 3D images; potentially allowing 
semi- or fully-automated operation. Section 4 concludes the paper with an outlook for the 
applicability of this technology to production fields. 

 
 

Fig. 4  Three examples of mm-wave imaging results of car bumpers of different configurations. All 
images are acquired contactless and collected through the bumper body including the metallic paint. 
However each of the images is three-dimensional (3D) in nature, a projected view from the bumper 

front is seen. The last image reveals many of the inside components of the bumper which are 
typically not visible to the naked eye. 
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2. Examples of Different Bumper Configurations 

Various passive and active components are integrated into bumper frames. In the following, 
some mm-wave imaging examples on passive and active components are provided. 

2.1 Passive Components  

Among the most common passive components are different styles of ventilation grilles, 
fastening screws as well as covers for sensors that are either not populated or are hidden 
behind the bumpers surface when not in use (e.g. water nozzles). For the car model 
presented in the previous chapter, there are a total of four different styles of ventilation 
grilles/covers at the location around the fog lights. Installation depends on combination of 
fog light type and bumper design. For other components there is a similar range of different 
parts.  

 
Fig. 5 shows three different types of grilles/covers as well as an empty slot. They can easily 
be identified as the texture of the grilles in combination with their reflectivity is unique for 
each grille.   

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 5 a) No ventilation grille; b),c),d) Different types of ventilation grilles 

 
The difficulty in separating the components lies in the minor differences as well as the 
location in the bumper. Some components are almost completely hidden within the frame 
of the bumper. While those are very difficult to spot reliably with imaging systems in the 
optical range, a millimeter-wave imaging system can make them visible even through 
metallic paint.  

 
In Fig. 6a, the so called “air curtain” can be seen behind metallic paint. It is located 
between the fog light and the bumper’s side wall (Fig. 6a). Since it is so thin and in-
between two big components, it is difficult to spot from the outside. Fig. 6b shows a depth 
slide of a millimeter-wave image taken through a bumper’s side wall where the air curtain 
was purposely removed. Contrarily, in Fig. 6c the same image was collected for a bumper 
with an air curtain probably in place. Its grilles can be easily spotted and detected. 
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(a) 

 

 
(b) 

 

 
(c) 

Fig. 6 a) Optical image of the air curtain between the fog light and the bumper’s side wall; b) 
Millimeter-wave image through the bumper’s side wall without air curtain; c) Millimeter-wave 
image through the bumper’s side wall with the air curtain installed. 

2.2 Active Components  

The active components include a large variety of sensors, e.g., ultrasonic, radar, infra-red, 
and optical sensors. Sensors are typically located at exposed locations on the bumper in 
order to capture information about the car’s surroundings. Furthermore, sensors usually 
contain metallic or ceramic materials which have a considerably higher reflectivity than 
parts made of plastic (e.g. ventilation grilles). This makes it considerably easier to locate 
and identify them in the millimeter-wave images.  

 
Ultrasonic distance sensors are the most common sensors in modern cars. In order to cover 
the front and sides of the vehicle a total of 6 units are equally distributed over the bumper. 
Fig. 7 shows a millimeter-wave image of a bumper with one missing park distance control 
(PDC) sensor. First of all, the reflectivity of the populated sensor is significantly higher 
than the metallic paint of the bumper. Secondly, the missing sensor appears as a black spot 
as expected. Together this gives a large margin for a reliable detection of these sensors. 
 

 
 
 

 
 
 
 
 
 
 
 
   
 
 
A good example where millimeter-waves show good potential of outperforming optical 
imaging methods is based on the fact that millimeter-waves are invariant to lighting 
conditions. Only the dielectric properties of the materials matter. This is of special interest 
for car bumpers since the majority of the components are black or dark colored. Fig. 8a 
shows an image of a water tube for the headlight cleaning system. It can be difficult to 
follow the path of the tube in the optical image especially if the lighting is not optimal. On 

 

 
Fig. 7 Millimeter-wave image of a PDC sensor in comparison to  

a missing sensor. 

Air curtain 

Fog light 

Air curtain 

PDC 

missing PDC 
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the contrary, it can be easily tracked in the millimeter-wave image due to its reflectivity in 
comparison to its surroundings (Fig. 8b). As a consequence, it is also possible to spot 
irregularities in the tube’ fastening to the bumper as seen in Fig. 8c and Fig. 8d. 
 

 
(a) 

 
(b) 

 

 
(c) 

 

 
(d) 

Fig. 8 a) Photograph of a water tube inside the bumper; b) Millimeter-wave image of the scenario in 
(a); c) Photograph of a bad fastened of the tube; d) Millimeter-wave image of the scenario in (c). 

3. Image Processing and Machine Learning for Quality Assurance 

The reflected millimeter-wave signals are reconstructed into a regular Cartesian volume, 
providing three-dimensional imaging data of the reconstructed signal magnitude and phase, 
allowing application of various image processing, computer vision and machine learning 
algorithms [4] for assisting the quality assurance process. In this section, we would like to 
provide a broad overview of possible applications of such algorithms for inspection of parts 
integrated into modern bumpers.  

 
A common part in bumpers is a wiper tube for supplying wiper fluid. Research on detection 
of tubular (vessel) structures in volumetric medical imaging data led to different 
segmentation algorithms for 2D and 3D datasets [5] that could be adapted to automatically 
extract wiper tubes – in general tubular structure – from the mm-wave imaging data. 
Features extraction and pattern recognition algorithms [4] can be adapted, to detect sensors 
integrated into bumpers, including ultrasonic parking sensors. Overall, the goal is to assist 
modern built-to-order processes by checking highly customized bumpers against a 
specification; detecting parts, checking their orientation and alerting the end-user in case of 
deviations from the specification. Algorithms can be continuously tailored to handle an 
ever-increasing range of bumper configurations; however, this would limit the flexibility of 
the manufacturing processes by introducing further dependencies. Instead, simple visual 

water tube water tube 

water tube clip clip 
water tube 
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inspection or adaptive algorithms for semi- or fully-automatic recognition of parts or 
regions of interest could be utilized. 

 
A simple approach for assisting the quality assurance process is providing the image of the 
scanned bumper to a trained end-user for visual inspection. In addition to 2D visualization, 
volumetric rendering techniques [6] can be used for 3D visualization, without the need for 
pre-processing data. An example of such a rendering is shown in Fig. 9. The end-user can 
freely rotate the data in 3D, to assess regions of interest from different viewing angles 
without physically moving the bumper on the scanner. Moreover, transfer functions [6] can 
be defined, to emphasize specific structures in the volume, as for example, plastic or 
metallic parts.  

 

 
Fig. 9 Volumetric rendering of bumper from mm-wave imaging data  

(Visualization with Exposure Renderer [4]) 

 
Machine learning algorithms [8] offer a wide-range of possibilities for semi- or fully-
automatic analysis of mm-wave imaging data for quality assurance. Machine learning 
allows training of algorithms/models from data, instead of rule-based programming. In the 
context of bumper inspection, a system could be trained to recognize missing or existing 
parts or defects in bumpers, by using image data in which parts or regions of interest were 
labelled. This so-called supervised learning process is illustrated in Fig. 10.  

 

 
Fig. 10 Training: Collect image examples and label structures/parts of interest to build a machine 
learning model. Testing: Recognize parts/regions in image data using previously trained model. 

 
Instead of manual algorithmic adaptations in order to handle new parts or regions of 
interest, supervised learning concepts can be used to re-train machine learning models by 
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using newly labelled training images. Moreover, such processes could be made available to 
end-users, to perform training of algorithms in-house or at manufacturing sites, and to 
increase testing capabilities on-demand. In addition, online learning methods can enhance 
the recognition capabilities on-the-fly, by letting users mark regions/parts in the image data 
that have been missed by the recognition algorithms. This information is feed back into the 
machine learning model to improve its recognition capabilities over time.  

 
Depending on the complexity of the recognition task, semi- or fully-automatic recognition 
could be performed. Semi-automatic recognition could mark regions in the image data that 
are likely to contain a fault, leaving the final assessment to the end-user. Fully-automatic 
recognition could be able to pin-point obvious defects with high reliability. Last but not 
least, the already available QPS system offers a large scanning volume, allowing inspection 
of entire bumpers with a single scan. Nevertheless, even larger structures could also be 
tested by sticking multiple volumes together when needed [4]. 

 

4. Conclusion  

Real-time millimeter-wave imaging technology has proven to be capable to assist the 
examination of modern complex car bumpers constructions. The availability of a real-time 
3D imagery of the internal components inside car bumpers is a key factor to enable fully- or 
semi-automated operation for production lines in an unmatched speed. For car designers, 
this will open the opportunity to further increase the complexity of car bumpers; and for 
production facilities to enhance their production yields. Additionally, cost reduction for car 
bumper suppliers is possible due to the decrease in labor expenses and due to the avoidance 
of penalties caused by wrong deliveries. Nevertheless, an adaptation of the presented 
technology is essential to fully cover the specific requirements of each supplier chain. For 
this, image processing methods based on machine learning techniques can assure a fast 
response to market demands by applying prober training data to the computer. The 
presented work hence defines an unmatched opportunity for the car suppliers’ market. 
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