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ABSTRACT 
In this study, an efficient quality assessment method based on digital 2D image post-processing 
via segmentation and feature recognition is presented to quantify bore entry damages in drilling 
CFRP. Drilling experiments in CFRP are conducted to validate the proposed method and to 
evaluate its robustness in terms of the important camera parameters contrast and gain. 
Furthermore, a comparison based evaluation between the results of the presented method and 
those of a commercial 3D microscope is conducted. The evaluation duration can be reduced by 
a factor of 60 while at least 67% of the accuracy of a 3D measuring device is achieved. 

1. INTRODUCTION 
Beside performance relevant design optimisation and more energy-saving power units, the 
general weight reduction of airplane structures is one of the key approaches to improve the 
efficiency of modern airplanes. In this context, often carbon fibre reinforced polymers (CFRP) 
are used as promising alternatives to metallic materials due to their high specific strength and 
stiffness properties resulting in a high potential for lightweight construction. CFRP components 
are usually manufactured near-net-shape, however, additional conventional machining 
operations are necessary for finishing operations [15]. As riveting is the dominating fasting 
method for civil aerospace applications, drilling is one of the most common machining 
operation in CFRP during the production cycle of an aircraft. 
Drilling of CFRP is challenging due to the material’s heterogeneity and anisotropy that in 
combination result in fibre orientation dependent chip formation mechanisms [11]. Moreover, 
the highly abrasive carbon fibres favour extensive mechanical wear which often negatively 
effects the tool’s machining performance [9]. In this context, independent experimental studies 
[9, 10] reveal that the risk for process related workpiece damages generally increase with 
progressive tool wear due to the associated increases in cutting and thrust forces. Characteristic 
damage patterns at the bore entry and exit when drilling CFRP are delamination and uncut fibre 
bundles reaching into the bore area. While uncut fibres usually can be removed in an additional 
deburring operation, in particular the delamination is critical as it is associated with a material 
weakening on the peripheral of the bore that reduces the carrying capacity of a rivet joint [8]. 
One of the most common evaluation criteria in order to quantify delamination is the 
delamination factor Fd proposed by CHEN [1], which is defined as the ratio of maximum 
diameter of the damaged area Dmax to the actual bore diameter D. The delamination factor 
represents an efficient method for quickly assessing general damage patterns, however, as it 
only considers the outermost point of delamination its significance for quality comparison is 
limited [3]. Therefore, more complex evaluation criteria are proposed by the scientific 
community, inter alia the adjusted delamination factor Fda by DAVIM et al. [3], the equivalent 
delamination factor Fed by TSAO et al. [13] and the quality value Qd by VOSS et al. [14]. 
Independent on the evaluation criteria, the bore entry and exit areas need to be measured first 
to provide the required input information for calculating the quality values. For data 
acquisition, different non-destructive evaluation methods are proposed based on optical, 
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ultrasonic, tomographic and thermographic approaches [6]. According to TSAO and 
HOCHENG [12], ultrasonic C-Scan is capable to detect subsurface damages. However, applied 
to CFRP, the material’s heterogeneity leads to large acoustic attenuation and scattering that 
makes the process time-consuming and the interpretation of the results difficult. As stated by 
HAEGER et al. [7], X-ray based computerised tomography is preferable in terms of the 
achievable precision but its industrial application is limited due to the high infrastructure costs, 
the low flexibility and the long measuring time. The highest flexibility and the comparatively 
lowest investment costs are achieved with optical solutions, which however, do only allow for 
damage evaluation on the top layers. It has to be distinguished between 2D and 3D acquisition 
methods, which both are characterised by procedure-specific advantages and disadvantages. In 
3D microscopy, three-dimensional point clouds of the surface topography are acquired which 
then can be used for further analysis to separate damaged and not damages regions by using 
the point coordinates. The main advantages are the high accuracy and the fact that even barely 
visible delamination can be recognised based on the relative distances between the measuring 
points with respect to a theoretical zero level as exemplarily shown by VOSS et al. [14]. The 
main disadvantages, if compared to 2D acquisition methods, are the higher costs, the reduced 
flexibility and the longer processing time. The simplest detection method is conventional 
photography which is characterised by a very short recording time, the lowest costs and the 
highest flexibility. However, as it is related to the 2D acquisition methods, the lost depth 
information of the workpiece topography represents the most significant drawback if compared 
to the 3D solution. Consequently, the evaluation of damage patterns needs to be inferred from 
the 2D images using appropriate post-processing steps.  
In this work, a two-part post-processing approach for digital images is presented in order to 
detect and quantify bore entry damages in CFRP material based on segmentation and feature 
recognition. Moreover, drilling experiments in CFRP material are conducted for validating the 
proposed method and for evaluating its robustness in terms of important camera parameters, 
namely contrast and gain. Finally, a comparison based evaluation between the results of the 
presented 2D method and those of a commercial 3D microscope are conducted. 

2. EXPERIMENTATION 
2.1 Experimental Setup 

For validation purposes, drilling experiments are performed in unidirectional (UD) CFRP 
material and the resulting damage patterns at the bore entry are evaluated with the proposed 
2D assessment method as well as with a 3D microscope. For the drilling experiments, a three-
axis milling machine Mikron VC1000 in combination with a test-rig as schematically shown in 
Figure 1 is used. With the specialised clamping device, CFRP stripes with the dimensions 
230x20x8 mm3 can be fixed and bores can be placed with a distance of 16 mm in between. 
The used epoxy-based CFRP material is M21/34%/UD194/IMA-12K and is characterised by 
an UD laminate structure with a layout of [0°11,±45°22,90°11]s. This material is used for 
aerospace applications and contains of 34% (by weight) high performance matrix material type 
HexPly® M21 and 66% IMA-fibres which are arranged to rovings of 12'000 fibres each. Some 
important physical and mechanical properties are summarised in Table 1. To allow for a 
comprehensive validation of the proposed assessment method, boreholes with different quality 
levels have to be considered. For this purpose, two different tool geometries, namely A and B, 
are chosen that lead to clearly different levels of workpiece damages at the bore entry. 
Accordingly, tool A yields a good/medium bore quality at the bore entry with little 
delamination and a small amount of uncut fibres. In contrast, tool B yields a medium/bad bore 
quality with delamination, fragmentation at the bore edge and a serious amount of uncut fibres. 
The used twist drills have a diameter of Ø=6.35 mm and are coated with a nano-crystalline 



SAMPE Europe Conference 2021 Baden/Zürich ‐ Switzerland 
 
 

  
   

3 

diamond coating with a thickness of 8±2 μm. The drilling operations are performed under dry 
conditions, a feed of f=0.1 mm/rev and a cutting velocity of vc=90 m/min. 

 
Figure 1: Machine and test-rig used for the drilling experiments in UD-CFRP material 

Table 1: Physical and mechanical properties of the UD-CFRP material 

Fibre mass  194 g/m2 Glass trans. Temp. 195 °C Comp. strength** 1500 MPa Tens. strength* 3050 MPa 

Laminate density 1.58 g/cm2 Fibre volume 59.2% Comp. modulus** 146 GPa Tens. modulus* 178 GPa 

* method EN 6032, ** method EN 2561 B 

2.2 Quality evaluation procedure 

Schematic illustrations of the evaluation procedures for the 2D and 3D acquisition methods are 
shown in Figure 2 (a) and (b) respectively. For the 2D method, a digital microscope Dino-Lite 
with an integrated LED ring light is used which is fixed vertically above the CFRP plate. 
Important camera parameters such as exposure, contrast and gain can be adjusted by the user 
via the device driver. For the post-processing, the acquired image of the bore entry is saved as 
a portable network graphics with no loss in measurement information. 

 
Figure 2: Schematic illustration of the evaluation procedures for the 3D (a) and the 2D (b) acquisition methods 

For interacting with the digital image and providing additional input information, a graphical 
user interface (GUI) is implemented. The post-processing is done with Python 3, where the 
open source computer vision library OpenCV version 4.4.0 is used for the imaging analysis, 
PyQt5 for the graphical user interface, NumPy for powerful array computing and scikit-learn 
for clustering. Detailed information about the functionality of the 2D approach are presented 
in Section 3. For the 3D acquisition method, an Alicona Infinite Focus G4 microscope is used 
to generate a 3D point cloud of the workpiece topography around the bore entry, which then is 
exported as txt file including the coordinates of each measuring point. Subsequently, the 
evaluation procedure and the Matlab-based GUI presented by VOSS et al. [14] are used to 
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measure the damaged area on the peripheral of the bore AD, the amount and distributions of 
uncut fibres and based on that the quality values Fd and Qd. For the 3D acquisition, a lens of 
20x magnification is used resulting in estimated vertical and lateral resolutions of 0.5 μm and 
2 μm respectively. 

3. APPROACH 
This Section covers the process of extracting information of the bore quality characteristics 
from the bore image acquired with the USB camera. In general, the post-processing can be 
separated into the optical detections of the bore edge, the damaged area in the surrounding 
CFRP material AD and the uncut fibres within the bore. Once the damaged areas are known 
with respect to the bore dimensions, the maximal delamination diameter Dmax, the minimal 
uncovered bore radius Dmin, the relative damaged circumference FL,95% on 95% of the bore’s 
diameter D95%, the relative damaged area outside the bore FA_D, the covered relative bore area 
FA_cov inside the bore and the amount of uncut fibre bundles Fn can be calculated. Based on this 
characteristic data, the delamination factor Fd and the quality value Qd can be calculated. 

3.1 Detection of the bore edge, the bore centre and the bore diameter 

In a first step a circle Hough transformation [4] is applied on a grayscale picture of the bore 
entry in order to detect the bore edge and the bore centre and in combination the bore diameter 
D. In this context, the image is denoised with a gaussian filter, the edges detected with a Canny 
operator and the bore centre coordinates as well as the bore radius are yielded by a voting 
procedure. 

3.2 Detection of damaged areas 

In a second step, the damaged area of the CFRP material has to be distinguished from the 
undamaged area based on the pixel-based information in the digital image. This problem is 
common in computer vision applications and is referred to as semantic segmentation, where 
each pixel has to be analysed individually if it is part of an object or not. Provided the light is 
bright enough and the reverse side of the bore is equipped with a reflective white background, 
the occurring workpiece damages such as delaminations, fractures and cracks and uncut fibre 
bundles appear as dark regions in the digital image. This effect is enhanced, by slightly 
overexposing using the camera’s settings as exemplarily shown in Figure 3 (a). Consequently, 
a threshold segmentation which is applied on a grayscale image of the original file represents 
an efficient method for classifying the pixels. In this context, each pixel with a colour value 
above a specified threshold is identified as a damage and hence is marked accordingly. For 
efficiency and flexibility purposes, an interactive sidebar is used in the GUI to vary the 
threshold between N=0 and N=255. Simultaneously, the associated damage areas are shown in 
the live image by means of a digital mask that superposes the original image. This is 
exemplarily shown in Figure 3, where (a) shows the original image and (b-d) show the modified 
versions with detected damages in red, based on three representative thresholds of N=60, 
N=140 and N=200. In case the threshold is too low (N=60), the damage detection is too 
conservative and not all damages are marked accordingly. If the threshold is too high (N=200), 
workpiece regions are falsely marked as damaged and hence the total damage area is overrated. 
An appropriate threshold (in this case N=140) depends on numerous influencing factors, e.g. 
the overall damage level as well as the camera settings which is discussed in Section 4.1. 
Experience has shown that even for appropriate thresholds, some pixels on the peripheral of 
the bore are falsely marked as damage due to the surface roughness and light effects. To solve 
that problem, an additional condition is introduced for a pixel to be marked as a damage. 
Accordingly, a pixel with a colour value above the defined threshold is only part of the damage 
area if it is connected to the borehole circle with a path along damaged pixels or if it is located 
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within the detected borehole. This approach is based on the basic assumption that each 
delamination and crack has its origin in the area of the last tool/workpiece contact which is 
represented by the bore edge. Furthermore, as an additional improvement, image morphologic 
operations as described by Davies [2] are used to fill single not recognised pixels within the 
damaged areas without significantly changing the contours of the damage zone. Figure 4 (a) 
and (b) show a direct comparison of detected damage zones without and with the additional 
condition. Once the realistic damage zone is known, the maximum and minimum diameters of 
the damaged area Dmax and Dmin can be visualised as shown in Figure 4 (c) by finding the 
smallest circumcircle and the largest inscribed circle with the same centre points as the bore 
diameter. If the value of the nominal bore diameter D is provided as an additional input via the 
GUI, the pixel to micron ratio can be calculated which then is used to compute distances and 
areas in the image true to scale. 

 
Figure 3: Damaged areas of an exemplary bore entry (a) with a too small (b), appropriate (c) and too large (d) threshold  

 
Figure 4: Detected damage area without (a) and with (b) additional condition, visualized Dmax and Dmin (c), uncut fibres (d) 

For the following steps, the detected damage area is divided into two categories. The first 
category describes all damages for diameters larger than D and hence covers the entirety of 
delamination, cracks and chippings on the peripheral. The total area of all damages of category 
one is identical to the parameter FA_D used by VOSS et al. [14]. The second category describes 
all damages for diameters smaller than D and hence represents the uncut fibres. The total area 
of all damages of category two is identical to the parameter FA_cov used by VOSS et al. [14]. The 
calculation of the ratio of damaged circumference FL,95% at D95% is achieved by considering the 
damaged areas within the bore for this single diameter only. Counting the amount of uncut 
fibre bundles is done via a cluster analysis using the density-based spatial clustering of 
applications with noise (DBSCAN) proposed by Ester et al. [5]. The algorithm requires two 
input parameters C1 and C2 representing the specified maximum distance between two 
neighbouring points and the minimum amount of points that are necessary to form a cluster. In 
this work, these parameters are chosen as C1=60 μm and C2= 1600 μm2. An example of detected 
and colourised fibre bundles is shown in Figure 4 (d). Subsequently, the number of uncut fibres 
Fn used by Voss et al. [14] can be calculated accordingly. 

4. RESULTS AND DISCUSSION 
The results are separated into two subsections, where in Section 4.1 the influence of important 
camera settings, namely contrast and gain, on the detected damage area and in Section 4.2 the 
comparability with 3D measurements are analysed and discussed. 
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4.1 Influence of camera settings for 2D acquisition method 

Figure 5 shows the results for the detected damaged areas in pixels with respect to different 
values of contrast K and gain T, which are varied in the ranges of 4≤K≤58 and 0≤T≤8. The 
black bars represent the total detected damaged area according to the threshold segmentation, 
where the threshold is manually adjusted for each parameter configuration. The grey bars 
represent the corrected damage areas where the pixels that are representing damages have to 
be path connected with the bore edge as shown in Figure 4 (b). In addition, representative result 
images are presented for specific parameter configurations, where the top and bottom images 
represent the acquired digital image and its post-processed version according to Section 3. The 
black pixels correspond to the damage area detected via the threshold segmentation while those 
who are additionally path connected with the bore edge are marked in green. 
According to Figure 5 (a), the contrast has a significant influence on the damage detection, 
where the amount of pixels that are recognised as damages increases with increasing contrast.  

 
Figure 5: Influence of contrast (a) and gain (d) on the detected damage area and representatives in (b-c) and (e-f) respectively 

A low contrast means that the pixels difference in brightness is small and thus the resulting 
gray level distribution is concentrated. As a result, manually choosing a threshold value is not 
accurate enough in order to distinguish between damaged and undamaged pixels generally 
leading to an underestimation of damages as shown in Figure 5 (b). Increasing the contrast 
value makes dark areas darker and bright areas brighter which means that the grayscale 
resolution is artificially increased. As a result, the individual pixels can be better distinguished 
during the threshold segmentation and a more representative threshold can be set resulting in a 
more accurate damage area detection. However, as shown in Figure 5 (c), a higher contrast 
means that more pixels on the peripheral of the bore are falsely recognised as damage via the 
threshold segmentation. This overestimation of the damage area in the threshold segmentation 
can be reduced clearly by checking the pixels path connection with the bore edge. However, as 
shown in Figure 5 (c), high contrast values can lead to situations where the circle Hough 
transformation fails to find the bore diameter since the detected damage area is too large. 
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The gain represents a setting parameter to control the amplification of the signal from the 
camera. The influence of varying the gain on the detected damage area is shown in Figure 5 (d) 
and exemplary digital images and their post-processed versions are shown in (e) and (f). 
According to Figure 5 (e), a low gain value yields rather dark images, where the differences in 
brightness between intact and damaged zones are small. As a result, no appropriate threshold 
can be found without falsely recognising pixels on the peripheral of the bore as damaged. This 
error can be reduced clearly by checking the path connection with the bore edge. For a higher 
gain, the colour differences between intact and damaged zones becomes larger and hence a 
threshold can be found where the amount of damaged area caused by the surface roughness is 
a lot lower. Consequently, the benefit from checking the path connection is small. 

4.2 Comparison of 2D and 3D acquisition methods 

To evaluate the correctness of the results with the 2D approach presented in Section 3, a 
comparison based evaluation with a 3D microscope and the evaluation procedure according to 
VOSS et al. [14] is conducted. For this purpose, both methods are applied on six representative 
bore entries with good/medium quality (tool A) and medium/bad quality (tool B). For each 
single bore entry, the delamination factor Fd and the quality criteria Qd are evaluated with both 
methods. Images of the considered bore entries and the evaluation results are summarised in 
Figure 6. For the determination of Qd, the weighting factors w1=w2=0.25, w3=w4=w5=0.167 and 
scaling factor of 5 are used. For the 2D approach a contrast of K=40 and a gain of T=54 are 
used while the threshold is adjusted manually. According to Figure 6 (a) and (b) the calculated 
values of Fd and Qd are comparable for both methods which means that the 2D approach is able 
to assess correctly the damages of the bores with good/medium entry quality. However, it can 
be shown that the differences between the methods are larger for Qd than for Fd which is 
explained by the fact that for Qd not only the maximum damaged tool radius but also the 
damage area is considered. In this context, the 3D measurement system is able to assign the 
exact height value of each point and hence this height information can be used to detect surface 
damages accurately. As for the 2D approach the damage detection is done via pixel colours, 
especially the border zones of damages are challenging to detect resulting in smaller values for 
the damage area and thus Qd. However, using 3D information for damage detection is time 
consuming while using only the digital images is much faster. Including handling and 
preparation times, the 3D method takes about 15 minutes for one bore. In contrast, the 
acquisition duration via 2D approach is 15 seconds and thus about 60 times faster with a 
maximum error of 10.4% for Fd and 15.1% for Qd with respect to tool A. Figure 6 (c) and (d) 
show the analogous comparison for bore entries with more damages and numerous uncut fibres. 
The 2D approach is still capable to approximate Fd and Qd but with larger maximum errors of 
20.6% and 33% respectively. The reason is identical to the explanation above. 

5. CONCLUSION 
In this work, a two-part post-processing approach for digital images based on segmentation 
and feature recognition is presented in order to quantify bore entry damages in drilling of 
CFRP. A comparison based evaluation reveals that with this method about 90% for Fd and 85% 
for Qd (good/medium quality) and about 80% for Fd and 67% for Qd (medium/bad quality) of 
the accuracy of a 3D measuring device is achieved while the evaluation duration is reduced 
clearly by a factor of 60. Compared to 3D measurements, the main limitation of the 2D 
approach is the missing depth information which makes the differentiation of damaged and 
undamaged areas challenging and dependent on chosen camera settings, e.g. contrast and gain. 
Especially for high contrast and low gain settings, the applied threshold segmentation tends to 
falsely recognise intact workpiece regions as damages due to the surface roughness and light 



SAMPE Europe Conference 2021 Baden/Zürich ‐ Switzerland 
 
 

  
   

8 

effects. However, these errors can be reduced significantly if the path connection to the bore 
edge is used as an additional constraint for damage recognition. 

 
Figure 6: Comparison based evaluation of the 2D and 3D methods for measuring Fd (a-b) and Qd (c-d) 
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