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ABSTRACT

Three-dimensional (3D) profile scanning plays a crucial role in the inspection of assembled large aircraft.
In this paper, to achieve noncontact automatic measurements of the high-reflective profiles of large-scale
curved parts and components, an automated noncontact system and method with high accuracy and high
efficiency are presented. First, a hybrid 3D coordinate measurement system based on proximity sensors
and cameras is proposed to obtain noncontact measurements while avoiding the influence of high reflec-
tion on the measurement accuracy. A hybrid measurement model that combines the one-dimensional
distances measured by the proximity sensors and the 3D information obtained by cameras is proposed
to determine high-accuracy 3D coordinates of the measured points. Then, a profile-driven 3D automated
scanning method and strategy are designed to rapidly scan and reconstruct the profile within the effec-
tive range without scratching the profile or exceeding the measurement range of the proposed system.
Finally, experiments and accuracy analyses are performed in situ on an assembled tailplane panel
(approximately 1760 mm x 460 mm). The automated scanning process is completed in a timeframe of
208 s with an average error of less than 0.121 mm for profile reconstruction. Therefore, the proposed
method is promising considering both the high accuracy and high efficiency requirements of profile
inspections for large aircraft.

© 2021 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The assembly of large components plays an extremely impor-
tant role in the manufacturing of major equipment, such as aero-
space vehicles, ships, and automobiles [1], and the workload
often exceeds 50% of the entire manufacturing process [2,3]. More-
over, the extremely complex assembly relationships among air-
craft components and large sizes of components increase the
difficulty of accurate assembly control for key components, and
periodic accuracy checks of the key components are necessary.
Due to the large number of panel structures that are employed dur-
ing aircraft assembly and directly affect the assembly accuracy of
the whole aircraft, the detection of key points (KPTs) and key pro-
files (KPFs) for assembly components is extremely important.

In the process of modern manufacturing [4,5], laser trackers,
industrial photogrammetry, proximity sensors, and other high-
precision measurement equipment are used alone or in combina-
tion to acquire assembly process data and establish digital systems
to guide the assembly process. Due to the different measurement
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abilities of high-precision equipment, the application of different
devices varies. A laser tracker [6-8| with high precision is suitable
for the periodic static inspection of the KPTs and KPFs of assembly
tooling and components. However, due to the use of optical meth-
ods for point-by-point measurement, the measurement capability
in a compact space or online detection is limited to some extent.
Industrial photogrammetry [9-11], with the advantages of high
efficiency and high precision, is widely used in many fields, such
as processing, manufacturing, testing, and online health monitor-
ing. However, due to the complexity of the measurement environ-
ment, the limitation of the field of view limits the measurement of
KPTs and KPFs in compact or occluded areas. Proximity sensors
[12-14] are widely used in high-precision position detection in
various fields due to their advantages, such as a compact volume,
low weight, high precision, and fast response. However, a single
proximity sensor, which obtains one-dimensional (1D) informa-
tion, cannot meet three-dimensional (3D) measurement require-
ments. Thus, proximity sensors are often used in combination
with a high-precision manipulator, such as a coordinate measure-
ment machine (CMM), for geometric information detection.

In the assembly process of an aircraft, high precision, high effi-
ciency, and low loss are required in measurements of KPTs and
KPFs. Thus, the motivation of this work is to propose a hybrid 3D
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coordinate measurement method based on the combination of
proximity sensors and industrial photogrammetry and develop a
portable noncontact profile scanning system to simultaneously
consider the precision, efficiency, convenience, and cost perfor-
mance of the online measurement of KPTs and KPFs for aircraft
components in the assembly process.

The remainder of this paper is organized as follows. Section 2
reviews the previous work related to this paper. Section 3
describes the hybrid 3D coordinate measurement model. Section 4
details the profile-driven 3D automated scanning strategy. In Sec-
tion 5, measurement experiments are presented. Finally, the paper
is concluded in Section 6.

2. Related works

Multiequipment joint measurement is an effective way to
meet the multiple requirements (such as high precision and effi-
ciency) of in situ profile inspection. Scholars in various fields have
performed many studies of profile scanning methods, including
establishing 3D coordinate measurement models and methods
based on multiple equipment types and automated scanning
strategies.

2.1. Establishment of the 3D coordinate measurement model

Research on the establishment of 3D coordinate measurement
models has focused on vision-based, proximity sensor-based, laser
tracker-based, and robot-based methods. The intrinsic measure-
ment characteristics of the equipment and spatial geometric con-
straints are frequently adopted to establish 3D measurement
models.

Lembono et al. [15] proposed a 3D measurement system and a
calibration method based on a robot and a laser rangefinder (LRF).
The experimental results indicated that the method and system
reduced the mean planar error from 0.53 mm to approximately
0.23 mm; additionally, this approach was inexpensive and conve-
nient. To measure a six-degree-of-freedom (6-DOF) pose from a
long distance at the submillimeter level of accuracy, Kim et al.
[16] proposed a novel noncontact measurement system based on
a camera and laser sensors. The performance at 30 m was vali-
dated, with accuracies of 4mm and 0.5° and precisions of 0.7 mm
and 0.3°. Wu and Ren [17] proposed a hand-eye calibration
method using 3D position data to obtain the 3D kinematic base
frame of a robot by optimizing the coordinate conversion error,
and the unknown parameters of the 3D base frame were deter-
mined. An et al. [18] developed a new omnidirectional 3D laser
ranging system that consisted of an LRF, a camera, and a rotating
platform. The system was calibrated with an average error of
0.9875 pixels, and tests were conducted in indoor and outdoor sce-
nes; the results indicated that the laser ranging system achieved
good performance. Combined with low-cost 1D laser sensors and
a vision camera, Kim et al. [19] developed a three-beam detector
for sensing 6-DOF motion at a remote distance of up to 30 m. Error
analysis showed that the accuracy was within 3 mm for translation
and 1° for rotation.

2.2. 3D scanning method and strategy

Compared with traditional large-scale profile inspection in a
point-by-point manner in the aircraft assembly process, automated
scanning and synchronous multipoint measurement can be
applied with high efficiency to accurately acquire 3D point data.
Most current studies of scanning methods and strategies focus on
the combination of CMMs and tips, robot and proximity sensors,
robots and cameras, and cameras and lasers.
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Zhang and Tang [20] presented a novel method based on a CMM
and a tip for automatically performing five-axis inspections of arbi-
trary free-form surfaces. The proposed method considered both the
surface geometrical information and the kinematic capacity to
maximize the inspection efficiency and reduce the total inspection
time by a factor of as much as seven. Huang et al. [21] presented an
automatic robotic ultrasound system for 3D imaging, and adopted
a depth camera and a robot to capture the point clouds of surfaces.
The scan range and scan path were automatically determined
according to the 3D contours of the surface to be scanned. The
experimental results indicated that the proposed system yielded
good performance in 3D reconstruction. Macleod et al. [22] pro-
posed an automated ultrasonic remote sensing system for the
thickness mapping of large-scale areas. A scan test for a 2m? car-
bon steel sample with a 10 mm nominal thickness was performed
in a timeframe of 15 min with a minimum thickness mapping error
of 0.21 mm, which directly led to increased task efficiency and
reduced inspection time for large structural assets. Palomer et al.
[23] presented an underwater laser scanner based on a laser line
projector and a camera, and the calibration error was under
1 mm in the measurement range of 0.5-1.2 m. Tests were per-
formed, and the average errors were 0.44 and 0.98 mm with stan-
dard deviations of 0.35 and 0.72mm in air and under water,
respectively.

2.3. Discussion

Most research currently focuses on two kinds of profile scan-
ning methods: contact scanning and noncontact scanning. Contact
scanning methods, such as those that use laser trackers and CMMs,
usually employ tips to sweep the profiles of parts and obtain the
3D information for profiles. However, for the parts with high sur-
face quality requirements, the tips may scratch the surface, and
for profiles with notable curvatures, the tips may excessively touch
or be separated from the measured profile during the scanning
process, which often requires manual intervention. Noncontact
methods, such as industrial photogrammetry and laser scanning,
mainly involve profile scanning through optical means. However,
for some highly reflective surfaces, overexposure may easily occur
in images or light strips, thus reducing the scanning accuracy.

Therefore, taking advantage of both contact and noncontact
methods, this paper proposes a hybrid measurement method
based on proximity sensors as tips and industrial photogrammetry
to achieve noncontact measurement while avoiding the accuracy
degradation caused by high-reflective interference. Moreover, a
profile-driven scanning strategy is proposed to avoid tips scratch-
ing the measured surface and exceeding the measurement range
when measuring profiles with compound curvatures, such as air-
craft tailplanes, wings, and envelopes; therefore, the proposed
method facilitates an efficient automatic scanning process.

3. Hybrid 3D coordinate measurement model

Industry photogrammetry, with the advantages of high effi-
ciency and high precision, is capable of rapidly detecting large-
scale geometry. Additionally, proximity sensors can provide good
performance in distance detection, even in compact spaces, due
to their compact volume, fast response, and high sensitivity. There-
fore, for the detection of KPTs and KPFs in both large-scale and
compact spaces during the aircraft assembly process, the combina-
tion of industrial photogrammetry and proximity sensors is neces-
sary. By combining the advantages of photogrammetry for large-
scale geometric measurement and proximity sensors in compact
spaces for high-precision distance measurement, KPTs and KPFs
distributed among aircraft components can be measured at various
scales.



B. Liang, W. Liu, K. Liu et al.

The principle of the measurement model based on photogram-
metry and proximity sensors is shown in Fig. 1.

The world coordinate system (WCS) is first established based on
the camera. Then, the visual reference points (VRPs) are measured
by photogrammetry in the WCS. Because the VRPs are rigidly con-
nected to the proximity sensor, the structural relationships
between the proximity sensor and the VRPs can be constant. By
obtaining the 3D coordinates of the VRPs and the measured
distances to the proximity sensor, the 3D coordinates of the
measured points can be determined. The steps in establishing the
3D measurement model are described in detail below.

During the ith measurement, as shown in Fig. 1, the 3D coordi-
nates of the VRPs in the WCS and the measured distance of each
proximity sensor are obtained. Thus, the relationship between
the measurement information and the measurement point in the
WCS can be described as:

(1)

where h is the functional relationship between P}, VRP}, and 4;. P}"
is the measured point of the ith measurement in the WCS;
VRP}Y (I=1, 2, 3) is the Ith visual reference point of the ith mea-
surement in the WCS; §; is the measured distance of the proximity
sensor of the ith measurement; i is the number of the measure-
ments, and [ is the number of the visual reference points.

Then, VRP} is established as the origin of the local coordinate
system (LCS), and the plane composed of VRP}' (I =1, 2, 3) is the
X-Y plane of the LCS. In addition, suppose that VRP} is on
the positive X-axis of the LCS and that VRP}; is in the direction of
the positive Y-axis; thus, the LCS is uniquely established. The
coordinates of the VRPs in the LCS (VRP}) can be expressed as:

pY = h(VRPxV, 5,)

VRP; =[0 0 0] (2)
VRP, =[1 0 O}T~HVRP}’2V—VRPY]VH 3)
VRPY, = [cos0 sind O]T-HVRP}QV—VRP,.V]VH 4)

where 0 is the angle between VRP}; — VRP}) and VRP}, — VRP}.
Thus, the control vectors e (n =1, 2, 3) for the measurement
model in the LCS can be expressed as:

Proximity
sensor

Rigid

y connection Measured i

distance

Measured
point

LCS

L.

¥ wWes

Calibration plane
Visual reference point

Fig. 1. Principle of the 3D coordinate measurement model. WCS: world coordinate
system; LCS: local coordinate system; Pg: the probe base point (PBP) of the
proximity sensor in the LCS; P;: the unit displacement vector (UDV) of the
proximity sensor in the LCS; P}: the measured point of the ith measurement in the
LCS; P!: the measured point of the ith measurement in the WCS;
VRPY (I=1, 2, 3): the Ith visual reference point of the ith measurement in the
WCS; g;: the measured distance of the proximity sensor of the ith measurement; i:
the number of the measurements; I: the number of the visual reference points.
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e, =[1 0 0] (5)
e, = VRP, / |[vReS (6)
e = e, e, (7)

where n is the number of the control vectors.

In the LCS, the 3D coordinates of a measured point of the ith
measurement (P}) relate to the probe base point (PBP) and the unit
displacement vector (UDV) of the proximity sensor.

P; = P; + 0P} (8)

where P, is the PBP of the proximity sensor in the LCS and P} is the
UDV of the proximity sensor in the LCS.

P5 and PF can be expressed as a function of the control vectors
(eb).

PB:[eiLl e 9%3]'[/11 2 )-3}T

9

where 4, (k =1, 2,..., 5) are the parameters of the 3D measurement
model.

Pi=[i J5 1"/llia Js 1] (10)

By substituting Egs. (9) and (10) into Eq. (8), we can obtain

M

L (24 45 1
Pi=le; e, e;] |2

4 755 2 s
e s 1]

(11)

Through the coordinate transformation of the VRPs in the WCS
and LCS, the rotation matrix R; and the transformation matrix T;
can be calculated, and the following equation is satisfied.

VRP}) = R; - VRP} + T; (12)
Thus, the expression of a measured point P} can be derived.
M . T
P?N:Ri [eL] e.Lz 81‘3} . }.2 7[A4 )5 1} '(51‘ +Ti (13)
! o ; e 75 1|
13

To calculate the model parameters Z(k =1, 2, ..., 5), a calibra-
tion plane with VRPs is adopted. VRPs on the calibration plane are

measured to calculate the calibration plane equation S" in the
WCS. Then, the constraints between the measured points P} and
the calibration plane equation S}" can be obtained.

s,.“’(P,.“’) =0 (14)
At this point, the following optimization problem is

constructed.

min‘ s}”(P,.VV)H 0 (15)

Finally, the optimal solution 7;(k =1, 2,..., 5) is obtained. By
substituting the optimal solution into Eq. (13), the measurement
model is established.

3
75
;M

[ 25 1]
s 1

\%
P =R [e:"l eiLz eiL3}' P
[l 44

0i| +T; (16)

4. Profile-driven 3D automated scanning strategy
In the process of aircraft assembly condition monitoring, the 3D

coordinate measurement model established above can be applied
in two cases: one is the case in which the proximity sensors are



B. Liang, W. Liu, K. Liu et al.

fixed at specific positions for 3D coordinate measurement, and the
other is the case in which the proximity sensors are hand-held for
profile scanning. However, in the second case, to improve the effi-
ciency and accuracy of scanning, additional proximity sensors can
be employed in single measurements to acquire more information
than that provided by a single sensor. Moreover, to obtain rapid,
stable, and automated measurements, a set of scanning strategies
needs to be designed. A scanning strategy consists of three parts:
the profile reconstruction method for a single measurement, the
profile updating method during scanning, and the profile-driven
automated scanning strategy.

4.1. Profile reconstruction method for a single measurement

In a single measurement, multiple proximity sensors can be
used to acquire information and improve the efficiency and accu-
racy of the scanning process.

As shown in Fig. 2, with the measured points P}y, P}, ..., P},
the measured profile S can be easily reconstructed as:

SM =fi(Pu, Py, ..., Py) (17)

where SfM is the reconstruction profile based on the ith single mea-
surement; P}}V is the jth measured point of the ith measurement in
the WCS; f; is the functional relationship between P}, Py ..., P}
and S,

For the convenience of specifying the scanning position for the
automated scanning process, the center and the vector of the single
measurement are then defined.

SM_‘l mPW
G —EZ i
j=

where ¢iM is the scanning center and m is the number of measure-
ment points in the single measurement.

(18)

o508 P ) "

where nfM| , is the scanning vector at point ¢f™ and g; is the func-
i e i

tional relationship between P}, Pj,..., P}’ and n,.SM|CiSM.

Thus, the profile SfM, the scanning center ¢;™, and the scanning
vector n{M| «u are calculated for updating in the (i + 1)th measure-

ment step.

4.2. Profile updating method based on multiple measurements

In the single measurement approach, the measured profile S,-SM
is reconstructed as described above. However, regardless of the

[ Py
____ S
, i s

The panel of
the tailplane

Proximity
sensors

LCS

Fig. 2. Profile reconstruction principle based on a single measurement. SfM: the
reconstruction profile based on the ith single measurement. P}}V: the jth measured
point of the ith measurement in the WCS; j: the number of the measurement points
in a single measurement.
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reconstruction range or reconstruction accuracy, the results of
the single measurement cannot meet certain requirements. Thus,
the reconstructed profile can be updated based on multiple
measurements.

As shown in Fig. 3, the measured profile S;¥ is reconstructed
based on the reconstruction method for a single measurement.
For the first measurement, the profile reconstructed with the pro-

file updating method, defined as S\, is the same as the profile S':

S _ F, (siM) =M (20)

where F; is the functional relationship between S¥ and s¥™.

In the second measurement, the measured profile S3* is recon-
structed based on the reconstruction method for a single measure-
ment, meanwhile, the profile is updated based on the first two

measurements and reconstructed as Sy™:

MM MM M
SM = Fo (s, 53") (21)
where F; is the functional relationship between $\™, SS¥, and SY™.

Thus, for the ith measurement, the profile can be reconstructed
as S"™ based on the multiple measurements from SV to S;M:

™ = Fi(siY.s™) (22)
where F; is the functional relationship between S, S, and SMV.

In profile updating, the scanning vector nM| ,of the profile
SY™ at the scanning center ¢™ is also updated:

™| o, = Gi(S™. V) (23)

where G; is the functional relationship between S?"M, M, and

nMM |c§M .

4.3. Profile-driven automated scanning strategy

To achieve automatic scanning, a planning strategy for the scan-
ning path is essential, and it should consider the trend of the scan
curve, definition of the curve break point and definition of the
scanning end point.

As shown in Fig. 4, a gyratory path is adopted to scan from out-
side to inside. According to Eq. (18), suppose that sy is the Kth
scanning center on the Jth side in the Ith scanning loop in the scan-
ning process.

First, the boundary measurement line is scanned manually. The
number of the boundary measuring lines is B, and the number of
scanning centers on each line is recorded as L,M,N,...,H. Thus,
the 3D coordinates of the scanning centers on the boundary mea-
suring lines (syk) are achieved.

The profile to be measured

o

2
|

¥ asm MM SM
s = gl S|

&

SM
SZ

= A SMm
>
P

The first measurement The second measurement

=
'

B~

/A
SM

SZ

The third measurement

sM
A MM, 7
— S, P

.

SM
SZ

The ith measurement

sM 3
1 Sw

Fig. 3. Profile reconstruction principle based on multiple measurements. S}™™: the
reconstruction profile based on multiple measurements from the $$" to S™.
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Start to scan

P N,
sinf 1BH,? Scannlng center |r;\li;|gsle ;neasurement bo[/::]berOf
> r o (S
5112 = Points: ,L/ aSu,./-n da/y
i ‘(4.: - . g//-
. SR s
- Z Y =0 oL i
Q. gy
2 D & TR
@,

- .-

oy 1 s> ,/lnner measurlng hr}e‘ '\5132
S . s L & i s
121 8y - - L ? Z131
Number of ¢ \ SRR,
poi . A . . S
nts: M ‘ g & {) Boundary measuring line "
1

Point-by-point scanning

Fig. 4. Automated scanning strategy. B: the number of boundary measuring lines; L,
M, N, H: the numbers of scanning centers on each boundary measuring line.

Then, the profile-driven automated scanning process starts
from s;11, which is predicted as §'511:

S'211 = S210 + (S112 — S111) (24)
(25)

Thus, the trend of the scan curve can be expressed as the
general form of Eq. (24).

S210 = S1BH

S’ = Syk-1) + (Su-1ycsn) — Sa-1yk) (26)
In addition, the scanning vector can be expressed as:
ny o = Gy (51]1< ) (27)
1K

where S,],( is the reconstructed profile based on multiple measure-
ments prior to syx. Through the real-time updating of the measured
profile, the scanning center and vector of the next measurement
point can be predicted, thus guaranteeing the validity of the mea-
surement point without scratching the surface or exceeding the
measurement range.

The break point between and the Jth side and the next side will
occur at the position of the (L — 2] + 2)th scanning center. A side
with fewer than three scanning centers will not be scanned in
the current loop or the next loop.

Finally, the scanning process ends when there are fewer than
three sides in one loop. The pseudocode is shown in Fig. 5.

5. Experiments

In this study, coordinate scanning experiments are performed
for a tailplane panel based on the proposed portable noncontact
scanning system. The scanning system is first established.

(1) The proximity sensors (KD2306-4SB, Kaman, USA) are
adopted to acquire the distances from the sensors to the tailplane
panel; the sensors have a high resolution of 0.4 pm, high response
of 50kHz, and compact volume of ¢22.2mm x 6.35mm. Three
sensors are employed for simultaneous measurement, thus ensur-
ing efficiency of the scanning process and the compactness of the
structure volume. Moreover, a KD2306-4SB adopts the eddy cur-
rent ranging principle, which is not affected by profile reflection.

(2) A scan head is designed to hold the proximity sensors, and it
can be installed on a robot or held manually. The VRPs are stuck to
the scan head; thus, the position relationship between the VRPs
and the sensors is constant. Moreover, low-reflectivity material
should be employed onto the scan head to ensure that the VRPs
obtain high-precision measurements.

(3) High-accuracy cameras (MPS/M20, Chenway, China) are
adopted to measure the 3D coordinates of the VRPs with an
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Algorithm Predict the next scanning center and scanning vector
Input B: number of boundary measuring lines
L, M, N, ..., H: number of scanning centers on each
boundary measuring line
Output S M,
1 Initialization: /=1, J= B, K = H, flag = B (number of the sides left)
2 While flag > 3, do
3 K+ =1
4 Switch J
Sk Case 1:
6: If K>L-2{s8,, =8y, /=2, K=1,L-=2}
7 If L<3{flag—=1}
8 Case 2:
9 If K>M-2{s; =s,,,,.J=3,K=1,M-=2}

10:

If M<3{flag—=1}

11: Case 3:
12: If K>N-2 {5, =Spe.J=4K=1N-=2}
13: If N<3{flag—=1}
14:
15: Case B:
16: If K>H—2{s1m:s1(Hil)(Kil),J: 1,K=1,H-=2}
17: If H<3{flag—=1}
18: End switch
19:

Suk = Sy & (s(1~l)J(K+1 )y s(l—l}/[()
20: ' = MM

nIJK|,v;JK7 ux (S
21:  End while

Fig. 5. Pseudocode for automated scanning.

accuracy of 8 um + 8 um-m~! and a high response of 20 Hz. Addi-
tionally, optical tool points (OTPs) are designed to establish the
WCS.

(4) An industrial robot (KR10 R1420, KUKA, Germany) is also
employed to hold and move the scan head and facilitate the auto-
mated scanning process. The robot moving speed along the six axes
exceeds 200 degrees per second, and the working radius can reach
1420 mm.

The overall layout of the system is shown in Fig. 6.

5.1. Establishment of the 3D coordinate measurement model

The scan head is first assembled with three proximity sensors
and three VRPs. To establish the 3D coordinate measurement
model, the structural relationships between the proximity sensors
and the VRPs should be obtained following calibration. Thus, a
calibration plane (processed with a flatness error of less than
3 um) is employed. The calibration process is shown in Fig. 7.

Fig. 6. Layout of the portable noncontact scanning system.
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—

Fig. 7. Establishment of the 3D model and the calibration of the model parameters.

The VRPs on the calibration plane are first measured by the
cameras to determine the plane function. Then, the scan head is
manually held to measure the calibration plane; moreover, the dis-
tances from the proximity sensors to the calibration plane and the
3D coordinates of the VRPs on the scan head can be acquired.
Through multiple measurements, the data sets of the structural
relationship between VRPs and the sensors will be obtained.
Finally, the model parameters /4 (k =1, 2,..., 5) in Eq. (13) can
be determined. The calibration results are shown in Table 1.

By substituting the values of e}, and 7. into Eq. (11), the 3D
coordinates of the measurement points in the LCS can be calcu-
lated. Then, according to the measured 3D coordinates of VRP}"
in the WCS and VRPiL in the LCS, the rotation matrix R; and the
transformation matrix T; can be obtained through Eq. (12). Thus,
the 3D coordinate measurement model can be finally established
in the WCS through Eq. (13).

5.2. Profile reconstruction for a tailplane panel

Modern methods of profile reconstruction are mainly based on
point-by-point measurements with a laser tracker and photogram-
metry with cameras. Laser trackers provide high accuracy, and
photogrammetry is highly efficient. Our goal is to propose a scan-
ning method and system that considers not only accuracy and effi-
ciency but also cost performance and automation.

The strategy of automated scanning is detailed in Section 3 and
Section 4, and the composition of the proposed system is shown in
Fig. 6. When the automated scanning process begins, as many
points as possible are scanned to increase the profile reconstruc-
tion accuracy. Notably, the scan head can measure three points
simultaneously within a 50 mm diameter, and the final scan spac-
ing is designed to be 100 mm in consideration of both the accuracy
and efficiency. The scanning results for a tailplane panel (approxi-
mately 1760 mm x 460 mm) are shown in Fig. 8.

5.3. Accuracy and practicality analysis

Comparison tests were conducted for the laser tracker and pho-
togrammetry methods. Corresponding to the production site, a tar-
get ball was combined with the laser tracker to perform manual
point-by-point measurements of the profile; moreover, measure-
ments points were added to the profile for photogrammetric

Table 1
Calibration results for the model parameters.
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Fig. 8. Profile reconstruction for a tailplane panel based on the proposed method
and automated scanning system.

measurements. Finally, OTPs were employed to transform the
measurement results for the laser tracker and photogrammetric
method into a format suitable for the WCS. The measurement sys-
tem and measurement results for a tailplane panel are shown in
Fig. 9.

Figs. 8 and 9 show that the scan spacing can be very small for
the laser tracker and the method proposed in this paper. However,
the scan spacing will be relatively bigger for the photogrammetric
method, because each measurement point for photogrammetric
method needs a more paste space; as a result, the reconstruction
accuracy will be slightly limited.

Then, accuracy tests based on the laser tracker are conducted.
The errors for the profile reconstructed with the method proposed
in this paper and the photogrammetric method are shown in
Fig. 10.

Comparison tests were conducted in terms of accuracy, effi-
ciency and automation level. Thus, the number of steps in the scan-
ning task, the quantity of measurements points, the duration of the
scanning process and the accuracy of the reconstructed profile
were recorded. Since the laser tracker was determined to be the
most accurate measurement instrument in a wide range of spaces,
it was regarded as the benchmark for accuracy in this paper. A
Leica AT960 with a precision of 15um + 6 um-m~! was used, and
in the measurement range of 4m, the accuracy reached 0.039
mm. A comparison of indexes is shown in Table 2.

Table 2 shows that the measurement based on the laser tracker
is the most time-consuming but provides the highest accuracy. The
laser tracker is the benchmark for accuracy, and as many measure-
ment points as possible are measured to obtain high accuracy for
the reconstructed surface. Notably, a total of 456 points are manu-
ally measured in approximately 985s, and the average measure-
ment time for each point is 2.16s. Compared with the
measurement based on the laser tracker, a total of 40 points are
measured in 341s (8.53s for each point) by photogrammetry,
and 349 points are scanned in 208s (0.60s for each point) with
the method proposed in the paper. In terms of accuracy, it is easier
to measure more points with the proposed method, which can
achieve a high accuracy by reconstructing the profile with abun-
dant measurement information; additionally, errors are within

Number of the sensors VRP} Control vectors ek, Model parameters of the sensors i, (k=1, 2,..., 5)
1 VRPL = [0, 0, 0] e, =1, 0,0 [2.648,31.885,16.979,0.138, 1.081]

2 VRPL = [184.711, 0, 0] e, — [0.7152, 0.6989, 0] [3.559,24.382,17.479,0.213, —1.421]

3 VRP{-'3 = [23.435, 22.902, 0] eI.L3 =[0, 0, 1] [2.648,31.885,16.979,0.137,1.081]
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Fig. 9. Profile reconstruction for a tailplane panel based on (a) a laser tracker and (b) photogrammetry.
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Fig. 10. Accuracy tests. (a) Errors for the profile reconstructed based on the proposed method and (b) errors for the profile reconstructed based on the photogrammetric
method.

Table 2
Accuracy and practicability comparison.
Index Task steps Quantity of Duration  Duration per  Accuracy Automation
measured points  (s) point (s)
Laser tracker Point-by-point measurement 456 ~ 985 2.16 Maximum: 0.039 mm in the range  No
of 4 m (as the benchmark)
Photogrammetry Add the measurement points; 40 ~ 341 8.53 Maximum: 0.552 mm No
photograph to measure all the points, Minimum: 0 mm
and remove the measurement points Mean: 0.184 mm
Method in this paper  Scanning the boundary measurement 349 ~ 208 0.60 Maximum: 0.378 mm Yes
line and automated scanning Minimum: 0.003 mm

Mean: 0.121 mm
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0.003-0.378 mm, and the mean error is 0.121 mm. Thus, in general,
the proposed method and system exhibit good performance based
on both efficiency and accuracy; therefore, this method is conve-
nient and can rapidly perform automated noncontact detection
for large-scale surfaces in the process of aircraft inspection.

6. Conclusions

This paper is motivated by the requirements of high accuracy,
high efficiency, automation, and low cost for large-scale profile
scanning. Although there are many profile scanning methods and
systems, they are mainly based on laser trackers, coordinate mea-
surement devices and photogrammetry and generally do not meet
the above requirements. Compared with the existing measurement
methods, the proposed automated hybrid scanning system and
method have a different inspection mode, which tremendously
increases the inspection efficiency by simultaneously considering
multipoint measurements and profile-driven automated scanning
results in real-time path planning. The automated noncontact pro-
file scanning system and method we proposed in the paper are
novel in that by combining the advantages of multiple devices, solv-
ing the hybrid 3D measurement model and determining the best
scanning route according to the curved surface, they provide con-
siderable advantages in improving accuracy and efficiency. Thus,
the method is particularly suitable for industrial parts that are large
and relatively smooth, such as aircraft or automobile panels, envel-
opes and blades. Finally, the proposed method is tested in an in situ
profile scanning process for a tailplane panel (1760 mm x 460 mm).
Benefitting from convenient operation and automation, the scan-
ning process can be completed in 208 s. Finally, an accuracy analysis
was conducted, and the errors of the automated 3D profile scanning
results were less than 0.378 mm, with an average of 0.121 mm;
therefore, the proposed method provides strong data support for
large aircraft inspection after assembly.
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