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ABSTRACT 

The machining including milling of Carbon Fiber Reinforced Plastic (CFRP) is a challenging task, which leads often to defects 

like delaminations, disruptions and fiber protrusions. Countermeasures like changing tool or machining parameters have to be 

taken as soon as possible. So an inline inspection method is necessary. The work described in this paper is based on either a laser 

line scanner or a fringe projection system. Both deliver 3D point clouds, which are analyzed by a new developed model-free 

algorithm, which focuses on geometric deviations and fiber protrusions. The implemented algorithm shows promising results in 

the first evaluations. Further tests have to be done especially for complex geometries and it has to be examined if the used 

model-free approach is sufficient. 
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1. INTRODUCTION  

Machining of Carbon Fiber Reinforced Plastic (CFRP) is a challenging task [1, 2]. Special design drill bits and milling cutters 

have to be used, which are able to deal with the hard carbon fibers. If an unsuitable tool or inappropriate machining parameters 

are applied defects like delaminations, disruptions and fiber protrusions can occur (see Fig. 1). Also aging and abrasion of the 

tool can lead to bad machining results. The occurring defects can cause cost and time expansive post processing steps or the 

complete damage of the part. In order to avoid multiple defects, an early in process inspection is necessary. This paper focuses 

on optical inspection of milling results of CFRP workpieces. Optical inspection provides the advantages of fast and contactless 

scanning. The results of the evaluation of the scan data can be used for correcting process parameters or changing the milling 

cutter in an early stage if necessary. 

The work described in this paper is part of the project CFKComplete funded by the German Federal Ministry of Education and 

Research (Grant no.: 02P14A086). In this project the complete milling process including the steps cleaning, quality control and 

sealing (see Fig. 2) is examined and will be implemented in a demonstrator. The content of this paper foregrounds the quality 

control aspects and technology in the CFKComplete project. 

2. USED NDT SCANNING METHODS 

For the complete detection and measurement of the typical machining defects of CFRP, 3D surface data is mandatory. In order 

to generate the required data, different sensors can be used. 

 

 

Fig. 1 Bad machining result of CFRP part, due to usage of wrong drill bit [1] 
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Fig. 2 CFKComplete project overview 

2.1 LASER LINE SENSOR 

One appropriate sensor is a laser line sensor. It consists of a laser line projector and a camera [3]. By using triangulation for each 

laser point seen by the camera the height can be determined. So out of one laser line projection a profile describing the height of 

the scanned object can be determined. To get a complete surface several of these profiles have to be acquired. This can either be 

done by moving the object or the sensor. The usage of lasers often determines the consideration of eye safety measures. 

2.2 FRINGE PROJECTION SENSOR 

Another sensor technology is fringe projection. These sensors are using also a projector with one or two cameras. In this case, 

instead of a single line, a pattern, which fills out a complete area, is projected. Out of the deformation of the known pattern the 

3D surface can be calculated [4]. Consequently it is mandatory that the object and the sensor stand still during the scanning 

process. If two cameras with the same field of view are used, even a random pattern, instead of a known one, could be applied. 

Normally no lasers are taken for the projections. Regularly the system works with LEDs, which are not harmful for the human 

eye. 

2.3 OTHER SENSORS 

Obviously disruptions and fiber protrusions are defects which are visible on the object’s surface and can be acquired with the 

before mentioned scanning methods. In general this isn’t true for delaminations. Delaminations can occur in the inner part of the 

object without any sign on the surface. In this case other scanning methods like ultrasonic, thermography or computer 

tomography have to be applied to detect this kind of defects [5]. These techniques are much more complicated to handle than the 

before mentioned 3D sensors and their usability in inline applications is limited.  

2.4 CHOSEN SENSORS 

In the CFKComplete project it was decided to choose a laser line sensor or a fringe projection system. Both systems deliver 

sufficient 3D surface information and can be used inline. Even delamination can be detected with these two sensor types, if the 

surface is affected.  

 

 

Fig. 3 Visible effect of delamination on surface 
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In this case a vertical deviation, orthogonal to the path of the delamination on the upper side of the part (see Fig. 3) or as small 

crack on the lateral face of the part, is visible. Both effects can be detected with the optical methods of laser line or fringe 

projection sensors. 

As laser line sensor a SmartRay SR1425 with a working distance of 60 mm, a laser line width of approx. 25 mm, a lateral 

resolution of 20 µm, a vertical resolution of 2 µm and laser class 3R has been used. The advantage of the laser line sensor is 

mostly that it works in motion, which fits very good for the outer contour of the work piece. 

The applied fringe projection sensor is called ZEISS AIMax cloud. Its technical data are: a working distance of 165 mm, a 

measurement area of 80 mm x 80 mm x 40 mm and a camera resolution of 2048 Pixel x 2048 Pixel. This sensor fits best when 

no motion is needed for scanning the relevant area, like in the case of holes (see Fig. 1 and Fig. 3). Another positive aspect of 

this sensor, in contrast to the laser line one, is the fact that no eye safety measures have to be considered.  

2.5 DATA BASE FOR EVALUATION 

Both used sensor types can work inline and deliver a dense point cloud describing the surface of an object. A point cloud is a set 

of points, in which each point has an x, y and z coordinate. An example for a point cloud is shown in Fig. 4. The point cloud 

describes the 3D surface structure of an object. For the algorithmic evaluation this is the data base we work on. 

3. ALGORIHMIC EVALUATION 

For the detection and measurement of the already above mentioned typical edge defects of milling, namely delaminations, 

disruptions and fiber protrusions, a new algorithm has been developed. It consists mainly of two parts: one for detecting 

geometric deviations, the other one for detecting and quantifying fiber protrusions. For both parts a model-free approach was 

used, so the focus was not to use a nominal model of the workpiece in general or at least to use as less previous information as 

possible. This is because of two reasons. Small deviations between model and actual part, which are no defects, can lead to false 

defect detections. Furthermore the independence of a nominal model allows a more comprehensive application area.  

3.1 CONVERTING 3D POINT CLOUD TO 2D RANGE IMAGE 

Typically 3D algorithms are necessary for evaluation of the generated point cloud. Nevertheless it make sense to convert the 3D 

point cloud into a 2D gray value image (range image) in order to profit from the advantages of existing well established and 

tested 2D evaluation algorithms. The converting is done in the following way. At first each point of the point cloud needs to be 

ordered on a grid. In the implemented version described in this paper, the grid dimension is defined by the minimal x, the 

maximal x, the minimal y and the maximal y coordinate. The z coordinate gives the gray value at the corresponding x, y 

position.  

 

 

Fig. 4 Point cloud of scanned area 
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During the converting process invalid points and different distances of neighbored points have to be handled. Invalid points 

occur, if the sensor couldn’t recognize the corresponding point on the scanned object properly. This can be managed either by 

interpolation or setting the gray value of the corresponding point in the 2D image to a known invalid value.  

Same point distances in x and y are needed, because of the fact that we want to have quadratic pixels. But different distances of 

neighbored points are a principle fact of fringe projection systems, because of the different heights of the scanned objects. For 

laser line scanners the same problem occurs for the points on the laser line. The set of these points is called profile. Furthermore 

the distance between neighbored profiles usually differs from the average point distance in the profiles. The profile distance 

depends on the scanning speed and the speed of the movement (object or sensor). In most cases the profile distance is not the 

same as the average point distance in direction of the laser line. To handle the different point distances in x and y, interpolation is 

used. 

After the point distances are corrected a standard x and y distance � is achieved. The x- and y-dimension of the 2D gray value 

image is calculated by: 

 � = ax − i � +  and � = ax − i � +  (1) 

 

where � is the x-dimension and �  is the y-dimension of the 2D gray value image, max  is the maximal and min  the 

minimal x-coordinate of the point cloud, max  is the maximal andmin  the minimal y-coordinate of the point cloud. 

For each point , ,  of the corrected point cloud (point cloud with corrected distances) its corresponding pixel position �, �  can be calculated by: 

 � = − min  and � = − min  (2) 

 

The pixel counting starts here by zero. 

If an 8-bit gray value image is created the corresponding gray value � of the point , ,  can be calculated as followed: 

 � = 55 − minmax − min  
(3) 

 

where max  is the maximal and min  is the minimal z value in the point cloud. The final 2D gray value image is called 

range image. 

3.2 DETECT AND MEASURE GEOMETRICAL DEVIATIONS 

The first algorithmic part, which focuses on vertical deviations, applies well-established fitting algorithms of regular 

geometries [6]. Alternatively algorithms for free forms, like variants of the iterative closest point (ICP) [7], could be used. If 

fitting of regular geometries is sufficient, it is the better solution than the mentioned alternative methods, due to a bigger stability 

and higher speed. Dependent on the actual shape of the scanning area regular geometries like planes, cylinders or spheres can be 

fitted. Then the distance between every point in the scanned data set and the foot point on the fitted geometry can be calculated. 

With similar methods as described in section 3.1 a new 2D gray value image can be constructed. Instead of calculating the gray 

value out of the z-coordinate of the point, its corresponding distance value is used.  

 

 

Fig. 5 Marked deviations from fitted plane 
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Fig. 6 Detected edges in range image 

 

So we get a 2D gray value image where deviations from the regular geometry are marked. By using standard methods for 

finding connected components, so called blobs, relevant areas can be extracted [8]. For the extraction different kind of threshold 

values can be used like: minimal density, minimal average height or minimal area. So these areas differ sufficiently from the 

expected shape and are probably an indicator for defects. For visualization the out of the point cloud converted range image has 

been overlaid by the defect areas (see Fig. 5). They are marked in red. These defects can not only be visualized, they can also be 

measured in their size. A more detailed description of the result shown in Fig. 5 is given in the result section 4.1. 

3.3 DETECT AND MEASURE FIBER PROTRUSIONS 

The second part of the developed algorithm focuses on fiber protrusions. These are special kinds of geometrical defects, which 

can’t always be handled with the method described in section 3.2. In order to detect and measure them at first the ideal milling 

edge (edge without any defects like fiber protrusions) has to be found. So the inner and outside part of the workpiece can be 

divided. To find the milling edge a range image is created, as described in section 3.1, out of the scanned point cloud. Afterwards 

the OpenCV [9] implementation of the Canny Edge Detector [10] is used to find all relevant image edges (see Fig. 6). 

The challenge is now to combine all image edges to the ideal milling edge of the part. This is done by several filtering and 

smoothing steps. After the ideal milling edge is found, every pixel, which is not zero and lies not in the inner part of the 

workpiece, is an indication for a fiber protrusion. So these points can be detected in the range image. The correlation between the 

pixels in the range image and the point cloud (see formula (1) and (2)) is always kept in memory. So for every found pixel a 3D 

point can be matched. The same is true for the pixels on the extracted milling edge. With this information the minimal distance 

between the end of each fiber protrusion and the milling edge can be calculated in 3D. A visualization of the result for the 

example followed in this paper is shown in Fig. 7. More detailed information to this picture is given in section 4.2. 

 

 

  

Fig. 7 Detected and quantified fiber protrusions (values in mm) 
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Fig. 8 Photo of scanned area 

4. RESULTS 

The data and results given in Fig. 4, Fig. 5, Fig. 6 and Fig. 7 are all based on the scan of the area shown in Fig. 8 of a CFRP part. 

In this section a closer look at the achieved results, regarding this example, is taken. 

4.1 RESULTS DETECTION AND MEASURING OF GEOMETRIC DEVIATIONS 

Due to the planarity of the area visible in Fig. 8, it has been sufficient to use a plane as regular geometry for the fitting procedure. 

The red marked defects in Fig. 5 are regions where the part deviates from its planarity. In this case this is a strong indicator for 

defects. So the algorithm described in section 3.1 is able to determine the positon of these defect areas and further more quantify 

their size on the basis of the already scanned point cloud. Typical measurement values are the average height, the maximal 

height, the area and the volume. The corresponding values for the evaluation result shown in Fig. 5 are listed in Table 1. These 

data could be used to check by an acceptance list if the milling procedure provides good enough results or if it has to be adapted. 

 

Defect No. Average height [mm] Maximal height [mm] Area [mm²] Volume [mm³] 

1 0.083529 0.169224 0.1708 0.014267 

2 0.151175 0.266466 0.0524 0.007922 

3 0.112127 0.243839 0.0484 0.005427 

4 0.154102 0.454639 0.7164 0.110399 

5 0.094030 0.239381 0.0628 0.005905 

 

Table 1 List of defects 

 

Especially defect types like delaminations and disruptions can be detected by this algorithm. As described in section 2.4 

delaminations can lead to bulges, which can be recognized and quantified by the presented method. Disruptions are obvious a 

deviation of the planarity and fit in this way perfectly to the developed algorithm. Due to the fact that the point distances to the 

fitted plane are equipped with a sign, positive and negative vertical deviations can be distinguished. So also the corresponding 

defect types, namely delamination or disruptions, can be separated. 

4.2 RESULTS DETECTION AND MEASURING OF FIBER PROTRUSIONS 

Fiber protrusions can lead to vertical deviations, but they don’t have to. So the second part (see section 3.3) of the algorithm is 

used for these special defects. By finding the ideal edge and measuring the shortest distance to every outside point the fiber 

protrusions can be detected and measured (see Fig. 7). As in Fig. 5 the range image extracted out of the point cloud (see section 

3.1) has been overlaid in Fig. 7 with the evaluation result. For each detected end of a fiber protrusion a colored line to the nearest 

milling edge point of the part is drawn. The chosen color depends on the real distance of the corresponding points in the point 

cloud. The scale for the color coding is shown on the left side of the overlaid image in Fig. 7. Blue color indicates a small 

protrusion, red color a big one. The values are in mm. In this example only fiber protrusions are regarded which are bigger or 

equal than 0.5 mm. If the protrusions are bigger than 1.8 mm they are always marked red. In order to get a better overview some 

lengths are written directly in the picture.  
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Fig. 9 Histogram of fiber protrusions 

 

For regarding the general amount of protrusions a histogram is a good visualization method. The corresponding one for the 

viewed example is shown in Fig. 9. Here the frequencies of the protrusions with regard to their lengths are represented. The 

diagram reveals that in this case the lower protrusions lengths are in majority. This was as expected. To get rid of them, post 

processing in the cleaning step (see Fig. 2) might be necessary. The bigger ones, which are much less, in the range of 1.9 to 2.4 

give a hint to a necessary improvement of the milling process itself. Trying to handle them with post processing steps wouldn’t 
be appropriated. 

5. CONCLUSION 

The implemented algorithm shows promising results in the first evaluations. Further tests have to be performed especially for 

complex geometries. It has to be examined if the used model-free approach is sufficient. Another ongoing optimization process 

affects the evaluation speed. Currently the results are computed in a few seconds. The aim should be to improve the computation 

time so that it is as fast as the scanning. This means for example for the fringe projection sensor approx. 1 second per 

measurement field. 
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