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Abstract: Major aircraft manufacturers are expecting the commercial aircraft market to overcome the
pre-COVID levels by 2025, which demands an increase in the production rate. However, aeronautical
product assembly processes are still mainly manually performed with a low level of automation.
Moreovert, the current industry digitalization trend offers the possibility to develop faster, smarter and
more flexible manufacturing processes, aiming at a higher production rate and product customization.
Here, the integration of metrology within the manufacturing processes offers the possibility to supply
reliable data to constantly adjust the assembly process parameters aiming at zero-defect, more digital
and a higher level of automation manufacturing processes. In this context, this article introduces
the virtual metrology as an assistant of the assembly process of the Advanced Rear-End fuselage
component. It describes how the assembly process CADmodel is used by simulation tools to design,
set up and perform the virtual commissioning of the new metrology-driven assembly methods,
moving from a dedicated tooling approach to a more flexible and reconfigurable metrology-aided
design. Preliminary results show that portable metrology solutions are fit-to-purpose even for hardly
accessible geometries and fulfil the current accuracy demands. Moreover, the simulation environment
ensures a user-friendly assembly process interaction providing further set-up time reduction.

Keywords: virtual assembly; metrology-driven assembly; virtual twin; measurement-assisted assembly;
assembly simulation

1. Introduction

The aeronautical product assembly process is complex by nature, mainly because it
involves a manual intensive operation and the use of a large number of assembly fixtures.
Traditionally, it is performed by employing dedicated or modular fixed tooling that ensures
the accurate location among the components and against any assembly forces. Nowadays,
the process is completely manual or slightly supported by automatic actuators and the
irruption of novel composite materials demands new approaches to avoid or at least reduce
manual intervention. The fragile nature of the composite materials and the modification
of the assembly workflow demand a more digital, flexible and higher level of automation
within the assembly processes, aiming at a zero-defect assembly strategy by improving the
assembly rate.

The increasing production plans defined by major aircraft manufacturers demand the
reduction in the aircraft lead time (from design to delivery) but the low level of automation
within the current assembly workflow is considered the main barrier toward a zero-defect
assembly strategy at high assembly rates. This is where the integration of metrology within
the assembly process plays a significant role. It makes it possible not only to drive the
in-process quality assurance of assembled products but to supply reliable data to constantly
adjust the assembly process towards a zero-defect assembly process [1].

However, due to the close relative tolerances in the large work volumes, the produc-
tion and quality production inspection of these components often encounters the limits of

Metrology 2022, 2, 427-445. https:/ /doi.org/10.3390/metrology2040026

https://www.mdpi.com/journal /metrology


https://doi.org/10.3390/metrology2040026
https://doi.org/10.3390/metrology2040026
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metrology
https://www.mdpi.com
https://orcid.org/0000-0001-9487-7425
https://orcid.org/0000-0002-4157-5666
https://doi.org/10.3390/metrology2040026
https://www.mdpi.com/journal/metrology
https://www.mdpi.com/article/10.3390/metrology2040026?type=check_update&version=2

Metrology 2022, 2

428

manufacturing and production metrology [2]. The tradeoff between increasing component
dimensions and constant or even decreasing tolerances as well as the necessity of making
measurements in uncontrolled environments demand new concepts and innovative mea-
surement technologies to be integrated into the manufacturing and assembly processes [2,3].
This is where the Large Scale Metrology (LSM) expertise comes in [2]. Some LSM attributes
are also suffered from within the aeronautical product assembly processes, such as the
challenging tolerances, the non-negligible effect of gravity, the non-ideal environment
affecting the measurement uncertainty or the small-batch production and the need for a
first-time-right production [2].

The use of metrology tools within the assembly process preparation stage also makes it
possible to design, optimize and check in advance the suitability of certain metrology-aided
assembly processes [4], similar to what the virtual commissioning concept suggests to
speed up the final commissioning of manufacturing tools and processes [5,6].

The integration of metrology within the aeronautical assembly process is not new. The
concept of Measurement-Assisted Assembly (MAA) suggests any method of assembly in
which measurements are used to guide the assembly processes [7]. It encompasses a range
of innovative measurement-assisted processes which enable rapid part-to-part assembly,
increased use of flexible automation, traceable quality assurance and control, reduced
structure weight and improved levels of precision across the dimensional scales [7]. The
state-of-the-art review of tooling for rigid part manufacturing and assembly [7,8] describes
the assembly methods and their limitations based on the use of fixed and rigid toolings, and
how external metrology solutions based on photogrammetry and laser technologies can be
used to solve the lack of flexibility of these assembly methods. Mei et al. present a review
of flexible and measurement-assisted assembly technologies in aircraft manufacturing, in
which they suggest a digital metrology system as the basis for accurate digital flexible
assembly [9]. Muelaner et al. suggest that MAA provides many of the advantages of
part-to-part assembly without requiring interchangeable parts [1]. Schmitt et al. introduce
an optical automated measuring solution that estimates and compensates for the real defor-
mation of aircraft shells before joining through smart tooling [10]. Zhehan et al. propose
an analytical uncertainty evaluation method for resolving the uncertainty assessment of
position and orientation in the aircraft components’ alignment [11]. Kihlman et al. explain
a reconfigurable tooling approach for airframe assembly based on the use of automatic
devices fed by measuring data [12]. Hu et al. present a flexible drilling jig system that is
adjustable for wing-fuselage connection and adaptable to different part sizes and forms [13].
In any case, although the automatic assembly and tooling flexible reconfiguration driven
by MAA approaches are mentioned, non-meaningful bibliographic references have been
found regarding the virtual metrology-aided assembly simulation concept (virtual com-
missioning of MAA) and its application within the aeronautical product assembly process
of hardly accessible parts. This is a main novelty and contribution to this research, as
previous studies deal with multiple instruments deployment or multi-station sequential
measurement strategy simulations supported by uncertainty assessment exercises, whilst
this application requires a single instrument location approach in a harsh line of sight
set-up with agile measurement procedures. The same approach has not been found in the
bibliography, as most of the applications deal with the assembly of external surfaces or
accessible airplane structures, whereas this paper presents the assembly of the internal
components of an aeronautical product. Hence, the motivation and therefore the novelties
of the research are addressing this case study regarding the metrology-aided simulation
and feasibility analysis of hardly accessible assembly scenarios. The research is focused
on the measurement process simulation concerning the visibility of control points from a
single instrument location and the accuracy assessment of moving parts inside the external
skin or the main shell of the aeronautical product. The simulation approach follows the ISO
15530-4 method driven by the Monte Carlo simulation strategy and a digital twin of the
measuring scenario and method. Therefore, this article presents a novel metrology-aided
assembly method driven by automatic actuators. This is defined as a collaborative assembly
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tooling approach which aims to guide the assembly operator during the process of moving
and positioning the parts in their design location instead of employing the traditional
manual operation. This approach not only improves the level of automation, but it is also
safer and more accurate as the large components to be assembled are always moved in a
similar manner. This aspect is not ensured when the manipulation is manually executed,
although the final position of every component within the assembly is established by the
traditional rigid fixtures.

This article presents the introduction of metrology within the traditional assembly
process of the Advanced Rear-End (ARE) fuselage component. The work presents how
metrology is brought into the assembly process to improve, optimize or even take corrective
measures before the assembly process ends when correction is more expensive or even
impossible. Thus, a digital twin of either the assembly process or the metrology solution
is developed to run an a priori Monte Carlo simulation to develop the novel assembly
process of composite high load frames in a highly integrated composite skin driven by
metrology [14,15].

The article describes the assembly process pipeline in detail to understand the cons
and the pros of the suggested novel assembly process and how the external metrology
framework collaborates with it to guarantee the quality request. The a priori simulation
makes it possible to check different aspects, such as the feasibility of the measurement
process, the robustness of the measuring procedure as well as the achievable accuracy
regarding part positioning requests.

2. Description of the Traditional Assembly Process and the Proposed Novel Concept

Traditionally, the manufacturing and assembly processes of aeronautical structural
parts involve stiff fixtures and auxiliary tooling, which ensures a precise part positioning
within the emerging structure. The assembly tooling which is used to control the form of
the assemblies is typically a heavy steel structure built on a concrete foundation, and it
includes the mechanical references (tooling holes) that are considered as fiducial points to
ensure that the final part geometry is fit-to-purpose. Thus, assembly tooling accounts for
approximately 10% of the total manufacturing cost of an airframe [7,16]. The traditional
assembly process starts first by locating the smaller parts (frames, ribs, beams, etc.) in
the assembly tooling and then this structure is covered with the skin (several pieces).
Exceptionally for this ARE product, as the skin is a single part, the traditional assembly
sequence is not feasible. Thus, the skin is fixed to the main fixture and the frames (load
and closing) and lateral beams are located and attached to it. Hence, the composite skin
attached to the main tooling frame becomes the reference part during the assembly. In any
case, this monolithic tooling is very expensive to be manufactured and it has long lead
times and reduced flexibility to accommodate any product variation and design changes.

The ARE fuselage component prototype suggests a slightly different assembly process
based on an external metrology framework and automatic stages. The assembly approach is
driven by a metrology-aided assembly process that feeds the automatic positioning stages
to locate the parts that are theoretically assumed to be fixed. The measurement instrument,
in this case a laser tracker, knows by a priori rough alignment where the fiducial points
(retroreflectors) attached to the fixed and moving parts of the tooling are located. Those
fiducial points are automatically measured by the laser tracker and the relative position
between the parts is estimated, creating a correction command for the moving stages. The
correction value is automatically sent to the actuators. Thus, those measurements and
the automatic displacements are iteratively performed until the theoretical location of the
moving parts is reached and ensured under a certain positioning threshold (0.1 mm in
XYZ). In summary, the employed design concept is close to a collaborative assembly tooling
as it is based on a smart mechatronic system that aids the operator through the assembly
process.

Aiming to reduce any technical risk related to the new assembly process, the real
prototype shall enable both the traditional method as well as the metrology-driven method.
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Not only does it avoid any risky manual intervention that may damage any involved part
during the assembly operation, but it also makes a comparison between the traditional and
the presented approaches possible.

Figure 1 depicts the different methods assessed in this preliminary design stage. It
shall be highlighted that the objective of the tooling set is to demonstrate that integrated
technologies and approaches are suitable to produce precise parts.

Traditional assembly tooling Collaborative assembly tooling Metrology-aided part assembly

- Tooling ensures part positioningand clamping

functionalities

- Product quality compliance ensured
- Non flexible tooling design concept

- Manual product assembly method part manipulation

concept

- Automatic part manipulation guided by - External Metrology framework ensures part
Metrology framework and mechatronic drives accurate positioning

- Redundant part positioning system (tooling, - Part position attachment can affect the
external frame, positioning transducer) -> Risk assembly process output

Qe - Automatic part manipulation guided by
- Collaborative & automatic tooling assistance for Metrology framework

- Flexible assembly approach for different

- Assembly process is not sensorized - Enable manual /automatic method comparison product configuration

and performance assessment - Metrology for assembly process monitoring

- Metrology for assembly process monitoring (before/after part attachment)
(before/after part attachment)

Figure 1. Preliminary tooling concepts and selected approach (highlighted in green in the center).

3. Methods

This chapter describes the general elements involved in the virtual assembly process
as well as the interaction among them. Initially, the components that comprise the assembly
and how these components are positioned and fixed in a common mechanical structure
(assembly tooling) is introduced and accompanied by technical drawings for a better
understanding. After that, the assembly sequence is briefly described, focusing on how the
main components are assembled. Finally, the virtual measuring strategy and the complete
simulation workflow are presented.

3.1. Description of the Product

The overall dimensions of the ARE prototype are approximately 3m x 22m x 1.2 m.
In all cases, except for the skin, the local reference system is defined by some specific
Tooling Holes (THs) realized as measuring points. The datum plane is defined by 3 points
(TH1, TH2 and TH3), the secondary axis is defined by TH1 and TH2, and the coordinate
system’s origin is defined by TH1. In the case of the composite skin, the reference system
shall be defined with the origin (TH1), the main axis (TH1 to TH2) and 6 additional TH
lugs (TH3/TH4/TH5/TH6/TH7 /THS) along the longitudinal edges that shall be used to
get the best-fit position (see Figure 2). The real demonstrator integrates the following main
parts where those TH points are physically considered:

-One (1) high-integrated composite skin, including the co-cured omega stringers and
co-cured contour frames. The composite skin is depicted in Figure 2.

-Three (3) high-load composite frames (FR70, FR72, FR74). These parts shall be
assembled according to the novel assembly method and shall be compared against the
traditional method. The composite frames (FRs) are shown in Figure 3.
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Figure 2. (a) Skin form and dimensions 2206 mm x 1230 mm x 3071 mm, (b) reference system
defined by Datums ABC and (c) integrated omega stringers and 2 integrated Frames; 75 and 76.

(@) (b)

Figure 3. (a) Load frames form and dimensions 2193 mm x 1005 mm x 82.5 mm, and (b) reference
system defined by datums ABC.

-One (1) closing additive frame. This part is manufactured by thermoplastic tooling
and it is depicted in Figure 4.

f
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(@) (b)

Figure 4. (a) The closing frame (assembled) form and dimensions 1823 x 803 x 77.95 mm, and (b)
the reference system defined by datums ABC.

TH1
DATUM A

-Two (1 + 1) “H” shape composite beams. They are shown in Figure 5.
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Figure 5. (a) H-beams form and dimensions 173 x 124.2 x 1.759 mm, and (b) reference system
defined by datums ABC.

3.2. Description of the Main Tooling

Aiming to realize a metrology-driven assembly process, a novel tooling set is envis-
aged. The development includes the complete tooling lifetime, from the design stage to
the prototype manufacturing and assembly stages. The tooling set is divided into several
functionalities and operations where 3 main toolings can be distinguished as explained in
Figure 6.

(@) Skin and product manipulation tooling: sling structure.

(b) Assembly tooling: composed of the main structure and supporting fixtures as well as
the automatic stages.

(c) Drilling tooling: drilling templates.

(b) (c)

Figure 6. Tooling set development. (a) Sling structure, (b) assembly tooling and (c) drilling templates.

Although all of the previously presented tooling set is needed to perform the assembly
process, the article focuses on the assembly tooling which plays the role of locating and
joining all the components that comprise the ARE fuselage component. It covers not only
the mechanical tooling (manipulation sling and drilling templates) but also the interaction,
management and control over the integrated control systems (drives, force/torque sensors,
displacement sensor, external measuring system, etc.) during the assembly process.

In the following lines, the main parts and functionalities of the assembly tooling are
described briefly.

-Main structure (highlighted in green): The skin is located and attached to the main
structure (see Figure 7 where sling structure is included). The nominal geometry shall be
ensured by the adjustment of fixing lugs (TH points) through chocks, studs and resins. This
is the main frame of the assembly tooling which must remain stable during the complete
assembly process to maintain the tooling stiffness.
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Figure 7. Tooling main structure (in green).

-Auxiliary/secondary tooling: The frames (load and closing) and the “H” shape
composite beams are located and fixed to the secondary tooling (see Figure 8). Similarly to
the main structure, the geometry of such fixtures (6 x) will be metrology-driven to meet the
nominal geometry within the ARE fuselage assembly.

Figure 8. Fixed tooling for load frame location and fixing.

-Mobile fixture: It aims to move and locate the load frames within the auxiliary tooling
(see Figure 9). This mobile fixture will be fed and commanded by the external metrology
framework as explained later in this paper.

Figure 9. Mobile supporting fixture for the automatic positioning of the load frames.

Following this, the integrated control systems included within the tooling assembly
are performed.
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-Process monitoring sensors (positioning, an anticollision system, force and torque
sensors): Force and torque sensors shall be integrated into the main tooling structure to
monitor the reaction loads on the TH1 and TH2 lugs. Moreover, the limit positioning
sensor switch shall be integrated into the mobile fixture while the motion origin shall
be adjusted during the tooling assembly set-up. Moreover, the assembly machine will
include a non-desired object detection system to avoid the collision of the mobile parts and
components through the assembly process.

-Positioning drives and transmission systems (linear and turning stages): Three linear
stages (XYZ) and a turning stage (Rx) are suggested to ensure the automatic tooling
assembly process of every component, except for the closing frame and the “H” shape
beams that are mounted manually (see Figure 10). The linear stages shall move the mobile
fixtures to locate the load frames in their nominal position while being commanded by
a metrology-driven approach. A laser tracker instrument is employed to bring every
component to its nominal position. In addition to the laser tracker instrument, the end
limit travel range of the largest axis (X longitudinal axis) for each frame position shall be
controlled by a Linear Variable Differential Transformer (LVDT) system to guarantee that
moving frames do not collide with the fixed supports while reaching their nominal position.
Concerning the turning stage (Rx), it will enable the turning of the ARE fuselage to allow
performing the operations that require it (mainly drilling and riveting tasks). Thus, an
extra angular encoder is introduced within the turning stage to ensure an accurate angular
origin (0° position) realization.

B

11

151

Figure 10. Tooling moving directions, stages and the control cabinet.

Considering the collaborative approach for the tooling, ergonomics shall also be
considered within the design of the novel tooling. In this way, the maximum and minimum
heights, the tooling accessibility (inner and outer side) and the tooling operation modes
shall be considered to aid the operators during the assembly process. The main dimensions
and layout of the tooling cell are depicted in Figure 11.
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Figure 11. Design of the assembly tooling including the safety measures (fence, a technical floor, etc.).

3.3. Description of the Assembly Sequence

This chapter describes the main steps of the ARE fuselage assembly process. The

presented sequence is a basic simplification of the real process, which is much more complex,
aiming to highlight the virtual assembly simulation process within the overall assembly
process. The temporary fixing of elements is performed by Cleco fasteners whilst the more
critical joining points are ensured by accurately manufactured pins. The ARE fuselage
assembly process is described in the following points:

1

Skin component positioning in the assembly tooling: This is the operation during
which the skin component is manually positioned on the main structure of the assem-
bly tooling aided by a crane. Figure 12 represents the assembly operation where the
sling releases the skin component on the main structure by locating it through the
reference TH points. The fixing operation is performed by the fixing pins.

The “H” shape composite beams positioning: This is a manual operation during
which the “H” beams are positioned on the main structure through the TH1, TH2
and TH3 supports. The temporary fixing is realized by Cleco fasteners and several
coordination holes (CHs) are transferred into the skin where more Cleco fasteners are
employed for a correct fixing operation. Figure 13 depicts the “H” composite beams
positioning operation on the skin component.

Load frame components positioning: This operation realizes the automatic positioning
of each load frame (LF) into their supporting auxiliary tooling attached to the main
structure. The mobile carriage sequentially brings every LF to their position wherein
they are fixed to a supporting fixture. Initially, frame 74 (FR74) shall be positioned and
fixed, then frame FR72 and finally frame FR70. The moving stage shall be metrology-
driven by an externally placed laser tracker instrument while the LVDT sensors realize
the end-of-limit positioning for each frame. Figure 14 shows the mobile carriage and
the assembly of a frame.

The previously mentioned supporting fixture (in green in Figure 15b), which is also

manually and sequentially mounted onto the skin, plays an important role within the main
tooling, enabling the coupling between the LFs and the skin. Figure 15 represents how the
FRs are mounted in flight direction as well as how they are positioned and fixed through
three TH points and Cleco fasteners.

4

Positioning and drilling of the closing frame sub-assembly: This operation realizes the
manual assembly and final location of the closing frame assembly. The closing frame
is composed of several parts, the so-called central and lateral left-right components
(LH-RH) that are joined into the main structure by the integrated fixed supports.
These components are located by TH points and fixed by Cleco fasteners. Once
the components are mounted, the coordination holes are transferred into the skin
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component and additional Cleco fasteners are used for a robust fixing. Figure 16
shows the assembly and fixing of the closing frame.

Figure 13. “H” shape beams positioning through corresponding THs.

FR74

Figure 14. The mobile carriage aids the load frame assembly within the main tooling.
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Figure 16. Assembly and fixing of the closing frame through corresponding TH points and Cleco
fasteners.

3.4. Description of the Simulation Workflow

In the following lines, the virtual measuring approach and the simulation environment
are introduced.

3.4.1. Introduction of the Measuring and Simulation Concepts

The metrology-driven approach that guides the assembly operator during the assembly
process consists of an external metrology frame and a specific measurement procedure.
The proposed technology is a portable coordinate measuring machine (PMMC), the so-
called laser tracker (LT) instrument. The 3D accuracy of LT instruments is defined by U
(k=2) =15 um + 6 um/m [17] according to ISO 10360-10:2016 Standard [17]. This PMMC
measures the 3D coordinates of a retroreflector located on the measurand (component or
structure). Combining the measurements of at least 3 points (usually, more than 3 points
are recommended), the spatial orientation and position of a body (6 degrees of freedom
(dof)) shall be established regarding a specific reference (measuring system, other part or
even the world coordinate system). Thus, this measurement information shall be used to
assist the assembly tasks and guidance purposes wherein an accurate part positioning and
assembly is required.

For the ARE fuselage assembly process, several components such as the composite skin
and the load frames demand an accurate assembly process on the plane reference system
(global coordinate system). To do that, several nominal coordinates shall be defined from
the very beginning within an initial manual referencing process, allowing those nominal
points to be used as target points during the assembly process. Thus, the spatial deviation
of each target point shall be monitored, guiding the operator during the manipulation of
the ARE fuselage components to ensure the final assembly. In this way, the results of the
measurement of three or more reflectors shall indicate the 6 dof of the component under
the measurements concerning the active reference system aiming the assembly of the skin
with the frames. The result of those measurements is converted into commands for the
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automatic stages that shall bring every component to the final position within the assembly.
Thus, a closed-loop assembly process shall be conducted.

Aiming to predict the most suitable measuring approach (fast, simple and accurate
enough) within the ARE assembly process scenario, an a priori metrology simulation is
suggested. To do that, a digital twin of either the assembly process (components, tooling)
or the measurement system is developed within a simulation framework, so the com-
plete measurement sequence is materialized in simulation mode. In this case, the Spatial
Analyzer (SA©) inspection software provides several powerful simulation tools such as
running instruments in simulation mode, planning the placement of measurement instru-
ments or checking the visibility of target points within a digital measurement scenario so
that a fit-for-purpose measurement procedure is designed, reducing to a high extent the
metrology-driven set-up process.

3.4.2. Design of the Measurement Set-Up

One of the most critical aspects of the metrology-driven solution designing process
is to define an appropriate location of the measurement instrument and the target points
aiming to (a) avoid occlusions and (b) obtain accurate measurements. The relative position
among them describes the measuring scenario set-up and consequently determines the
measuring procedure’s performance and scope (see Section 3.4.3).

Aiming to design a virtual measurement scenario, establish a suitable measuring plan
and define a specific measurement configuration, an iterative process is established as
explained here:

1. A new simulation session is opened within SA© software.

2. A computer-aided design (CAD) of the ARE assembly is imported. The CAD model
includes either the components” geometry or tooling geometry.

3.  The measuring instrument model is connected in simulation mode. It includes a
virtual error model of the previously mentioned LT instrument’s 3D accuracy.

Figure 17 represents the simulation environment including the ARE product, the
tooling and the LT instrument.

Figure 17. Simulation environment where the CAD of the assembly tooling and the measuring
devices.

4. According to the metrology technician’s experience, an initial spatial location of the
LT measuring device is defined (initial guess).

5. The number of target points and their distribution are identified aided by the main
tooling CAD. Aiming to obtain a measurement uncertainty that is as low as possible,
target points are volumetrically distributed along the XYZ dimensions of the jig
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structure. At this point, the target points are defined for both the main tooling (fixed
points) and the moving stage that brings and locates the load frames.

According to the measurement scenario defined within the simulation environment,
an initial measurement of the target points is realized manually with the LT instrument.
Thus, virtual XYZ coordinate measurements are fabricated within the simulation
environment. This initial measurement allows for the updating of the initial LT
instrument measurement uncertainty error model defined by the LT manufacturer.
The LT error model includes both the systematic and the random error components.
At this moment, the line-of-sight from the LT location to the target points shall be
verified to determine if every target point is reachable from the LT location. Figure 18
presents the line-of-sight simulation process wherein the target points to be measured
are highlighted in red.

Figure 18. Verification of the target points from the simulated LT location (target points in red).

8.

10.

11.

Once the LT error model is updated according to those initial measurements realized
in step 6, an a priori Monte Carlo simulation shall be performed to predict the mea-
surement uncertainty within the real assembly scenario. The Monte Carlo simulation
is conducted according to the JCGM 101:2008 technical recommendation [18], which
suggests materializing an iterative simulation process of the previously measured
points by introducing a statistical error to the LT error model [19]. Hence, it allows an
understanding of the influence of error on the defined virtual measurement scenario.
Simulation results are obtained and summarized aiming to (a) characterize the mea-
surement uncertainty, and (b) the target point visibility. If results are under compliance
(uncertainty values below 0.15 mm), the same LT configuration is considered for the
rest of the load frames, which means repeating steps 2-9 for every load frame. If
results are not as good as expected, the LT location is changed and all the previous
simulation steps are repeated until a suitable LT position is found.

Once the LT location and target points distribution is validated, the target point infor-
mation (position and orientation) allows the integration of the physical retroreflector
nests into the main structure and moving fixtures.

During the tooling commissioning stage, the real position and orientation of every
target point shall be measured and recorded as a nominal value for the automating of
the data acquisition process of the following measuring tasks.

3.4.3. Simulation of the Metrology-Driven Measuring Procedure

Once the a priori simulation is realized and the LT and target points position are

validated, a similar simulation process shall be executed to estimate the real-time position
and orientation of the mobile load frames within the ARE assembly process. This specific
simulation enables estimating the measurement uncertainty for each of the mobile carriage
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poses (position and orientation) which allows evaluating the fit-for-purpose quality of the
metrology-driven solution.

As previously explained, the JCGM 101:2008 guide (evaluation of measurement data—
Supplement 1 to the “Guide to the expression of uncertainty in measurement”—propagation of
distributions using a Monte Carlo method) describes practical guidance on the application
of Monte Carlo simulation for the estimation of uncertainty in measurement [18]. For the
present work, this guide is employed to determine the measurement uncertainty within
the simulation environment. Here, the specific approach for the measurement uncertainty
estimation is to conduct a rigid body transformation between the simulated points (real) and
the nominal reference points according to the Monte Carlo method. In total, 1.000 iterations
are performed for a suitable propagation of the error distribution model, so the standard
deviation of the rigid body transformation parameters is obtained and included within
the expanded measurement uncertainty result. Figure 19 shows the pose measurement
uncertainty estimation process.
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Figure 19. Simulation according to the Monte Carlo method within SA©® simulation environment.

4. Results

The measurement uncertainty results simulated in Chapter 4 are presented here.
Initially, the obtained results according to the location and orientation of either the LT
instrument or the target points to the ARE assembly layout and the considered coordinate
system are shown. Then, the results for the “real-time” assembly process of the load frames
components are described. In particular, the results for the FR74 component are shown,
due to the fact that it is the most critical component during the simulation as it is placed in
every position of the insertion trajectory, including the fixed locations of FR70 and FR72.

4.1. Simulation Results on the Measuring Set-Up Definition Process

As an overall accuracy request, the geometric accuracy of the main tooling must
remain below 0.15 mm for the different FR positions, and therefore the metrology-driven
solution shall ensure an accuracy 3 to 10 times better (20-65 pm) to meet manufacturing
tolerances according to ISO 14253-1 Guide to the “decision rules for proving conformity or
nonconformity with specifications” [20]. To meet those accuracy requirements, the simulation
tool makes it possible to run an iterative process that looks for the best configuration for
the LT and targets points.

After conducting multiple simulations, it is concluded that the most suitable LT
location is as depicted in Figure 20. The obtained layout enables measuring multiple target
points located in the tooling such as the fixed points (FPs), the mobile points (MPs) and the
parking points (PPs). It shall be highlighted that a coincident location of the LT with the
turning axis has been considered during the simulation, but the obtained results show that
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the visibility of several target points is considerably reduced. Concerning the location of the
batch of target points, 20 points are volumetrically distributed as a result of the simulation.
A total of 17 out of 20 points are attached to the main structure and the remaining 3 points
are fixed to the mobile carriage. Figure 20 shows the target point distribution.

(a) (b)

Figure 20. Updated location of target points (in red) on the main structure (fixed points), the mobile
support (mobile points) and mobile points in parking position (parking points). (a) Measuring set-up
and point identification for load frame in assembly position and (b) Measuring set-up and point
identification for load frame in parking position.

Regarding the measurement visibility of those target points, Figure 21 shows the result
for the performed line of sight analysis. Here, the most critical assembly process step is
shown, wherein FR74 and FR72 are already located, which makes it more difficult to ensure
the visibility of MPs for the FR70 position. However, no limitations are foreseen as depicted
in Figure 21.

Figure 21. Results of the line-of-sight analysis for the FR70 position. All control points are measurable.

The achieved expanded measurement uncertainty (U) for the target points is about
50 um (k = 2) (see Figure 22). Thus, the accuracy request for the tooling metrology-driven
solution is met within the simulation environment.
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(a)

AcMAIN FRAME REFERENCE POINTS
Paint Name X Y z Ux Uy Uz Mag
(mm) (mm) (mm) (mmj} (mm) (mm) (mm)
FP-0  3740.0044  -1149.9994 -1344.9996 0.0150 0.0141 0.014% 0.0255
FP-1  3680.0047 1400082 -1414.999%  0.012% 00104 0.0111  0.0199
FP-2  3740.0016 699.9986 -30.0008 0.0144 00098 0.014% 0.0229
FP-3 37399993 -700.0021 -30.0018  0.0155 0.0143 0.0156 0.0262
FP-4  3740.0012 -0.0006 -30.0017  0.0140 0.0120 0.0153 0.0240
FP-5  3740.0042 £99.9999 13450012 00133 00103 0013 00202
FP-6  3740.003 -750.0026 -430.0012 0.0142 0.0142 0.0152 0.0252
FP-7  3739.9974 750.0004 -429.9947  0.0133 0.0098 0.0135 0.0213
FP-8  3680.0041 -1079.9980 -805.0001  0.0141 0.0153 0.0156 0.0260
FP-9 4750018 -499.9948 -655.0099  0.0244 0.0268 0.0302 0.0484
FP-10  475.0117 499.9997 -654.9874  0.0246 0.0306 0.0313 0.0502
FP-11 475009 -0.0086 -854.9988  0.0237 0.0307 0.0302 0.0491
FP-12 365.0071 -900.0021  -1404.9996 0.0240 00272 00294 0.0467
FP-13  475.0154 -399.9998  -1365.9958 0.0253 0.0313 0.0309 0.0507
FP-14  -475.0039 400.0002 -1365.9%44 00226 00299 00307 00484
FP-15  -534.99%2 -1149.9933 -1414.99%2 00255 00313 00321 00516
FP-16  -534.9962  1348.9989 -1415.0097 0.0238 0.0312 0.0310 0.0500
FP-17 365.0104 699.9983  -1405.0072  0.0215 0.0254 0.0254 0.0419

(b)

Figure 22. Simulation and design of the measuring approach. (a) Digital twin of the measuring and
assembly scenario, and (b) Uncertainty estimation of fixed points located on the tooling set for the
FR74 assembly position.

4.2. Simulation Results on the Metrology-Driven Assembly Process

A similar simulation framework is established to develop and evaluate the metrology-
driven assembly process for the frame composite components. As explained before, the
FR74 is the most critical component within the assembly process since it is placed in every
position of the insertion trajectory, including the fixed locations of FR70 and FR72. The
obtained simulation results are explained through several tables.

Table 1 represents the nominal FR poses (position and orientation) and values. Table 2
depicts the obtained simulation results for those FR poses and their measurement uncer-
tainty data. The data consider several FR74 positions during the insertion process through
the skin component. Some of these positions coincide with the fixed locations of the FR72
and FR70 components, and therefore these positions are considered points of interest within
this evaluation. The measurement uncertainty values are estimated for a level of confidence
interval of 95% (k = 2).

Table 1. Theoretical poses regarding the fixed location of FR components.

Position (mm) Orientation (°)

b Tx Ty Tz Rx Ry Rz
FR74 1856 0 —13174 0 0 0
FR72 1056 0 —13174 0 0 0
FR70 190 0 —13174 0 0 0

Table 2. Simulated pose values and their measurement uncertainty values regarding the FR poses
within the assembly process.

Position (mm)

Orientation (°) Position Uncertainty (mm) Orientation Uncertainty (°)

ID Tx Ty Tz Rx Ry Rz Uty Uty Ur, URgx Ugy Ugr,
FR74 1855.993 —0.015 —1317.423 0.000 0.000 0.000 0.083 0.061 0.138 0.002 0.005 0.002
FR72 1056.005 —0.013 —1317.382 0.000 —0.001 0.000 0.093 0.058 0.098 0.003 0.005 0.002
FR70 190.017 0.000 —1317.403 0.000 —0.001 0.000 0.105 0.055 0.035 0.003 0.006 0.002

Finally, Table 3 shows the deviations between the nominal and simulated FR poses,
assessing the systematic error contribution of the metrology-driven assembly process.
The results show that the simulation results are below the accuracy request (0.15 mm
for position), and therefore it is demonstrated that the measuring set-up, as well as the
developed metrology-driven solution, are suitable for their practical implementation.
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Table 3. Systematic error assessment of pose values for FR components regarding their assembly

location.
Position Deviation (mm) Orientation Deviation (°)

b ATx ATy ATz ARx ARy ARz
FR74 0.007 0.015 0.023 0.000 —0.001 0.000
FR72 —0.005 0.013 -0.017 0.000 0.001 0.000
FR70 —0.017 0.000 0.004 0.000 0.001 0.000

The results shown in Table 3 demonstrate that the measuring approach meets the assem-
bly demands in terms of accuracy for the different fixing locations of the FR components. The
systematic deviations are below 0.017 mm for the translation values and below 0.001° for the
orientations, while the measuring uncertainty values traduced to rigid transformation values
are on average 0.1 mm (for Ury, Ury, Ur,) and 0.0035° (for Ugx, Uy, Ur,).

5. Conclusions and Future Work

This article introduces the MAA approach within the traditional assembly process
of the ARE fuselage component. It shows a practical implementation of a metrology-
driven solution for the assembly of an aeronautical assembly, making the process more
accurate, faster, repetitive, automatic and collaborative in terms of aided-load handling.
The article suggests a simulation environment that enables predicting the performance
of a certain measuring set-up within the ARE assembly scenario. The digital twin of
the complete measurement scenario, including the tooling, the aeronautical components
and the metrology-driven solution, makes it possible to conduct an a priori metrology
simulation. Thus, the most appropriate measuring approach is predicted in advance,
considering aspects such as the most appropriate location of the LT instrument, the visibility
of the target points and the achievable measurement uncertainty for the XYZ coordinates of
target points as well as the position (XYZ) and orientation (RxRyRz) of the FR components
to be assembled. The obtained measurement uncertainty values are compared with the
ARE assembly specification and the results are under specification. This way, the metrology-
driven solution is validated to be fit-for-purpose.

The future work that is currently being executed is the physical realization of the ARE
prototype. In addition to all the advantages obtained from the simulation work, mainly
focused on the prediction of the most appropriate metrology-driven solution, it shall be
highlighted that the measurement workflow within the physical ARE prototype shall be
realized with the measurement procedure developed within the simulation environment. In
this manner, the same simulation solution can be used and updated for the real performance
scenario, which means that a comparison shall be run between the a priori and posterior
information. However, few differences are expected within the real implementation. One
of the aspects that may directly affect the performance of the real implementation of
this metrology-driven solution shall be the accurate characterization of the fixed reflectors
located in the main structure and the mobile support. This measurement shall be performed
once the main tooling components are assembled into the ARE fuselage. The realization
of the target points shall be performed with the Reflectors for Fixed Installation (RFI)
type of fixed reflectors and the so-called TBR type reflectors for the mobile components.
Whilst the fixed reflectors are always seen from the same perspective, the mobile reflectors
change their viewing angle, which requires specific retroreflectors that assume such angle
variability. A second possible aspect is the potential deviation of the real scenario from the
simulated one, which implies a potential deviation within the retroreflector line-of-sight
analysis.

Concerning future work, TEKNIKER will keep studying how to implement the real-
time uncertainty assessment tool through the improvement of the simulation framework.
At the moment, an offline measurement uncertainty assessment is estimated, although the
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tracking of the load frame insertion operation is enabled in real-time by the LT instrument.
Further optimization aims to also include this uncertainty evaluation capability in real-time,
which implies to adapt the Monte Carlo-based iterative approach driven by more efficient
computing approaches.
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