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ABSTRACT: 

 

Terrestrial laser scanners are powerful measurement devices commonly used for 3D modelling tasks generating large volumes of 

data with fast acquisition as a first priority. However, these scanners can alternatively be used to produce near real-time, engineering 

quality spatial data concerning the changing state of manufactured components. This paper provides a comprehensive analysis of two 

terrestrial laser scanners capturing aerospace materials and components, and their associated quality measures. In order to explore the 

limitations of the tested TLS instruments, a mechanical jig was designed incorporating both a rotation and translation stage. This 

study involved three elements of a point cloud processing workflow: data capture, registration and feature extraction. Sphere-based 

7DoF registration is applied using two different commercially available software packages with varying levels of user control. To 

analyse the quality of the registration, control points extracted from captured point clouds were compared to nominal values 

measured using a laser tracker. The quality of the registration was consistent, with differences kept between 0.4 mm and 0.6 mm. To 

evaluate the quality of the captured point clouds, two different tests were conducted. This included planar fit tests on an aluminium 

drilling template, and sphere fitting tests on  white 1.5” spherical targets in magnetic nests. One half of the aluminium drilling 

template was coated with matte spray to reduce erroneous laser reflections. Finally, the registered point clouds were input to a 

developed algorithm which automatically extracted drilling holes from the drilling template. Previous scanning work performed on 

aerospace materials showed evidence of optical rattling caused by high intensity reflections from the interior holes in a drilling 

template. Further exploration showed that the amount of optical rattle varies systematically with incidence angle. This work 

demonstrates a systematic offset in the location of extracted hole centres in the drilling template. This offset is dependent on laser 

incidence angle, and can therefore be accounted for when locating manufacturing components from a known scanning position.  

 

 

 

1. INTRODUCTION 

Terrestrial laser scanners (TLS) are high fidelity measurement 

devices that work quickly and can capture a huge amount of 

spatial information. These measurement devices are commonly 

used for tasks such as building modelling [1], reverse 

engineering [2], and change monitoring [3], among others. In 

contrast, the vast majority of measurements made during a high-

precision measurement task such as aerospace manufacturing 

requires sub-millimetre level control [4], [5]. This is typically 

achieved using laser trackers or various types of Coordinate 

Measuring Machines (CMM). With a CMM, components can 

be placed inside the machine’s measurement space and 

coordinated with a high degree of precision either by touch 

probe or scanning head. However, an obvious downside in 

using CMMs is the lack of ability to deal with large objects, an 

important factor in aerospace manufacturing. 

 

For aerospace manufacturing tasks, measurements are often 

made manually using various types of hand held gauges. These 

types of measuring strategies can produce measurements with 

sub-millimetre level precision. However, it is difficult to capture 

a large number of measurements efficiently and reliably with a 

manual strategy. Aerospace component dimensions exacerbate 

the inefficiency of relying on CMM or manual measurements. 

This provides the catalyst of this work: the exploration of TLS 

capabilities for high-precision, large-volume manufacturing 

measurements. The work presented herein focuses on the 

comparison of two terrestrial laser scanners in manufacturing 

environments, as well as the influence of incidence angle when 

scanning materials with high reflectivity. 

 

Performing the same tasks with multiple scanners, under the 

same environmental conditions and set up, allows for 

meaningful and insightful comparisons. One of the first 

explorations of laser scanner accuracy came from [6], where 

TLS from different manufacturers were compared by scanning 

planar surfaces with varying reflectivity and range. A more 

recent example where multiple terrestrial laser scanners were 

examined can be found in [7], where various tests were 

performed to explore the distance accuracy of five similar TLS. 

A review of the work done in the last two decades to compare 

terrestrial laser scanners was presented in [8], where the 

ongoing work of many research labs was evaluated.  

 

The varied optical surface characteristics of aerospace 

components means they can be difficult to scan, commonly 

producing erroneous returns. This is exacerbated in a real-world 

scanning scenario where components are scanned from different 

incidence angles over a large volume. At large incidence angles, 

phenomena such as optical rattle can occur on confined, highly 

reflective surfaces, causing an over-estimation of path length. 

Optical rattle occurs when a laser pulse internally reflects inside 

an object before emerging and reflecting back to the scanner. In 

our experiments, the laser pulse rattles around inside the 

cylindrical holes in the drilling template until it eventually exits 

and returns to the scanner. The resulting increase in path length 

is a function of the laser beam angle and object geometry 

altering cylindrical drilling holes into lobed objects in the output 

point cloud such as that seen in Figure 1. An in-depth analysis 

on the effect of incidence angle and distance on terrestrial laser 

scanner measurements was produced by [9], specifically related 
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to intensity measurements. The majority of work that explores 

the effect of changing incidence angle focuses on correcting the 

intensity values in the point cloud [10]–[13] rather than the 

range. Identifying and characterizing these erroneous returns 

allows for a higher degree of accuracy in feature extraction.  

 

 

Figure 1. Example of optical rattling in a cylindrical hole 

 

Plenty of literature in the study of high-precision measurement 

is available, however papers typically cover laser line scanners 

and CMMs. The study presented herein focuses specifically on 

the use of terrestrial laser scanners for high-precision, large-

volume measurement, and therefore will not include a complete 

review of any additional scanners or measurement devices.  

 

Once a complex scene has been captured by a terrestrial laser 

scanner, the output point clouds from different scanner locations 

must be registered together. This is because an entire 3D 

representation of an object or component can rarely be captured 

from a single viewpoint due to line of sight occlusions. There 

has been significant work on both targeted and targetless 

registration of point clouds, all of which cannot be covered here. 

This work focusses on the sphere-based registration of point 

clouds, as previously exemplified by [14]–[16], among others. 

The tests undertaken used purpose-made 1.5” spheres for 

registration, interchangeable with sphere mounted retroreflector 

(SMR) targets used by laser trackers.  

 

When point clouds have been registered together, useful 

information can be extracted from them. In service of moving 

towards automated manufacturing, this information could 

include component locations and orientations. If a near real-

time version of the aerospace manufacturing environment can 

be captured, progress and quality monitoring can be performed 

by locating specific manufacturing components and tools. The 

example explored in this work locates drilling templates on the 

surface of an airplane wing section. This is done by 

automatically finding the circular outlines of the holes in the 

drilling template. Previous work on circle extraction from point 

clouds includes circle fitting [17] and ellipse identification [18], 

mainly used for circular target extraction and cylindrical pipe 

fitting. In an aerospace specific application, point clouds have 

been used to find aircraft fasteners [19], and tiny engine nacelle 

holes [20]. 

 

This work explores data capture, registration and feature 

extraction. Quality measures have been produced for all three 

elements of a laser scanning workflow, which will subsequently 

be discussed. The paper is outlined as follows: Section 2 

explains the methodology used to explore the successes and 

shortcomings of both scanners on different aerospace-specific 

scanning tests; Section 3 describes the results obtained from 

these tests; and finally, Section 4 concludes the research with 

discussion of next steps. 

 

2. METHOD 

This research was designed to explore the limits of TLS and 

discover levels of achievable precision and accuracy in an 

aerospace manufacturing application. Two terrestrial laser 

scanners were chosen. Both are mainstream, phase-based 

scanners capable of producing high quality point clouds. The 

tests were designed to examine both the scanning performance 

and registration performance of the two instruments. One key 

difference was that Scanner A was limited in terms of user 

control when it came to processing the captured scans. The 

processing mostly functioned as a ‘black box’ with embedded 

filters that could not be changed by the user. In contrast, 

significantly more user control was available for Scanner B. For 

Scanner B, all filtering (distance, intensity, etc) was removed in 

order to access the most raw version of the captured point cloud. 

Additionally, two different software were used to perform 

sphere extraction and perform registration. The two software 

will be referred to as SA and SU. Both scanners could use SA to 

extract spheres, which used the ASTM E3125-17 [21] to fit a 

sphere to each set of extracted points. However, the SU 

software is proprietary and could therefore only be used on 

Scanner B. 

 

In order to have a baseline with which to compare the two laser 

scanners, a Leica AT960MR Laser Tracker was used to provide 

reference values. The laser tracker can make point 

measurements as well as surface contact measurements with a 

SMR or tracked touch probe, both of which will be used to 

compare the laser scanners. The laser tracker has uncertainty in 

the tens of microns, making it an order of magnitude more 

precise than either of the laser scanners. Although the laser 

tracker cannot be considered to produce ‘true’ values, it gives 

an indication as to laser scanner performance in each of the 

evaluation tests. 

 

2.1 Scanning 

Both scanners captured the mechanical drilling jig as well as a 

complete 5m section of an aircraft wing. Each scanner was 

positioned at approximately the same location and at a height of 

1.2 metres. Scanner A was placed upon a light-weight camera 

tripod, while Scanner B was placed upon a heavy-duty tripod. 

Figure 2 shows the drilling template on the mechanical jig along 

with some of the spherical targets in magnetic nests.  
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Figure 2. Mechanical jig with semi-coated drilling template and 

six spherical targets in different magnetic nests 

 

As mentioned, a mechanical jig including a rotation stage sitting 

atop a translation stage was designed in order to vary the 

incidence angle of the drilling template in a precise and 

repeatable manner. The jig was affixed to the top of a metrology 

table. Both the translation stage and the rotation stage can be 

controlled, however, for this work only the rotation stage was 

altered. The rotation stage was placed on the translation stage 

and a vertically mounted beam with multiple drilling templates 

was affixed to the rotation stage. A vertical orientation was used 

in order to mimic the orientation of drilling templates in a real 

aerospace manufacturing environment. At each 10 degree 

increment of the rotation stage, both TLS were used to capture 

the drilling template. This process was repeated with the drilling 

template in each orientation on the rotation stage. 

 

One side of the drilling template was coated with a matte spray 

to reduce high intensity reflections from the metallic surface. 

These reflections cause gaps in the captured point clouds at low 

incidence angles and contribute significantly to optical rattle. 

Changing the optical surface material properties in such a way 

as to improve the scanning results is a common but undesirable 

strategy in design-for-measurement, where component 

properties are optimized to improve their measurability. 

 

To scan the mechanical drilling jig, the scanner was placed at a 

distance of 2 metres from the template. This distance was 

chosen as per the work done in [22], to optimize sphere 

extraction and minimize registration errors. Once the scanner 

was in position, the drilling template was scanned at an 

incidence angle of 0 degrees. The drilling jig was then rotated to 

an incidence angle of 70 degrees and scanned. The drilling jig 

was then rotated by 10 degree increments and scanned until the 

drilling jig reached -70 degrees. Finally, the drilling jig was 

scanned again at an incidence angle of 0 degrees to close the 

loop. The same process was followed for both tested scanners. 

This produced a total of 17 scans per scanner. 

 

Additionally, scans were captured of an Airbus A321 wing 

section in the UCL lab at HereEast, as shown in Figure 3. The 

wing was scanned by both scanners from all four corners. 

Spherical targets were placed around the area, located in 

metrology nests both on the wing section and on the concrete 

floor. These provided a physical coordinate system to be used in 

the registration process. 

 

 

Figure 3. Wing section with multiple drilling templates, 

spherical targets and scale bar visible 

 

2.2 Sphere-based Registration 

Once the scans were captured, a sphere-based registration 

strategy was used. This involved the automatic extraction of the 

1.5” white matte spheres from each individual point cloud. For 

Scanner A this was done in SA, and for Scanner B this was 

done using the scanner’s proprietary software, SU, as well as 

SA. 

 

Once the centre points of each sphere were extracted they could 

be matched back to a network of control points measured using 

the Leica AT960MR Laser Tracker. In this work, the control 

points measured by the laser tracker are considered as the 

reference value. Using the network of known control points, a 7 

degrees of freedom (DoF) best fit transformation was applied to 

each individual scan. For the complete wing scans, the location 

and distribution of the targets varied within the scanning 

volume. The location of the targets remained consistent for the 

drilling jig scans as the scanner did not move.  

 

Once registration had been performed, the centre of the spheres 

in each registered scan could be compared to the reference 

network of control points measured by the laser tracker. This 

gave an indication of the precision of each scan, as well as the 

repeatability of the scan at each incremental rotation of the 

drilling jig. These results will be discussed in Section 3.  

  

2.3 Planar Fit 

One side of the drilling template mounted on the drilling jig was 

coated with a matte spray. This reduced the level of high-

intensity reflection from the metallic surface of the drilling 

template. Both the surface of the template as well as the interior 

of the drilling holes were coated. 

 

In order to further compare Scanner A and Scanner B when 

scanning a metallic surface at varying incidence angles, the 

quality of the planar fit on the surface of the drilling template 
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was evaluated. The top surface of the drilling template was 

assumed to be planar.  

 

At each 10 degree rotation increment, a section of the planar top 

surface was extracted on both the coated and the uncoated sides 

of the drilling template. A planar feature was fit to the two 

groups of selected points and the root mean square (RMS) value 

was computed as an accuracy indicator of the reconstructed 

planar section. This helped to illustrate the quality of the planar 

section captured by each scanner at each incremental rotation of 

the mechanical drilling jig. These results will be discussed in 

Section 3. 

 

2.4 Sphere Fit  

Similar to the planar fit test, a sphere fit test was performed to 

evaluate the presence of noise and outliers on the surface of the 

target spheres. In each of the 17 scans captured of the 

mechanical drilling jig, the six spherical targets in nests were 

extracted and analysed. The group of points in the point cloud 

that made up each target sphere were fitted to a spherical model 

and their RMS and maximum deviation were reported. These 

results are discussed in Section 3. 

 

As seen in Figure 2, three of the spherical targets are sitting in 

nests on the front of the metrology table, and three of the nests 

are sitting on top of the metrology table. When the scanner was 

approximately 2 metres from the mechanical jig, the spherical 

targets appeared in the point cloud in aerial view (front of table) 

and profile view (on top of table). Importantly, when the 

spheres are in profile view, approximately 15% of the sphere is 

obscured by the metrology nest. In addition, the type, colour 

and size of metrology nests were varied between the targets. 

This test was performed to investigate whether either of the 

automatic sphere extraction techniques had any bias based on 

either sphere view or nest type. These results will be discussed 

in Section 3. 

 

2.5 Drilling template hole extraction 

Once the point clouds had been captured, registered, and 

analysed, meaningful information could be extracted. This 

involved designing an algorithm that could automatically locate 

the centre of each hole on the drilling template. The ability to 

precisely locate the drilling template during manufacture can 

allow for near real-time progress monitoring and drilling 

template placement correction. The algorithm was originally 

designed in [22], however in this work it has been improved to 

account for larger variations incidence angle. 

 

At each incremental rotation of the mechanical drilling jig, the 

scanned drill hole centres were located and compared to the drill 

hole centres measured using the laser tracker. Drill hole centres 

were extracted on both the coated and uncoated sides of the 

drilling template, in order to evaluate the effectiveness of the 

matte coating in reducing outliers and improving hole centre 

estimation. The results are discussed in Section 3.  

 

3. RESULTS 

3.1 Registration results 

Registration was performed using a 7DoF adjustment between 

directly measured laser tracker sphere centres and estimated 

laser scanned sphere centres. One assessment of the quality of 

the sphere-based registration is shown in Figure 4. Both 

Scanner A and Scanner B are represented, as well as the two 

different sphere extraction software, SA and SU. The Scanner A 

results could not use the SU software because it was proprietary 

and only compatible with Scanner B. 

 

 

Figure 4. Quality evaluation of sphere-based registration 

 

The results presented in Figure 4 show the difference between 

the centre of the scanned target spheres and the centre of the 

target spheres measured by the laser tracker. The differences are 

broken down into X, Y, and Z components for all six spherical 

targets on the mechanical jig. The most consistent results came 

from Scanner A using the SA registration software, which can 

be seen by the small relative differences between laser scanned 

sphere centres and laser tracked sphere centres. This indicates 

that Scanner A using SA software produces accurate estimations 

of sphere centres. Significant spikes are seen for Scanner B in 

both registration software. The spikes for Scanner B with SU 

registration are largest in the Y direction, however for Scanner 

B with SA the spikes are in the X and Z directions. 

  

In addition to assessing the quality of each scan, repeatability 

could be evaluated by examining the standard deviation of each 

sphere location in each scan. Aside from the incremental 

rotation of the drilling jig, all other elements of the scanning 

setup (scanner location, target location, environmental aspects) 

were kept consistent. The repeatability is evaluated in 3D in 

Figure 5. 

 

 

Figure 5. Repeatability of sphere-based registration 
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The results presented in Figure 5 show that the repeatability of 

Scanner A is worse than Scanner B, in both sphere extraction 

software. Scanner A had a higher standard deviation of sphere 

centre location, indicating lower repeatability confidence from 

one scan to another. The two registration tests indicate that 

although Scanner A is more accurate than Scanner B, Scanner B 

is more precise than Scanner A. 

 

3.2 Planar fit results 

The purpose of testing the planar fit was to examine the quality 

of the planar sections with varying incidence angle for both 

Scanner A and Scanner B. Planar sections on both the coated 

and uncoated sides of the template were evaluated in all 

rotations from both scanners. Figure 6 shows the RMS values of 

the points fitted to a planar model from both scanners on both 

the coated and uncoated sides of the drilling template. The 

graph illustrates how the drilling template changes as it is 

rotated around the mechanical jig and the incidence angle 

changes between the planar surface and the scanner.  

 

 

Figure 6. Planar fit tests for Scanner A & Scanner B 

 

Scanner B had a clear advantage when compared to Scanner A 

in the planar fit tests. RMS values were observed between 0.05 

mm and 0.35 mm for planar fit. An improvement is evident for 

the planar sections fit to the spray coated side of the drilling 

template, for almost all incidence angles. Notably, the presence 

of matte coating improves the quality of the planar surface for 

Scanner A more than for Scanner B. There is no value at the 

zero incidence angle for either Scanner A or Scanner B on the 

uncoated side of the template because the reflection produced 

intensity values so high that they caused gaps in the captured 

point cloud, meaning no planar section could be fit. 

 

3.3 Sphere fit results 

Two tests were conducted to analyse the quality of the sphere 

fit. The first was to examine whether the orientation (aerial vs 

profile) or type and size of nest (blue, silver, gold) had an effect 

on the sphere fit from the point clouds produced by either 

Scanner A or Scanner B. Mathematically, a sphere should 

appear the same from all angles, however it was important to 

ensure that the orientation of the spherical targets or the nest 

type was not causing a bias in the quality of the sphere fitting. 

Varying the orientation of the spherical targets had negligible 

effect on the quality of their extraction. In addition, varying the  

physical form and colour of the metrology nest did not have a 

consistent effect on the sphere fitting for the point clouds 

produced by either Scanner A or Scanner B.  

 

In the second test, sphere fitting was compared between the two 

scanners. This was done by analysing the RMS value of the 

points on each captured sphere in the point cloud. The RMS 

value was produced by fitting the sphere points in the point 

cloud to a mathematical sphere. The maximum deviation of the 

points from the spherical model is also shown in Figure 7.  

 

 

Figure 7. Sphere fit tests for Scanner A & Scanner B 

 

RMS values were observed between 0.1 mm and 0.2 mm for 

sphere fit and maximum deviation from the sphere model were 

between 0.3 mm and 0.4 mm. Scanner B had an advantage 

when compared to Scanner A in the sphere fit tests, with a 

smaller RMS value for all six spherical targets. However, this 

advantage in RMS from Scanner B to Scanner A is only 0.03 

mm, which is not a significant improvement. 

 

3.4 Drilling template hole extraction results 

In order to evaluate the influence of incidence angle when 

scanning an aerospace component such as a metallic drilling 

template, the drilling holes were extracted from the template 

and compared to reference values. The reference values of the 

hole centres in the drilling template were measured using the 

laser tracker and a SMR target at each 10˚ orientation 

increment. The diameters of the holes were checked using 

callipers and assumed to be cylindrical. 

 

The main interest in testing the incidence angle of the drilling 

template came from the presence of erroneous points inside the 

drill holes. Optical rattle occurred inside the drill holes, 

meaning as the laser pulse entered the hole and came into 

contact with the curved, highly reflective surface, it did not 

reflect directly back to the scanner. Instead, it ‘rattled’ around 

inside of the cylindrical hole before eventually exiting the 

cylinder and returning to the scanner. This caused an increase in 

path length and an inaccurate representation of the inside of the 

cylindrical drill hole. These inaccuracies in the point cloud 

could lead to biases in the estimation of the hole centres in the 

automatic drill hole extraction algorithm. An example of the 

variation of optical rattle with incidence angle is shown in the 

schematic in Figure 8. 
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Figure 8. Variation of incidence angle when scanning drilling 

template; optical rattle effect 

 

The reader is asked to refer to [22] where the extraction 

algorithm has been described in detail. An example result of the 

hole extraction algorithm is shown in Figure 9.  

 

 

Figure 9. Drilling template hole extraction result in working 

coordinate frame 

 

The algorithm was run to extract the hole centres from the point 

cloud at each 10 degree increment. The results of the hole centre 

extraction are shown in Figure 10.  

 

 

Figure 10. Systematic offset of drilling template hole extraction 

through varying incidence angles in real-world (Lab G40) 

coordinate frame 

The differences shown are between the centres of the extracted 

holes and those measured by the laser tracker, in the axes of the 

G40 lab coordinate frame. In this coordinate frame, Z is 

vertical, X is approximately along the axis of the translation 

frame, and Y is approximately towards the drilling jig from the 

laser scanner. This was done for both scanners, each of which 

obtained similar systematic results. 

 

It is evident from Figure 10 that there is a systematic effect in 

the differences as the drilling template rotates through the 

incidence angles. In all three directions, the difference from the 

reference becomes small when the incidence angle tends to 

zero. However, at a zero incidence angle, the uncoated side of 

the template was not represented in the point cloud due to gaps 

caused by high intensity returns. The differences in the X 

direction and the Y direction follow relatively predictable 

curves. In the Y direction, the difference of the hole centres 

from the nominal begins to decrease around 60 degrees, while 

in the X direction it appears as though the error continues to 

increase. The rotation of the drilling template does not have an 

impact on the centre of the holes in the Z direction, as it is 

consistently measured just between 0 and 1 mm. Perhaps most 

interestingly, the coated and the uncoated hole centres follow 

very similar trends. In all three directions there is no obvious 

improvement in the hole centre estimation when the drilling 

template is coated with the matte spray. 

 

4. CONCLUSIONS AND FUTURE WORK 

The work conducted herein explores some of the limits of 

terrestrial laser scanners when recording metallic aerospace 

surfaces. Point clouds from terrestrial laser scanners are 

registered to a network of known points measured by a laser 

tracker using a 7DoF best fit transformation. Two mainstream, 

phase-based scanners are tested in a variety of ways, including 

spherical and planar model fitting. Overall, registration errors 

are below 1 mm, and fitting errors are all kept around or under 

0.4 mm. This indicates a wide potential of using terrestrial laser 

scanning for high precision imaging tasks such as aerospace 

manufacturing. A mechanical jig is designed to vary the 

incidence angle of a common aerospace component, a drilling 

template, in order to explore the presence of optical rattle. 

Through various tests it is shown that the amount of optical 

rattle occurring within a metallic cylinder varies systematically 

with incidence angle.  
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Across the majority of tests, Scanner B outperformed Scanner 

A. However, for sphere-based registration the results of Scanner 

B were more precise but less accurate then Scanner A. The 

increased user control of Scanner B software was beneficial for 

reducing the amount of filtering that was automatically applied. 

In this way, it was possible to access a more ‘raw’ version of the 

captured point cloud. The main advantage of adding a matte 

coating to the surface of the drilling template is the ability to 

scan at a zero incidence angle. However, hole centre 

measurement based on the developed algorithm experiences an 

insignificantly small advantage from the presence of matte 

coating at all incidence angles other than zero. 

 

Future work will involve the modelling of the erroneous points 

inside the drilling template holes. This could be done by 

quantifying the relationship between incidence angle and hole 

offset, and correcting back to a known model of a cylindrical 

hole.  
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