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Abstract:  An in-process hole inspection subsystem was integrated with the drilling robotic system, 

which is based on the line laser scanner installed near the end-effector. The proposed inspection 

approach is based on the image processing of 3D (three dimension) point cloud obtained from laser 

scanner driven by the robotic manipulator. The normal of measuring surface was detected from the 3D 

point data on the hole edge, which determines the feedback signal to the hardware to adjust the 

direction of laser beam. By normal adjusting algorithm, the laser scanner is driven by the robotic 

manipulator to achieve the normal direction of the measuring hole. Then, based on 2D (two dimension) 

point data, the least square ellipse fitting method was applied to compute the hole parameters, such as 

diameter, circularity and positioning of the hole. The designed approach was tested for its accuracy and 

robust in an example of through hole automatic inspection 
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I. INTRODUCTION 

 

ow days, the robotic drilling system is widely used 

in the aircraft manufacturing company to save the 

costs and increase the efficiency[1][2][3]. Although a 

lot of research focus on the improving accuracy of 

drilling holes for the robotic drilling system[4], the 

studies on the automatic in-process inspection of these 

drilling holes draw attention only in recent years. In fact, 

in the most cases, the fastening holes are inspected by 

the workers manually. Because thousands of fastening 

holes on the aircraft structure make it a time consuming 

task, it is impossible to inspect each hole manually. 

Generally, the workers use some manually 

measurement, such as plug, gauge to sampling the 

inspection drilling holes according to certain sampling 

ratio. 

There are a few studies that pay attention on the 

automatic inspection method of the drilled holes. Based 

on the use of fringe-field capacitive sensors, a prototype 

system for high speed in-process inspection of drilled 

holes in aerospace applications was developed. The 

system measures both the general geometry of the hole 

(diameter, roundness etc.) and the profile of the surface 

finish[5]. Current research focuses on developing 

optical based automatic or computer-aided inspection 

system. For example, an inspection method using 

machine vision was developed to inspect micro-drill 

defects on the printed circuit board production[6]. D. 

Shetty et.al proposed to use a laser, collimating tubes 

and vision system to inspect the drilled holes in jet 

engine blades. The design consists of two stages of 

optically based inspection. In the first stage, a vision 

system captures an image of the sample and displays 

the size and shape of each entrance hole. In the second 

stage, the presence of a hole bottom is determined[7]. 

An inspection system, based on optical triangulation, 

was developed by the University of Valencia in the 

framework of the Airbus Defense and Space (AD&S), 

MINERVA project (Manufacturing industrial - means 

emerging from validated automation). The capability of 

the system permits to generate a point cloud with 3D 

information and GD&T (geometrical dimensions and 

tolerances) characteristics of the drill hole[8]. By 

combining a PC, three-axis positioning system and a 

lighting device with charge-coupled device cameras, an 

automatic optical inspection (AOI) system based on 

machine vision was proposed to check the holes on a 

printed circuit board (PCB)[9].  

Since the optical based inspection system depends 

more on the lighting source, which needs to be selected 

according to different working environment, some other 
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automatic inspected systems relying on the image 

processing method were proposed. The X-ray computed 

tomography (CT) was utilized as metrological 

investigation. By image processing, variation of the 

maximum diameter, circularity, positioning of the hole 

were obtained [10]. The laser can be also used in the 

automatic inspection of drilled hole. The defects on the 

inner wall of hoes were measured by line confocal laser 

scanning, while the optical system was used for 

measuring defects on the hole surface [11]. C.K. Huang 

developed a Laser Micro Gage system to measure the 

outer diameter of micro-drills as well as the degree of 

run-out and taper. Compared with the results obtained 

manually, measurements made by this automatic 

inspection system are faster and more accurate [12]. 

Moreover, if the in-process inspected subsystem 

could be developed and integrated with the robotic 

drilling system, each hole can be inspected after drilling 

automatically. It will increase the efficiency of hole 

inspection and save the labor force. The performance of 

the integrated robotic drilling system can be improved 

as well. For example, in the second generation of 

ONCE robotic drilling system, a vision system 

integrated with the manipulator was used to scan the 

workpiece to inspect the drilling holes, and the drilling 

fastening and inspection were completed in a single 

step [13]. Fabrication and assembly of the majority of 

control surfaces for Boeing’s 777X airplane is 

completed by drilling countersinking and in-process 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

hole inspection integrated within one robotic 

system[14]. 

In this paper, a laser scanner based in-process 

inspection subsystem was integrated with the robotic 

drilling system, which does not depend on the lighting 

source. The proposed inspection approach is based on 

the image processing of 3D point cloud from the 

moving laser scanner. By normal adjusting algorithm, 

the feedback signal was sent to the hardware to adjust 

the orientation of robot manipulator, so that the laser 

beam achieves the normal direction of measuring hole. 

Then, the 2D point data was utilized to fit the drilling 

hole and compute the hole parameters, such as diameter, 

circularity and position. Finally, the proposed 

inspection approach was applied to a drilling robotic 

system for automatic measuring the thru-hole to test its 

accuracy and robust. 

 

II. CONFIGURATION OF HOLE INSPECTION 

SYSTEM 

The on-line inspection system of through hole mainly  

consists of a drilling robot manipulator and a line laser 

scanner installed at the tip of the manipulator, whose 

coordinate system was calibrated with the robot end-

effector in advance. The configuration of inspection 

system for the machining through-hole was shown in 

figure 1. And the measurement coordinate system was 

defined in figure 2. 
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Fig.1 The configuration of dynamic inspection system for through-hole 
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Laser scanner

 
Fig.2 The definition of measuring coordinate system 

 

The line laser scanner moves along with Y-axis 

direction to scan the through-hole on the skin of 

airplane. Firstly, the 3D point cloud data of the hole is 

obtained and processed to extract the contour 

information. Then, the normal direction of the 

measuring surface can be computed, from which the 

positional relationship of the laser scanner with respect 

to the hole can be obtained. That can be converted to 

the rotational relationship of the manipulator to the hole, 

because the installed position of the laser scanner on the 

robot was known in advance. Next, the laser scanner is 

moved by the robotic manipulator to achieve the normal 

direction relative to the measuring surface. Afterwards, 

the 2D (two-dimension) point data of the measuring 

hole is obtained to fit the edge, from which the 

parameters of through-hole are calculated in-process. 

 

 

III.  METHODOLOGY 

 

A. Hole edge detection of thru-hole 

The edge detection is an important part of the hole 

identification and inspection, because the default edge 

point data will induce big error to the calculation of 

hole parameters. The edge detection algorithm of the 

thru- hole is based on the Z-axis gradient of 3D point 

cloud, which is defined by equation (1). 

 

 

 

                

 

The gradient value can be calculated by the following 

equation. 
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Based on the observation of the experimental results, 

the Z-axis gradient of the points on hole edge is much 

bigger than other points on machining surface. Thus, a 

threshold of gradient value can be pre-defined to decide 

if the point is on the edge of a measuring hole. The first 

judging condition is expressed as:  

 

If 
, , 1 1i j i jz z threshold   ,  

then 
,i jz  is a point on the hole edge         (5)     

             

In the above judging condition, the difference 

between Z-axis gradient of two adjacent points 

, , 1( , )i j i jz z 
is calculated. If the gradient value mutates, 

the point 
,i jz  may be on the edge of the thru- hole. 

However, due to the dust and impurities in the air and 

the reflective points on the measuring surface, the laser 

3D point data may contain lots noises. Furthermore, 

because the emission direction of the line laser and the 

measuring hole plan are not in a relatively vertical 

position, a part of the laser beam will hit the inner wall 

of the hole, which will influence the edge detection 

condition. From the experimental results, we found that 

the distribution of the noise points is relatively isolated, 

and the gradient value of the points on the inner wall is 

much bigger than points on the measuring surface. 

Therefore, the average gradient value for n  adjacent 

points was taken into the judging conditions. The 

second judging condition based on the gradient 

threshold value 2threshold  was proposed as, 
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  Then, 
,i jz  is a point on the hole edge.       (6) 

 

The points satisfying the first and second condition at 

the same time, are determined to be the points on the 

measuring through-hole edge. 

 

 

B. Normal detecting of measuring surface 

After drilling the hole, the robot manipulate retracts 

to inspect the drilling hole. However, because the 

planar of laser scanner, which is moved by the robot, 

cannot be ensured to strictly parallel to the measuring 

surface, the Z-axis of the measuring coordinate system 

is not the same as normal direction of measuring 

surface. The measuring image is deformed, which leads 

to mistake hole parameters. Therefore, the normal 

direction of the measuring surface should be computed 

firstly to get the rotational information of robot 

manipulator.  

The PCA (Principal Component Analysis) algorithm 

was selected to predict the normal direction of thru-hole.  

Suppose ψ  is the covariance matrix of the 3D point 

data on the hole edge. 
1 2 3[ , , ]T  λ is the 

eigenvalue of covariance matrix ψ , while 

1 2 3[ , , ]TP p p p is the corresponding eigenvector. They 

satisfy the following equations:  

 

ψP λP
                   

 (7) 

 

In this case, the eigenvector 
ip corresponding to the 

minimum eigenvalue 
i  is the normal vector of the 

measuring hole. 

 

C. Normal adjusting of laser beam 

Based on the previous normal detection algorithm, 

the normal vector of the measuring surface 

3 31 32 33[ , , ]Tp p pp  can be calculated through 3D point 

cloud on the hole edge. If the coordinates of the normal 

vector 3p is considered as the points in the spherical 

coordinates frame, whose zero point is the origin point 

in the laser scanner coordinate, it satisfies the flowing 

spherical equation, 

 
2 2 2 2

31 32 33p p p r  
           

   (8) 

 

Then the radius of the spherical r  can be obtained. 

Referring to the transformation between the Cartesian 

coordinate and the spherical coordinate as equation (9), 

the angle between normal vector and Z-axis ( ) and 

the angle between the projection of normal vector in X-

Y plane and X-axis ( ) can be calculated,  

     
                   

（9） 

  

 

 

The robot manipulator rotates to the normal direction 

of measuring surface according to angle θ and φ. When 

the Z-axis of measurement coordinate system is parallel 

with the normal direction of the measuring hole, the 

hole parameters can be further inspected. 

 

 

D. Edge fitting and parameters calculation 

The 3D point cloud data collected by the line laser 

scanner are discrete points, so the edge of the thru-hole 

extracted in the previous section is also a discrete set of 

points. In order to extract the hole information, such as 

location and size, these discrete points need to be fitted 

to the continuous edge. However, because the 

quilification of the drilling thru-hole is not known in 

advance and its circlarity error is expected to know, the 

elliptic curve was proposed to fit the edge point in the 

plane of measurement coordinate system, for which the 

circle is the special form of ellipse. 

The ellipse in the plane-coordinate system is 

determined by four parameters, which are the center 

coordinate 0 0( , )x y , long axis a , short axis b and the 

angle between long axis and X-axis ( / 2, / 2)    . 

The ellipse equation in 2D plane can be written as: 

 
2 2( , ) 0f x y x Axy By Cx Dy E      

       
(10)      

       

In which ( , , , , )A B C D E are the coefficient of the 

ellipse plane equation. So that the elliptic parameters 

can be calculated based on these coefficients as:  
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The least squares method was used with equation 

(10) to fit the discrete edge points detected from above 

section. The parameters of thru-hole can be calculated 

by equation (11), such as hole size, center position and 

circularity. 

 

IV. EXPERIMENTAL RESULTS AND 

ANALYSIS 

 

A. Edge detection results of the drilling hole 

The thru-hole inspection system mainly consists of 

the robot manipulator, line laser scanner and upper 

computer. The KuKa KR500 manipulator, which has 

the repositioning resolution of 0.08mm was utilized as 

the drilling robot. And the Micro-Epsilon SC2950-50 

line laser scanner was installed near the end-effector, 

because of its small size and high resolution. It has X-

axis resolution of 0.0328mm-0.0488mm and Y-axis 

resolution of 4μm. The scanning frequency can reach 

4000 scanning line per second. The laser scanner is 

taken by the manipulator which moves along with Y-

axis with fixed line space, referring to figure 1.  

In order to test the validation of our proposed method, 

an oval through-hole which stands for the unqualified 

drilled hole, was drilled on the workpiece to be 

inspected. The experiment consists 10 measuring trials 

and each trial contains 10 times repeated measurement. 

For each trial, take different scanning line interval in Y-

axis direction in order to test the stability of the 

proposed method.  

The edge detection algorithm illustrated in section 2 

was applied to the laser 3D point cloud data in order to 

filter the noises either from the reflective points on the 

surface or the inner hole. Examples of hole edge 

detection results for the experimental trial of 0.1mm 

and 0.5mm scanning line interval were shown in 

figure3 and figure 4 respectively, in which the blue dots 

are the original data catched by laser scanner, while red 

dots are the detected points on hole edge. 

 

 

(a) detected points on the hole edge in 2D representation   

 

(b) detected points on the hole edge in 3D representation 

Fig.3 Edge detection results for the trial of scanning 

line interval of 0.1mm 

 

  
(a) detected points on the hole edge in 2D representation 
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 (b) detected points on the hole edge in 3D representation 

Fig.4 Edge detection results for the trial of scanning 

line interval of 0.5mm 

 

As indicated in above figures, for different Y-axis 

line interval, we can acquire different amount of 3D 

points, which determines the data distribution density in 

space. The proposed edge detection method can adapted 

to different cases. 

 

B. Results of normal detection and normal 

leveling 

The PCA algorithm illustrated in section 3 was used 

to detect the normal vector of measuring surface. The 

three principal components were calculated and shown 

in figure 5. The third principle component 

corresponding to the minimum eigenvalue represents 

the normal vector of the measured hole. 

 

Fig.5 The detected results of principal components  

 

By detecting the normal vector of measuring hole, 

the orientation angle of the measurement coordinate 

system was calculated according to the transformation 

relation between rectangular and spherical coordinate, 

so that the laser beam can be adjusted to the normal 

direction of measuring surface to inspect the thru-hole. 

Also, in order to test the stability of the proposed 

method, take different Y-axis scanning line interval for 

each trial. The detected normal vector was presented in 

figure 6, while the average normal adjusting angle θ 

and φ were calculated for each trial, shown in figure 7. 

We evaluated the repeated measurement accuracy for 

normal adjusting angle θ and φ (figure 8). The results 

indicate that the normal adjusting angles become more 

stable when decreasing the scanning line interval. 

However, for all the cases, the repeated measurement 

accuracy remains within 0.02 , which satisfy the 

requirement of inspection accuracy. 

 

 (a) Y-axis scanning line interval of 0.1mm 

 
Fig.6 Normal detection results of the measuring surface 

 

Because we do not know if the inspected thru-hole is 

quilified or not, the ellipse fitting method based on least 

squares algorithm was used to calculate the hole 

parameters, which is due to a circle is the special form 
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of ellipse. Accordingly, the ellipse fitting of edge points 

in case of different scanning line interval were tested. 

Examples of fitting results for scanning line space of 

0.1mm and 0.5mm were shown in figure 9. 

 

scanning line interval (mm)

θ
 (

˚)

φ
 (

˚)

 
Fig.7 Normal adjusting angle for different scanning line 

interval 

 

 
scanning line interval (mm)
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Fig.8 Repeated measurement accuracy of normal 

adjusting angle 

 

 

C. Inspection results of the drilling thru-hole 

After the parameterized expression of measuring hole 

is obtained, the long and short axis of the ellipse can be 

calculated based on equation (13), which indicates the 

circularity of the drilling hole. The results were listed in 

table 1, in which ( , , )x y z  represents the center 

coordinate, while L and S are the long and short axis 

values of the measured hole respectively. Meanwhile, 

for each experimental trail, the average values for long 

and short axis of the hole were shown in figure 10. 

Compared with the real values of the drilled through-

hole, the inspection accuracy can achieve 0.1mm , 

which include both of the robot repositioning error and 

inspection error. The proposed results of thru-hole for 

its size, position and circularity proves to satisfy the 

inspection accuracy, while the experimental trails with 

different scanning line interval show the robust of 

proposed approach. 

 

 

(a) Y-axis scanning line interval of 0.1mm 

 

     (b) Y-axis scanning line interval of 0.5mm   

 

 
Fig.9 Ellipse fitting of detected points on the hole edge 
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Table 1 Inspection results of through-hole parameters 

scanning line interval

 
 

 
scanning line interval (mm)
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d

iu
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m

)

 
Fig.10 Long and short axis values of drilled thru-hole 

for different scanning line interval 

 

 

V. CONCLUSION 

 

The thousands of fastening holes on the aircraft 

structure makes it a time consuming task. Generally, the 

workers use conventional metrology techniques to 

inspect the drilling holes according to certain sampling 

ratio. If the in-process automatic inspection subsystem 

could be developed and integrated with the robotic 

drilling system, it will increase the efficiency of hole 

inspection and save the labor force. However, most of 

current research focuses on developing optical based 

automatic or computer-aided inspection system, which 

is more depends on the lighting source related to the 

working environment.  

In this paper, a laser scanner based in-process 

inspection subsystem was proposed to be integrated 

with the robotic drilling system. The proposed 

inspection approach is based on the image processing of 

3D point cloud from the moving laser scanner attached 

near the robotic end-effector. After the normal detection 

of measuring surface, the laser scanner driven by the 

manipulator is orientated according to the normal 

adjusting angle. Then, the least square ellipse fitting 

method was applied to compute the hole parameters 

based on 2D (two dimension) point data. The designed 

approach was tested for its accuracy and robust in an 

example of through hole inspection of size, circularity 

and position. 

Although the approach was put into practice in the 

parameter inspection of through hole, the proposed 

inspection approach can also be further developed to 

apply in the measurement of other type of drilled holes, 

such as dimpling.  
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