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Abstract—Point cloud registration is necessary to join 

multiple laser scanned data, but researchers have not treated 

point cloud registration in aircraft assembly in much detail. 

When applying laser scan metrology into industries, the effects 

of registration uncertainty on high precision assembly accuracy 

are not negligible. Based on the use of laser scanner and 

commercial software PolyWorks, this study investigates the 

registration uncertainty between part-level and assembly-level 

point cloud data in aircraft wing assembly. A spar-and-skin 

assembly with sphere artefacts is used as a case study. 

Registration uncertainty in gap measurement is also 

investigated. Results show that: (1) the use of sphere artefacts 

cannot improve registration accuracy in PolyWorks, but can 

improve efficiency. (2) Registration process could bring errors 

and these errors would be affected by the parameters settings 

during data processing. (3) Systematic errors would be 

associated with both part-level and assembly-level 

measurements, and calibration should be applied to eliminate 

their effects on the measurement of the desired dimensions, i.e. 

the gap size in this case. It is concluded that laser scanner and 

computational software can be used for high precision assembly, 

and evaluating registration uncertainty is a crucial step to 

improve assembly accuracy.  

Keywords—point cloud registration, laser scanner, gap 

measurement, sphere target, aircraft wing assembly 

I. INTRODUCTION  

Gap measurement in aircraft assembly is necessary to 
maintain final product quality. However, existing manual gap 
measurement process currently used in aerospace industry is 
rather time-consuming and labour-intensive. Laser scanner is 
a powerful tool to capture detailed point cloud information of 
an object, which could potentially be used to automate the 
measurement process. It has been applied widely in the field 
of civil engineering [1] and remote sensing. There is also a 
trend to apply a metrology instrument into industrial product 
lines, e.g. aircraft, automobile and ship, and virtual factory [2].  

A. Key challenges when applying metrology instrument into 

industries 

When applying the instrument in the field of mechanical 
engineering, the uncertainty issue becomes very critical. 
Minnetti et al. [3] proposed a laser triangulation measurement 
device to assess gap and flush in car assembly. Uncertainties 
of both this laser triangulation measurement device and an 
operator were assessed by Baleani et al. [4] using Type A 

analysis and a Gauge R&R crossed study. Results show that 
the gap's expanded uncertainty is ±0.17mm while for a flush 
is ±0.13mm. Compared with manual measurement 
uncertainty, which is ±0.5mm, the use of this laser scanner can 
improve gap and flush measurement accuracy. This indicates 
that the measurement process uncertainty is worth being 
evaluated, especially for laser-based instruments. 

Another critical issue is to register different point clouds. 
Due to the laser-based metrology instrument's limited 
scanning volume, multiple scans are required to cover the 
whole object. Each scan is obtained at the local geometrical 
reference frame. Therefore to obtain a full view of the objects, 
multiple scans should be joined together, and this process is 
called registration. Registration can be carried out between 
different data sets from the same scanner or between different 
data sets from different scanners [5].  

Registration has been used in the research of aircraft 
wreckage reconstruction and the general fastener assembly 
process. In an investigation of point cloud registration in the 
aircraft industry, Sun et al. [6, 7] developed a system to splice 
an aircraft's wreckage using 3D point clouds and measurement 
technology. Results show that their coarse registration 
accuracy is 0.6mm, and the acceptable registration accuracy is 
0.2mm. Wang et al. [8] proposed a general density-invariant 
framework for aircraft point cloud registration. Results show 
their method has better accuracy (0.6mm – 1.0mm) evaluated 
by Root Mean Square Error (RMSE) than other studies [9-11]. 
Though the accuracy was improved, the proposed method was 
used for whole scanning aircraft rather than specific parts. Xu 
et al. [12] proposed a registration methodology for fastener 
assembly, in which local geometric feature and Iterative 
closest point (ICP) algorithm are used. The registration 
method was used between the scanned data and the CAD 
model. Results show that the proposed method has better 
efficiency compared with using the ICP algorithm only. 
However, the uncertainty of the proposed registration method 
was not disclosed.  

B. Current research trends in point cloud registration 

A considerable amount of literature has been published on 
point cloud registration. This literature has highlighted several 
topics, including the proposal of different registration 
algorithms [13-15] and local feature descriptors [16], 
improvement of registration efficiency [1], error analysis [17-
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22], development of new targets [23, 24], and automatic 
registration [25-27]. 

Registration can be categorised into coarse registration 
and fine registration. Feature-based coarse registration 
methods include point-based, line-based, and surface-based 
coarse registration method [13]. Fine registration methods 
include ICP [15] and its variants, random sample consensus 
methods (RANSAC), normal distributions transform (NDT) 
methods and methods with auxiliary data [13].  

To date, several studies have investigated the performance 
of registration algorithms [19], and most researchers 
attempted to evaluate it using different parameters, including 
maximum/minimum/mean offset distance, standard deviation, 
Root Mean Square (RMS)/Root Mean Square Error (RMSE) 
[17, 18] and efficiency of registration. Ragendra et al. [18] 
used RMS for accuracy evaluation of CloudCompare and ICP 
variants, including Brute Force, KDTree, Partial Overlap in 
MATLAB.  Results show that the most accurate method is the 
Brute Force, followed by KDTree and Partial Overlap. 
CloudCompare is ranked the last one. Bueno et al. [20] used 
the Monte Carlo method to assess the input point clouds' 
variations for the fine registration process. Results show an 
increasing trend with the coarse registration error for both 
translation and rotation.  

Some researchers also defined new metrics for 
performance analysis of registration methods. Li et al. [22] 
conducted point-to-point and point-to-plane ICP algorithm 
practical range analysis using RMS and the relative RMS. 
Attia et al. [21] evaluated the performance of point-to-point 
ICP, point-to-plane ICP, NDT, Softassign, and RANSAC. 
Five new metrics were defined in this research, including 
Speed Accuracy product, Rotation Impact ratio, Translation 
Impact ratio, Noise Impact Ratio, and Sampling Impact ratio. 
Results show that: (1) the use of the sampling clouds 
algorithm leads to a worse accuracy. (2) ICP requires to use of 
all the point cloud points. (3) ICP is generally the best 
algorithm, whereas NDT and Softassign usually are in the last 
rank. (4) ICP point-to-point is more stable than ICP point-to-
plane, while the latter is more accurate than the former in 
terms of resistance on large rotations or translations.  

Several studies have revealed that using targets can help 
automate the registration process of large point clouds. One 
study by Becerik-Gerber et al. [24] examined three types of 
targets and their effects on registration accuracy and 
efficiency of two building scans, including paper target, 
paddle target and sphere target. Results show that the sphere 
targets had the best performance in all tests. However, their 
research is not relevant to the aircraft assembly process in 
which accuracy is paid extreme attention. Other studies [25-
27] have also focused on using sphere targets to automate 
registration.  

C. Knowledge gaps and problem statement 

During the survey of the literature, the authors found the 
following knowledge gaps: 

• Point cloud registration is a necessary step when 
applying laser scanners to industries. Current studies 
on registration are mainly in the fields of civil 
engineering, computer vision and aircraft 
reconstruction. Point cloud registration has not been 
well investigated in high precision assembly, e.g. 
aircraft assembly.   

• Existing registration research are using two point-
clouds of one object. Given that the assembly process 
consists of individual parts and assemblies, registration 
between part-level and assembly-level point clouds 
should be investigated.  

• Registration will bring effects on the accuracy of the 
cloud data matching for assemblies. Besides, 
registration targets can be used for accurately aligning 
different point clouds. Given that aircraft wing 
assembly has large wing skin and spars, it must be 
subdivided into small parts. Therefore, targets should 
be used in order to identify different parts in the virtual 
environment. The influence of its use on registration 
uncertainty in aircraft assembly currently remains 
unclear. 

For high precision assembly, the effects of registration on 
assembly accuracy may not be negligible. Therefore, to 
address this problem, this study investigates the registration 
uncertainty between part-level and assembly-level point 
clouds data in the aircraft wing assembly using commercial 
software package PolyWorks. Taking gap measurement as 
case studies, the effects of the use of sphere target in 
registration and gap analysis are also studied. 

 

Fig. 1. Flowchart of the method 
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II. REGISTRATION IN POLYWORKS 

A. Registration procedure in PolyWorks 

The registration procedure implemented in PolyWorks is 
shown in Fig.1.  

In data collection, the laser scanner scans and collects spar, 
skin, and assembly point clouds. The assembly point cloud is 
then converted to polygonal mesh and set as reference data. 
Individual spar and skin point clouds are then registered to the 
reference data, i.e. the assembly polygonal mesh. Firstly, pre-
alignment is carried out, in which the user picks matching 
point pairs between two datasets, in order to let the software 
calculate a coarse rigid transformation matrix, as shown in 
Fig. 2. Based on pre-alignment, the fine registration is 
conducted. In the case studies, the parts are assumed as rigid 
parts in order to simplify the problems, so that rigid 
registration can be carried out.  

In this study, registration error are evaluated by deviations 
between points in registered point clouds and assembly 
polygonal mesh surfaces (reference data). Standard deviation 
is used to reflect registration error, and registration efficiency 
is indicated by the iteration times of registration.  

This study takes gap measurement as a practical 
application of registration, whose procedure is also shown in 
Fig. 1. Firstly, both registered spar and skin point clouds are 
converted to polygonal meshes. Then the gap between spar 
and skin mating surfaces is measured in PolyWorks. The user 
should adjust two parameter settings in order to get better 
results, i.e. max distance and max angle. Finally, a colormap 
of the gap is obtained. 

In the overall workflow, laser scanner systematic error can 
affect data analysis results. Besides, using sphere artefacts as 
registration targets may also influence registration results. 
Therefore, the systematic error analysis of the laser scanner is 
carried out (Section III A), and the impacts of using sphere 
targets on registration (Section III B) and gap measurement 
(Section III C) are also investigated.  

III. EXPERIMNETS AND ANALYSIS  

A. Systematic error evaluation for laser scanner 

1) Experiment workflow 

A laser scanner (Romer Absolute Arm 7325SEI) with an 
accuracy of ±0.084mm stated by the manufacturer is used to 
collect data in this study. In this test, a calibrated sphere 
artefact (Fig. 3a) with a diameter of 25.400mm was placed 
randomly at 55 different locations within the measuring 
volume of Romer Arm. The laser scanner scanned the sphere 
from five directions (one from top-view and four from side-
views, see Fig. 3a). The scanned sphere point clouds were 
processed in PolyWorks to extract sphere features using least-
square algorithm (Fig. 3b). Finally, measured diameters were 
compared with the calibrated diameter to evaluate laser 
scanner systematic error. Table I shows the error analysis 
between measured and calibrated diameters. The mean error 
is –0.0739mm, which means the laser scanner has a systematic 
error (denoted as Es) of –0.0739mm, and its accuracy is within 
the range stated by the manufacturer (±0.084mm).  

2) Systematic error elimination  
The systematic error occurs in the point clouds of the two 

individual parts and the assembly. If the scanned data are used 
for downstream gap measurement, these systematic errors will 
propagate to the geometry to be measured, i.e. the gap. It is 
assumed here that the systematic error of laser scanner is 
always the same for scanning parts or assemblies in any 
shapes and sizes. 

As shown in Fig. 4, the measured data of spar, skin, and 
the assembly are denoted as 𝐷𝑠𝑝𝑎𝑟,𝑚𝑒𝑎𝑠 , 𝐷𝑠𝑘𝑖𝑛,𝑚𝑒𝑎𝑠 , and 

𝐷𝑎𝑠𝑠𝑒𝑚,𝑚𝑒𝑎𝑠 , respectively. The measured gap is denoted as 

𝐷𝑐,𝑚𝑒𝑎𝑠 . The calibrated results of measurement data are 

denoted as 𝐷𝑠𝑝𝑎𝑟 , 𝐷𝑠𝑘𝑖𝑛 , 𝐷𝑎𝑠𝑠𝑒𝑚 , and 𝐷𝑐 , respectively. The 

measurement results contain systematic errors, which means: 

𝐷𝑠𝑝𝑎𝑟,𝑚𝑒𝑎𝑠 =  𝐷𝑠𝑝𝑎𝑟 + 𝐸𝑠 (1) 

 

Fig. 2. Pre-alignment and registration (a) assembly point cloud with 

matching points; (b) skin point cloud to be aligned with matching 

points; (c) registration results.  

 

 

Fig. 3. Laser scanner systematic error evaluation test: (a) calibrated 
sphere and scanning directions; (b) sphere point cloud data 

(purple) and the extracted sphere feature (blue). 
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 STSTTEMATIC ERROR EVALUATION TEST RESULTS 

(UNIT:MM) 

 
Calibrated 

Diameter  

Measured 

Diameter  
Error  

Error 

percentage 

Mean 25.400 25.3261 -0.0739 0.291% 

 

 

Fig. 4. Illustration of laser scanner systematic error 



𝐷𝑠𝑘𝑖𝑛,𝑚𝑒𝑎𝑠 =  𝐷𝑠𝑘𝑖𝑛 + 𝐸𝑠 (2) 

𝐷𝑎𝑠𝑠𝑒𝑚,𝑚𝑒𝑎𝑠 =  𝐷𝑎𝑠𝑠𝑒𝑚 + 𝐸𝑠 (3) 

 Since 𝐷𝑐  and 𝐷𝑐,𝑚𝑒𝑎𝑠 can be described as follows: 

𝐷𝑐 =  𝐷𝑎𝑠𝑠𝑒𝑚 − 𝐷𝑠𝑝𝑎𝑟 − 𝐷𝑠𝑘𝑖𝑛 (4) 

𝐷𝑐,𝑚𝑒𝑎𝑠 =  𝐷𝑎𝑠𝑠𝑒𝑚,𝑚𝑒𝑎𝑠 − 𝐷𝑠𝑝𝑎𝑟,𝑚𝑒𝑎𝑠 − 𝐷𝑠𝑘𝑖𝑛,𝑚𝑒𝑎𝑠  (5) 

Substitute equation (1) - (4) to equation (5), 

𝐷𝑐 =  𝐷𝑐,𝑚𝑒𝑎𝑠 +  𝐸𝑠  (6) 

Therefore, the final gap measurement result should add the 
systematic error in order to obtain calibrated results and 
eliminate systematic error of the scanner.  

B. Registration uncertainty analysis with sphere targets 

In this case study, the impacts of sphere targets on 
registration uncertainty are investigated.  

A dummy composite aircraft wing spar-and-skin assembly 
(Fig. 5) was used. 1, 2, or 3 spheres were attached to the spar 
and skin non-mating surfaces (see Fig. 5), which were used 
for registration steps. 

As shown in Fig. 1, the skin and spar were scanned 
individually. Then the spar and skin were assembled using 
fasteners to mimic aircraft wing spar-and-skin assembly, and 
scanned by the laser scanner. To increase the reliability of 

measures, each group of data were scanned three times in the 
case studies. The noise point cloud data outside the envelope 
of the scanned parts were removed. The registration procedure 
was carried out as stated in Section II. In pre-alignment 
process, point pairs were picked on both component surfaces 
and sphere targets. After registration, the deviations between 
spar point cloud and assembly mesh, and between skin point 
cloud and assembly mesh were calculated (Fig. 6).  

Table II shows the results of the registration analysis. It 
can be seen that the standard deviation of registration 
increases with the use of sphere targets. However, registration 
iteration times decreases. This means that though the use of 
sphere targets cannot help improve registration accuracy, it 
can help improve the registration efficiency by reducing 
iterations in PolyWorks. This indicates that registration targets 
can be used in a future factory to help operators identify 
different mating surfaces of different component scanned 
data. 

C. Gap measurement tests 

After registration, the spar and skin point clouds were 
converted into polygonal meshes to measure the gaps between 
them, as shown in Fig. 1.  

The first part of this case study investigates the impacts of 
two settings (max angle and max distance) on gap 
measurement results. Secondly, the impacts of the use of 
sphere targets on gap measurement results are investigated. 
Finally, PolyWorks measurement results are calibrated by 
laser scanner systematic error obtained in the previous test, 
and compared with manual measurement results by feeler 
gauges. 

1) Impacts of two settings: max distance and max angle 

In PolyWorks, the user has to set max distance and max 

angle when measuring gaps. Fig. 7 shows the brief theory for 

gap measurement.  P (red dot) is one of the triangle vertices on 

the spar polygon mesh. Q is a matching point of P on the skin 

mating surface of skin polygon mesh along the vertex normal 

 

Fig. 6. Registration deviation measurement 

 

Fig. 5. Spar-and-skin assembly: (a) gap of interest; (b) with one 

sphere target; (c) with two sphere targets; (d) with three sphere 

targets. 

 MEAN STANDARD DEVIATION AND ITEATIONS OF 

REGISTRATION TESTS 

Target number 
Mean standard 

deviation (mm) 
Mean Iterations 

0 0.0382 10.3333 

1 0.0393 9.3333 

2 0.1818 6.6667 

3 0.1790 6 

 

 

Fig. 8. Max distance: (a) 0.5mm; (b) 1mm; (c) 1.5mm   

 

Fig. 9. Max angle: (a) 1 degree; (b) 5 degree; (c) 15 degree   

 

a b c

a b c

 

Fig. 7. Distance measurement of polygonal meshes 



vector n1. The gap thickness at P is defined as the distance 

between P and Q, |PQ|. Let n2 represent the surface normal 

vector at Q. The angle between n1 and n2 is denoted as α. The 

maximum values of |PQ| and α correspond to ‘max distance’ 

and ‘max angle’ settings in PolyWorks, which define the 

searching area for points matching.  
The gap colormap changes with different values of max 

angle and max distance. Fig. 8 shows that if the max distance 
is set to 0.5mm, the colormap does not cover the whole 
surface. Fig. 9 shows if the max angle is set to 1 degree, the 
colormap is not continuous.  

The parameter settings are briefly introduced as follows. 
Firstly, feeler gauges can be used to measure the gap, and 
obtain an estimation of maximum gap value. Then in 
PolyWorks, the value is set as max distance and adjusted until 
the colormap covers the whole surface and is continuous, 
whereas the max distance and max angle should be as small 
as possible, in order to define smaller but accurate search area. 
A number of experiments were conducted in PolyWorks in 
order to find out their appropriate values, i.e., max distance of 
1.2mm, and max angle of 10 degree . Due to space limitation, 
the detailed decision making processes are not introduced 
here.  

2) Impact of sphere targets 
The standard deviations of gap measurement results in 

PolyWorks are calculated in order to find the impacts of using 
sphere targets, as shown in Table III. Results show that using 
sphere targets will not have much influence on the standard 
deviation of gap measurement results, but to improve 
registration efficiency, it is recommended to use 1 or 3 spheres 
as targets. However, it should be noted that the more targets 
used, the more points to be collected, which means 
measurement time and complexity will increase. 

3) Measurement results calibration and comparison 
In this test, twenty gap measurement positions were 

selected along the edges of the assembly, as illustrated in Fig. 
10. Then the gaps between mating surfaces were manually 
measured with feeler gauges. In PolyWorks, the gaps were 
measured digitally, and were then calibrated by the systematic 
error of the laser scanner. Four groups of data were used in 
this test, i.e. scanned data with 0, 1, 2, 3 spheres. Comparative 
results are shown in Fig. 11 and Table III (mean error and 
mean error after calibration).  

Fig. 11 shows that the digital and manual measurement 
results have the same trend, and the corrected values are closer 
to manual measurement results. This indicates that PolyWorks 
measurements are reliable once the measurement uncertainty 
was evaluated. Table III shows the mean errors between 
PolyWorks and feeler gauges, and the mean errors after 
calibration by Eqn. (6). Based on the results, it is always 
suggested to do accuracy calibration to remove systematic 
error in digital measurements.  

IV. CONCLUSION 

The present study was designed to investigate registration 
uncertainty for precise aircraft wing assembly. This research 
is the first time to explore registration uncertainty for high 
precision assembly by using PolyWorks software. It gives the 
user insights on what should be considered when conducting 

 

Fig. 10. Illustration of measured point positions 

 

Fig. 5. Spar-and-skin assembly, gap of interest, and sphere targets 

 GAP MEASUREMENT RESULTS COMPARASON 

(UNIT:MM) 

Target 

number 

Mean standard 

deviation  

Mean 

Error  

Mean Error after 

calibration 

0 0.2538 -0.0822 0.0082 

1 0.2535 0.1065 0.0326 

2 0.2545 0.1125 0.0386 

3 0.2470 0.0465 -0.0274 

 

 

 

 

 

Fig. 11. Gap measurement results 
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registration and gap measurements in PolyWorks. 
Conclusions are drawn as follows: 

• Registration uncertainty has significant effects on gap 
measurement uncertainty.  

• Using sphere artefacts as registration targets can help 
improve efficiency by reducing iteration times, but 
cannot improve registration uncertainty. 

• Systematic errors should be carefully identified and 
applied to calibration, as they will affect the accuracy 
of the measurement not only at part-level but also at 
assembly-level, and their effects depend on the 
geometrical relationships of parts and assembly during 
registrations. 

• Gap measurement results are carried both digitally in 
PolyWorks and manually by feeler gauges. The 
systematic error of the laser scanner is evaluated and 
eliminated in measurement results. Results show that 
the calibrated computational results are well aligned to 
manual measurement results.  

• Max distance and max angle settings should be 
carefully set for obtaining accurate results in 
PolyWorks.  

Further research will explore how to improve registration 
accuracy for high precision assembly considering components 
compliance. Metrology instruments with higher accuracy 
would be utilised.  
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