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Abstract: The aerospace industry faces constantly increasing demands on performance and reliability,
especially within the vital area of engine development. New technologies are needed in order
to push the limits of high precision manufacturing processes for the next generation of aircraft
engines. An increased use of in-line data collection in manufacturing is creating an opportunity to
individualize each assembly operation rather than treating them identically. Welding is common
in this context, and the interaction between welding distortion and variation in part geometries is
difficult to predict and manage in products with tight tolerances. This paper proposes an approach
based on the Digital Twin paradigm, aiming to increase geometrical quality by combining the novel
SCV (Steady-state Convex hull Volumetric shrinkage) method for non-nominal welding simulation
with geometrical data collected from 3D scanning of parts. A case study is presented where two
parts are scanned and then welded together into an assembly. The scan data is used as input for
a non-nominal welding simulation, and the result of the simulation is compared directly to scan
data from the real welded assembly. Three different welding simulation methods are used and
assessed based on simulation speed and ability to predict the real welding result. The segmented
SCV method for welding simulation shows promising potential for this implementation, delivering
good prediction accuracy and high simulation speed.

Keywords: digital twin; non-nominal welding simulation; geometry assurance; 3D scanning

1. Introduction

Modelling and simulation continues to play an increasingly larger role within high
precision manufacturing. The possibility of using a virtual environment to validate a design
or a manufacturing process in advance is becoming more and more important within many
industries. Potential problems can be foreseen and mitigated, and changes can be made to
the process in order to achieve more precision and reliability in the final product.

The aerospace industry is rapidly increasing its focus on these technologies. Re-
quirements on quality and reliability are extremely high, and the designs are becoming
increasingly complex in order to meet rising demands on low weight and fuel burn. New
manufacturing methods will be necessary in order to push the limits of high precision
manufacturing processes and get ready for the next generation of aircraft engines.

Geometry assurance is a widely used methodology aimed at managing the effects
of tolerances and variation on a manufacturing process [1]. This is done through various
computational tools which are used to predict the outcome of a process under different
conditions. A statistical approach is often applied in order to analyze the production
process. Depending on how the fixture is designed and what the tolerances are, the process
will be sensitive to certain types of variation and robust towards others. Virtual tools have
been proposed for simulating variation in assemblies [2]. The goal is to design the process

Aerospace 2022, 9, 512. https://doi.org/10.3390/aerospace9090512 https://www.mdpi.com/journal/aerospace

https://doi.org/10.3390/aerospace9090512
https://doi.org/10.3390/aerospace9090512
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/aerospace
https://www.mdpi.com
https://orcid.org/0000-0003-1556-3319
https://doi.org/10.3390/aerospace9090512
https://www.mdpi.com/journal/aerospace
https://www.mdpi.com/article/10.3390/aerospace9090512?type=check_update&version=3


Aerospace 2022, 9, 512 2 of 15

in a way which is as robust as possible with regards to the expected geometrical variation
of the parts and tools involved in production.

Within the aerospace industry, there is a growing effort to produce parts through
fabrication [3]. In this context, fabrication refers to production processes where several
smaller parts are joined together through welding to create the final product. This has
several advantages over the traditional method of starting with a single large casting or
forging and then removing excess material, but it also introduces more variation to the
process. In a fabricated assembly, the geometrical variation of every single part must be
taken into account. In order to ensure a sufficiently good fit in the interfaces between the
parts, many different factors have to be considered in order to calibrate the process.

This calibration procedure usually involves heavy use of the geometry assurance
toolbox. However, as the requirements continue to increase, the challenge of keeping a
fabrication process within tolerance becomes more difficult. At some point, it is no longer
feasible to approach each individual assembly of parts with identical settings and process
parameters. Small differences at the part level makes every assembly unique and in order
to reliably achieve a good outcome, each assembly will require small adjustments. This is
commonly referred to as mass customization, meaning that each product is approached
individually rather than interchangeably.

When it comes to fabrication, selective assembly has been proposed as a way of
individualizing the process by finding the optimal way of combining available parts [4].
However, this approach is more efficient for high volume processes with a large amount
of available parts. For the aerospace industry, production volumes are usually low. This
requires an approach focusing on adaptive production. Geometry assurance activities must
be applied to each assembly individually. This type of approach has been suggested in [5,6],
proposing a digital twin for advanced production processes in the aerospace industry.

The vision of a digital twin was first proposed by NASA for aeronautical appli-
cations [7], where a virtual system would mirror its physical counterpart by applying
measurement data to a simulated model. This enables the digital twin to accurately predict
the failure of a simulated aircraft component based on the loads that it has been subjected
to, rather than relying on failure predictions based on generic or worst-case use scenarios.
The digital twin concept presents an opportunity to improve upon an early prediction
of a system property by essentially replacing statistical predictions with real data as it
becomes available during use. This concept can be extended far beyond the use case of
aircraft component lifecycle management. Digital twins have been suggested for a broad
range of mechanical systems [8], and the possibility of creating virtual models and setting
up digital twins is becoming increasingly important within production engineering [9].
A digital twin can be categorized in different ways [10], but it always relies on some sort of
measurement data from the system being mirrored [11]. Virtual tools can then be applied
in order to improve the process [12]. Welding within advanced manufacturing poses a
difficult challenge when it comes to variation, and has been suggested as a suitable area of
application for a digital twin [13].

Scope of Paper

This paper proposes a digital twin approach consisting of an analysis loop that involves
data collection, virtual assembly, non-nominal welding simulation, and variation analysis.
The method is focused on increased geometrical quality in fabrication of aerospace engine
components. A case study is conducted where a sheet metal part and a machined part are
joined through welding. A digital twin based on non-nominal welding simulation is used
to predict the outcome of the welding process, and the performance of the digital twin is
evaluated by comparing it to the real welding outcome. Three different welding simulation
methods are applied, including a conventional transient simulation and a novel simulation
approach called SCV (Steady-state Convex hull Volumetric shrinkage). The results are
analyzed in order to make conclusions on the feasibility of the presented approach in an
industrial context.
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2. Welding Simulation

Welding is used in many types of manufacturing processes for joining parts into larger
assemblies. As previously mentioned, welding is an important part of fabrication processes.
During welding of an assembly, a heat source moves along the interface between two parts.
This causes the metal to melt close to the weld seam, joining the two parts at the interface as
the metal cools and solidifies. Welding causes a large temporary heat concentration in the
material, with high temperature gradients close to the heat source. This leads to internal
stresses in the material and distortion of the geometry of the assembly. When welding is
used on an assembly with high requirements and tight tolerances, these effects must be
taken into account during manufacturing. This is done by setting up a simulation of the
welding process to predict how it will affect the assembly.

The goal of a welding simulation is to calculate the distortion and residual stresses that
remain after the welding procedure, in order to avoid problems with quality and tolerances.
Welding affects the heat distribution, the structural mechanics, and the micro structure
of the material. In this case, the focus is mainly on the deformation of the part and it has
been shown that changes to the micro structure can then be ignored [14]. The changes to
the structural mechanics are driven by the transient temperature field, which needs to be
modelled in the simulation. The temperature in each time step is calculated separately,
followed by a structural analysis to calculate how the material deforms in response to the
temperature changes.

In order to model the heat flux from the weld gun, a double ellipsoid is commonly
used [15]. It consists of two ellipsoids, placed in front and behind of the heat source. The
double ellipsoid has been designed in order to give an accurate structural response, and
can be fitted according to experimental outcomes. In a full transient welding simulation,
the heat distribution in the material is first calculated at each time step by modelling the
heat source. This is followed by a simulation that calculates the mechanical response at
each time step based on the heat distribution. The result is a prediction of the deformation
and stresses that will result from the welding procedure. This can be useful in early
product development phases, where different design concepts can be evaluated based on
the predicted weld quality.

3. Non-Nominal Welding Simulation for Advanced Manufacturing

Welding simulation with nominal geometries is a well-proven and established method.
Within advanced manufacturing, it is normally used during the design phase to predict
how the added heat is going to affect the assembly. In this phase before manufacturing
has started, there are no significant time constraints. The simulations are performed with
high mesh resolution and small time step increments to achieve the best possible accuracy,
meaning that simulations can take several days to complete. A single nominal mesh is used
in the simulation.

The simulations performed during the design phase assume that all parts in the
welded assembly are completely nominal and free from geometrical variation. In reality, all
parts have some amount of geometrical variation when they enter the assembly process.
This can cause a mismatch between the weld interfaces, which may affect the properties
of the weld seam [4]. If the mismatch is too large, the parts may require clamping to be
applied in the weld fixture, which causes stresses in the material.

It has been shown that the deformation caused by welding is coupled to the geomet-
rical variation in the parts [16]. Small changes to the geometry of the parts will affect the
final result of the welding procedure [17,18]. In [16], all non-nominal welding simulations
are fully transient. In a context were many different part geometries and assemblies need
to be simulated within a limited amount of time, transient simulations are prohibitively
slow since they are not designed to work within time constraints. Welding simulation
with geometrical variation requires multiple meshes to be analyzed, one for each physical
part. Faster welding simulation methods are required in order to enable non-nominal
welding simulation.
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Several different approaches have been suggested for faster welding simulation. Inher-
ent Strain uses elasto-plastic analysis on a segment of the weld to obtain the equivalent elas-
tic strain, which can then be applied along the entire weld [19]. Another type of approach
suggests a simplified analytical model to predict the distortion caused by welding [20].
It has also been proposed that the distortion can be predicted by relating it directly to
the contraction of the melted material as it cools and solidifies. This is called Volumetric
Shrinkage and has been shown to yield good experimental results [21,22].

Due to its compatibility with geometric variation in the weld interface, volumetric
shrinkage has been implemented in the SCV method, a welding simulation method aimed
specifically at fast simulation including geometrical variation in parts [23]. The method
consists of three main steps: a steady state computation of the thermal distribution in
the part, computation of a 2D melted zone, and finally, application of thermal loads on
a 3D model (see Figure 1). This is much faster than a full transient simulation since the
mechanical response does not have to be calculated at each time step. The robustness of the
SCV method has been investigated in [24], and the possibility of dividing the weld seam
into multiple segments with different melt zones was shown in [25]. By segmenting the
weld seam and using separate melt zones for each segment, it is possible to adapt the SCV
method to weld seams with increased complexity such as curvatures. It has been shown
that the SCV method works well in combination with geometrical variation, making it
suitable for simulating welds on non-nominal assemblies. However, previous tests with
the SCV method has only compared it to traditional high resolution welding simulations
rather than experimental welding results, and the geometrical variation has been generated
statistically rather than measured from physical parts.
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Figure 1. The SCV method uses three main steps to define a melt zone based on the
temperature distribution.

The use of 3D scanning for in-line measurements is on its way to becoming common
practice within advanced manufacturing, marking an important shift as geometrical data
from individual parts is made available at multiple stages of the manufacturing process.
The technology works by capturing light that is reflected of the surface of the measured part.
By sweeping a scanner over the entire part, the surface can be converted into a point cloud
where each coordinate corresponds to a point on the part [26]. A 3D scanner can quickly
capture a set of data that describes the entire geometry of a part, rather than focusing on
specific measurement points. Since the measurements rely on reflections from the surface,
the reflective properties of a part can sometimes cause measurement errors. Furthermore,
3D scanning can also have difficulties capturing measurements close to sharp corners and
edges on a part, since these types of features reflect light at unpredictable angles. Finally, it
can be difficult to measure areas on the part where the scanner cannot get a clear line of
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sight. Despite these limitations, 3D scanning is an efficient method for collecting reliable
data from most surfaces on a part.

By combining the SCV method for fast non-nominal welding simulation with the
in-line geometrical data made available by 3D scanning, new possibilities are created
when it comes to individualized manufacturing. Welding simulation does no longer
have to be constricted to the design phase, where it has traditionally been used with
nominal geometrical data as input. There is now an exciting potential for implementing fast
welding simulation in the production phase, replacing the single set of nominal geometrical
data with actual measurements from real parts and running an individualized welding
simulation for each assembly on the manufacturing line. The result from the non-nominal
welding simulation could then be used to predict potential problems based on the unique
geometrical variation in each individual welded assembly. This paper focuses on three
different methods for non-nominal welding simulation: Transient simulation, regular
(single melt zone) SCV simulation, and segmented (multiple melt zones) SCV simulation.

4. Proposed Method: Predicting Final Assembly Variation through Welding
Simulation with a Non-Nominal Virtual Assembly

This paper proposes an analysis loop based on the digital twin paradigm, aimed at
improving the geometrical quality of the final product by using welding simulation with a
non-nominal virtual assembly. The main steps included in the method are data collection,
creation of virtual parts, virtual assembly, welding simulation, and evaluation of final
geometrical quality, as seen in Figure 2.
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During an assembly process, locating schemes are used to define the position of each
part in an assembly. The locating scheme locks a part in the six degrees of freedom: three
translations and three rotations. When designing a fixture for a manufacturing process, the
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position of a part is completely defined by six locating points. If further contact points such
as supports or clamps are used, the locating scheme becomes over-defined, meaning that
the part will need to deform in some way in order to meet all contact points. In a simulated
environment, this requires a non-rigid model that can convert this deformation into a stress
state in the part.

When new parts enter the process, their geometries are scanned and converted into dis-
crete surface points. During the measurement, it is important that the parts are positioned
using the same locating scheme as the rest of the manufacturing process. When the surface
measurements have been collected, the next step is to use them to create virtual representa-
tions of the parts with the same geometrical variation as their physical counterparts. This
is done by warping a nominal, meshed CAD model to match the measured surface points.
To get the correct geometrical variation on all surfaces of the virtual model, the measured
surface points must be correctly positioned. The locating points used in the fixture for
measurement and welding are identified in the set of measurement points and the nominal
CAD model. These points are then aligned in their respective directions according to the
pre-defined locating scheme to ensure correct positioning. Once the CAD model and the
measurement points are aligned, the CAD model is warped by moving each nominal node
in the mesh to the nearest measurement point and adapting the mesh accordingly.

The next step is to build a virtual assembly using the non-nominal models of the
parts. The models are positioned using the locating scheme for each part, and clamping
forces are applied to match the weld fixture. This virtual assembly shows how the unique
combination of geometrical variation in the parts affect the assembly, revealing issues
such as propagating variation and alignment quality in the interfaces. When the virtual
assembly is done and clamping forced have been applied on the mesh, a welding simulation
is conducted to show how the assembly will react when heat is applied and material is
melted at the weld seams. Settings such as weld sequence and weld parameters are chosen
in the simulation according to the real welding process.

Once welding simulation has been applied at each weld seam, the result shows how the
assembly will behave with the current geometrical conditions and process settings. These
specific conditions can be evaluated based on how they affect the geometrical quality of the
final welded assembly, and potential changes to process settings can be made accordingly
before the real process is initiated. The loop of changing settings and evaluating final
product geometry can be performed iteratively to identify process settings that yield better
geometrical quality.

In order for this method to be feasible, two things are required from the non-nominal
welding simulation. First, it needs to be accurate enough to provide useful results for the
evaluation of final geometrical quality. Secondly, it needs to be fast enough to allow for
evaluation of multiple process configurations in order to find the optimal settings, without
delaying the physical production process while simulations are completed. The right
balance between computation time and simulation accuracy depends on the tolerances and
requirements as well as the production rate of the product. This balance must be attained
in order for a digital twin for manufacturing to be feasible.

5. Case Study

The case study is aimed at evaluating the feasibility of non-nominal welding simula-
tion in the context of a digital twin running in a realistic industrial production environment.
As previously stated, both simulation accuracy and speed need to be evaluated. The study
is based on an example from the aerospace industry, applying the same type of operations
as are used in the manufacturing of modern aircraft engine components. All simulations
are done in the RD&T software, which, in this use case, provides functionality for measure-
ment data analysis, variation simulation, and non-nominal welding simulation. The scope
of the case study based on the previously shown digital twin functionality is shown in
Figure 3. Five assemblies are welded in total, to account for individual differences between
ingoing parts.
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In this study, two parts are joined using laser welding, as shown in Figure 4. Both
parts are made from Alloy 718, a nickel-based heat resistant material common in aerospace
components. The five assemblies are manufactured using the same geometrical specifica-
tions and process parameters. The first part (Part 1) is created from a machining process.
The second part (Part 2) is made from a piece of sheet metal with a thickness of 2.54 mm,
which has been formed into a V-shaped geometry by bending it at the middle. This causes
a plastic deformation which results in residual stresses being built into the material. The
edges at the top and bottom of part 2 are machined in order to remove the deformation
caused by the bending. The combination of machined parts and formed sheet metal parts is
typical for many aerospace engine components [3]. Sheet metal enables the construction of
light and strong turbine vanes, whereas machined parts often make up the hub and shroud
of the turbine structure. The V-shaped geometry of part 2 is heavily simplified compared
to the complex geometry of a turbine vane, but the main manufacturing challenges of
formed sheet metal such as geometrical variation and residual stresses are still present in
the test geometry.
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One of the main goals of the case study is to evaluate how measurement data at the
part level can help to predict variation at the assembly level. Since the sheet metal forming
process is more sensitive to geometrical variation, measurement data is collected from
part 2. This is done through optical 3D scanning, which generates a point cloud consisting
of discrete points on the surface of the measured part. When the parts have been joined,
3D scanning is once again used to generate a new point cloud representing the finished
welded assembly.

Once the point clouds have been collected, they need to be converted into geometries
that are compatible with the virtual analysis process. Point clouds are stored as STL files
that represent individual parts. The first step is to make sure that the STL files are correctly
positioned by applying the relevant locating schemes. Locating points are placed on the
STL files in the same locations as during manufacturing operations. These locating points
are then aligned with a nominal CAD model of the corresponding part. Once the STL file
has been properly aligned, the geometrical variation that is represented by the surface of
the STL file needs to be transferred onto the simulation models. All simulations are done
with meshed geometries consisting of tetrahedral elements. Using a proprietary algorithm
in RD&T, each surface node on the meshed part is mapped in the normal direction onto the
surface of the STL file and the mesh is warped so that the surface matches the scan data. In
this way, the geometrical variation from the real part is transferred to a virtual model that
is ready for use in a FEM simulation. A virtual assembly is created where the non-nominal
geometries are mounted in a virtual welding fixture with the same locating scheme as the
real welding fixture. This reveals properties that affect both geometrical quality and weld
quality, such as the alignment and fit of the weld interfaces of the two parts.

Once the virtual assembly is complete, a 3D non-nominal welding simulation is
conducted. In this case study, the SCV method is implemented due to its ability to handle
non-nominal geometries while maintaining fast simulation speeds. Heat is applied in the
weld seam based on the properties of the real welding procedure. Three different methods
for welding simulation are used. The first is a traditional transient simulation where the
heat is applied in small steps corresponding to one half of the mesh element size on the
weld path, followed by a calculation of the mechanical response in each time step. A second
simulation is conducted with the SCV method using a single melt zone for the entire weld,
meaning that the melt zone is described in 2D and then applied to the 3D model. As shown
in [25], dividing the weld seam into multiple segments with different melt zones can give
better predictions with the SCV method for some geometries. In the third simulation, the
weld seam is divided into three segments with separate melt zones (see Figure 5). In all
three cases, the assumption is made that the heat-affected does not influence the welding
deformation and that there are no residual stresses in the parts being welded.
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Each Simulation is conducted with three different meshes with varying element size
close to the weld seam, as seen in Figure 6. The element size further away from the weld
path is kept at 1 mm across all meshes, as the element size is more relevant close to the
heat source. The results of the welding simulations are then compared to scan data from
the corresponding finished welded assembly, as shown in Figure 7. The distance between
each surface node on the simulated mesh and the nearest surface point in the scan data is
calculated normal to the surface. These distances are then converted into a single RMS (root
mean square) value for each assembly, representing how well the simulated prediction
matches the real geometry of the welded assembly.
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of 1 mm in all three cases.
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6. Results and Discussion

As previously mentioned, a key factor for the envisioned digital twin implementation
is the balance between simulation accuracy and speed. In order to assess the accuracy of
the simulations, results are presented as RMS values based on the difference in millimeters
bet ween simulation result and real result in a specific set of nodes, see Figure 8. A contour
plot showing the area that are used to calculate the RMS value. Grey areas do not affect the
RMS value. RMS values have been chosen as a way of quantifying the difference between
simulation and reality rather than using the maximum value in the chosen set of nodes.
Since the measurement data is collected through 3D scanning, the measured variation in
nodes close to the edge of the surface can contain inaccuracies and the maximum value
may not be representative of the entire set of nodes. However, local errors will not affect
RMS values significantly. All simulations have been run under identical conditions, so
that the required time for each simulation can be presented as an indicator for relative
simulation speed.
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Figure 8. A contour plot showing the area that is used to calculate the RMS value. Grey areas do not
affect the RMS value.

This study focuses on the influence of two parameters on the RMS value and the
simulation time. The first parameter is the simulation method, which is varied between
transient simulation, regular (single melt zone) SCV simulation, and segmented (multiple
melt zones) SCV simulation. The other parameter is the element size close to the weld seam
in the mesh that describes the parts during the simulation. Both of these parameters are
related to the resolution of a welding simulation, i.e., how closely the virtual model approx-
imates the real welded part. Higher resolution generally means higher computational cost,
and often yields a more accurate result.

In Table 1, the results of the case study are summarized. RMS values are presented
for each of the five welded assemblies, showing how variation can affect the process. The
lowest RMS value in each column, representing the lowest prediction error achieved for
each assembly, has been underlined for clarity. RMS values for a nominal model with no
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simulation are also given as a reference point. The values referred to as “No simulation”
describes the difference between a nominal virtual assembly that is free from variation
and the real welded assembly. The difference between these RMS values and the RMS
values achieved with simulation serves as an initial indicator for the performance of the
simulation method. For each assembly, RMS values can be seen for each of the three
welding simulation methods. To account for the effects of mesh resolution, each simulation
method has been tested with three different element sizes. Table 2 shows average and
median RMS values based on the five assemblies, together with the average simulation
time for each mesh and method.

Table 1. RMS values for the five welded assemblies, sorted by different element sizes and simulation
methods. The RMS value indicates the difference between the prediction from the welding simulation
and the result from the real welding procedure. A perfect prediction would thus have an RMS value
equal to zero.

Element Size Simulation
Method

RMS,
Assy 1

RMS,
Assy 2

RMS,
Assy 3

RMS,
Assy 4

RMS,
Assy 5

- No simulation 0.28 0.17 0.18 0.27 0.2

1 mm

Regular SCV 0.11 0.1 0.09 0.11 0.05

Segmented SCV 0.09 0.08 0.07 0.14 0.03

Transient 0.1 0.09 0.09 0.14 0.03

0.5 mm

Regular SCV 0.11 0.1 0.09 0.12 0.05

Segmented SCV 0.09 0.08 0.07 0.13 0.03

Transient 0.09 0.07 0.07 0.14 0.03

0.25 mm

Regular SCV 0.11 0.1 0.09 0.12 0.05

Segmented SCV 0.09 0.08 0.07 0.13 0.03

Transient 0.09 0.08 0.08 0.14 0.03

Table 2. The median and average RMS values from the five assemblies indicate the overall perfor-
mance of the different element sizes and welding simulation methods. RMS values should otherwise
be interpreted in the same way as in Table 1. Simulation times are also shown, indicating the relative
simulation speed.

Element Size Simulation
Method

RMS,
Average

RMS,
Median

Simulation Time,
Average [minutes]

- No simulation 0.22 0.2 -

1 mm

Regular SCV 0.092 0.1 1.3

Segmented SCV 0.082 0.08 1.3

Transient 0.09 0.09 23.5

0.5 mm

Regular SCV 0.094 0.1 3.0

Segmented SCV 0.08 0.08 3.1

Transient 0.08 0.07 79.1

0.25 mm

Regular SCV 0.094 0.1 51.5

Segmented SCV 0.08 0.08 46.0

Transient 0.084 0.08 482.6

When interpreting the results, both accuracy and simulation speed are important to
the intended use case of a digital twin for manufacturing. Accuracy is indicated in this
case study by the RMS values, where a lower value is related to higher simulation accuracy.
RMS values should first be compared to the reference values labeled “no simulation”,
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in order to ensure that the simulations are delivering higher precision than the baseline,
nominal model. The RMS values obtained from the nominal model with no simulation (the
first row in Tables 1 and 2) are higher than the RMS values obtained through non-nominal
simulation in all cases, meaning that the non-nominal simulation setup used in this study
has successfully predicted a part of the unique geometrical variation in all of the welded
assemblies. This is an important initial result, since it reinforces the proposal of a digital
twin for manufacturing that uses non-nominal welding simulation to predict final assembly
variation. Measurement data shows that the welded assemblies experienced a shrinkage
concentrated to the curved segment of the weld seam. This is reasonable since the melted
zone is larger along the curved weld, causing more deformation. Overall, the results of
the case study show that the proposed approach with non-nominal welding simulation is
capable of predicting the behavior observed during real welding.

The case study consists of five assemblies that are manufactured to identical speci-
fications. However, the results show that the assemblies differ from each other not only
in the measured part geometries, but also in the prediction accuracy of the conducted
welding simulations. This means that there are sources of variation in the manufacturing
process that are not captured by the geometrical measurement data from the 3D scanning,
otherwise, the prediction error would be equal for all five assemblies. To achieve consistent
performance in a digital twin, more measurement data is needed in order to capture all
relevant sources of variation. Geometrical data on the part level may not be sufficient.

The results show a significant reduction in simulation time for the SCV method when
compared to transient simulations. As previously mentioned, simulation speed is crucial
in a digital twin implementation. The prediction accuracy does suffer somewhat for the
single segment SCV compared to transient simulation, which could be related to the weld
seam properties in the curved segment of the weld path. Regular SCV simulation means
that one set of welding parameters must be used for the entire weld, which is not ideal for
welds with complex features. However, using the segmented SCV approach shows similar
accuracy to the full transient simulation while still being significantly faster. For welds
where the weld seam can be clearly divided into segments with distinct properties, the
segmented SCV approach could be an ideal choice for simulations requiring high accuracy
and speed.

Three different element sizes close to the weld are tested for each simulation conducted
within the case study. In the case study, no clear differences in accuracy can be observed
between the different elements sizes used. In this case, an even larger element size would
not have yielded significantly faster simulations and has not been tested. The similarities
between results could be due to the fact that the geometry used in the case study is relatively
simple, with mostly straight lines and flat surfaces, except for a small, curved segment. The
ideal element size may need to be selected individually based on the complexity of the
geometry being simulated.

As previously mentioned, the difference in prediction accuracy between the five
welded assemblies suggests that there are variation sources present in the manufacturing
process that are not taken into account in the simulations done within this case study.
Possible sources of prediction errors in the welding simulation are summarized below:

• The sheet metal forming process used to produce Part 2 causes plastic deformation of
the material, leading to residual stresses in the part. These residual stresses have an
effect on the outcome of the welding process, since the added heat causes a relaxation
in the material which will lead to deformation of the part through the release of
residual stresses.

• This case study relies on measurement data collected through 3D scanning. The
natural limitations of 3D scanning such as measurement errors near sharp edges on
the part may cause inaccuracies in the measured part geometries. Since the welding
simulation uses this data to predict the geometry of the final assembly, measurement
inaccuracies may propagate into a prediction error.
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• The welding simulation assumes that Part 2 is placed in a fully nominal position in
relation to Part 1 at the start of the welding process. Variation in the positioning of
the parts before welding would lead to geometrical variation in the final assembly
which is not taken into account in the welding simulation, possibly leading to a
prediction error.

• The melted zone in the weld seam is calculated based on the effect and speed of the
weld gun. Variation in the welding process such as effect losses or movement errors in
the weld gun would cause an inaccurate prediction of the melted zone, leading to a
prediction error in the calculated welding deformation.

• The material in the parts is assumed to be homogeneous and isotropic, and free from
impurities and inclusions. Geometrical variation caused by, i.e., varying grain size or
changes in the heat-affected zone during welding are not taken into account in the
welding simulation and may cause prediction errors.

Further research should focus on an expanded analysis of a digital twin for manufac-
turing. The accuracy of the digital twin could be improved by implementing additional
measurement data from the parts according to the suggested error sources listed above. In
order to complete the analysis loop suggested in Figure 2, a methodology is required for
translating the output from the welding simulation into an adaptive process adjustment.
The RMS value used in the case study could be a good target value for optimizing the
process by minimizing variation in the weld interfaces before welding. Another target
value for optimization could be the amount of clamping force that is required to force a
part into a nominal fixture, which would reduce the internal stresses in the assembly.

7. Conclusions

In this paper, a method for managing assembly variation using a digital twin is
proposed. The method includes in-line data collection, non-nominal virtual assembly,
non-nominal welding simulation, and adaptive process adjustments. A case study is
presented where the data collection and analysis steps of the method are applied to a two
part assembly. The output from the simulations is compared to real welding results in order
to assess the viability of the method for a digital twin implementation. Results show that
the non-nominal welding simulation used in the case study does capture the behavior of its
physical counterpart, showing that it is able to predict the welding deformation of a non-
nominal part before it is welded. Using a full transient simulation yielded high accuracy
and low speed, the regular SCV simulation method increases speed significantly, whereas
accuracy suffers somewhat. The segmented SCV method yielded the same speed as regular
SCV, whereas the accuracy is roughly equal to a transient simulation for the geometry used
in this case study. Among the methods evaluated in this paper, the segmented SCV method
is therefore the most suitable approach for a digital twin for manufacturing.

These results are an important contribution towards the development of a digital twin
for high precision manufacturing, showing that it is possible to conduct fast and accurate
non-nominal welding simulations by using data from a 3D scanning process. This is an
important requirement in order to enable the analysis loop of the digital twin as shown
in Figure 2. As the aerospace industry continues to strive towards lower fuel burn and
reduced carbon footprint, new manufacturing methods are needed that can reliably deliver
the precision that will be required from components such as engine structures. A digital
twin would increase the capability of existing manufacturing processes, making it possible
to produce parts and products with lower tolerances and higher precision.
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