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Abstract

In order to reduce fuel consumption, aero engines are increasingly made from complex welded assemblies rather than
singular monolithic castings. This increases variability in the manufacturing process, calling for an advanced geometry
assurance approach to ensure adequate quality. Digital twins for geometry assurance have previously been suggested as
way of increasing the precision of welded assemblies. However, these systems have mostly remained at the conceptual
or experimental level, and their potential has not been realized in the industrial environment. No clear and unanimous
view exists for industrial implementation of digital twins for manufacturing. This paper proposes a digital twin for welded
assemblies, combined with a roadmap for industrial implementation based on established industry standards. The proposed
digital twin functionality is based on individual locator adjustment combined with a genetic optimization algorithm and
a non-nominal weld simulation method. This functionality is organized into the ISO 23247 framework to facilitate the
information flow within the digital twin and support efficient implementation. To ensure compatibility with the industrial
environment, an extended activity model based on the widely used ISA-95 standard is introduced based on the activities
defined within the ISO 23247 framework implementation. This extended activity model for digital twins has a networked
structure, enabling fast and direct information exchange between different activities while maintaining compliance with the
ISA-95 information model. This lays the foundation for a digital thread to support the digital twin with relevant data. By
combining the digital twin with existing frameworks, a full methodology is formed for the industrial implementation and
realization of the proposed digital twin for welded assemblies. Finally, a case study shows how a digital twin implementa-
tion in Matlab and RD&T can decrease variation in a welded assembly. This methodology is applicable for implementation
of a wide range of digital twin functionalities within industrial environments based on the ISA-95 standard.

Keywords Digital twin - Non-nominal welding simulation - Geometry assurance - Genetic algorithms, ISA-95, ISO
23247

1 Introduction

As the aerospace industry strives towards lower fuel con-
sumption, stricter requirements are placed on the weight and
overall efficiency of the aircraft. For aircraft engines, fuel
efficiency needs to be increased while keeping weight to a
minimum. At the same time, safety and reliability cannot
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be compromised, and the quality of each component is held
to high standards. To meet these requirements, fabrication
is seeing increased use within engine manufacturing [1].
In this context, fabrication refers to a production approach
where components are made from a welded assembly of
smaller parts instead of being made from a single piece
of material such as a large casting. An example is shown
in Fig. 1. Fabrication allows more freedom when design-
ing the engine compared to working with large castings,
since each part of the assembly can be made using different
manufacturing methods such as additive manufacturing or
sheet metal forming. However, it also adds more sources
of variation that need to be managed. Every surface on a
part will have some deviation from its intended, nominal
geometry. This deviation is kept within an allowed margin
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Fig. 1 Overview of a fabrication process for an aero engine exhaust structure

of error using tolerances. A fabricated assembly will have
multiple interfaces between different parts, and the variation
in these interfaces will never be zero. This makes it difficult
to manage the geometrical quality of the welded assembly
due to the many individual variation sources. In order to get
a good fit in every interface between the assembled parts,
careful adjustment of the weld fixture is required. This work
is challenging due to the complexity of the assembly and
strict quality requirements placed on all engine components.
Expensive rework is often required in order to achieve a
sufficient fit between parts before welding the assembly [2].

1.1 Geometry assurance

Geometrical variation in manufacturing is usually
approached with geometry assurance tools to analyze toler-
ances and increase robustness. These tools can be applied
in the design phase of a product, finding optimized locat-
ing schemes [3] and tolerance allocations through variation
simulation [4]. A locating scheme for a rigid part consists of
a set of six locators, locking the six degrees of freedom of
a part. The placement of these locators can be optimized by
simulating how geometrical variation affects the positioning
of the part for a certain locating scheme. Geometrical varia-
tion can be assessed with 3D statistical variation simulation
based on the MC (Monte Carlo) method, which simulates
various variation behaviors which might occur during pro-
duction. This simulation can also be used to set tolerances
for the acceptable amount of geometrical variation in each
dimension of the part. This requires a compromise between
precision and cost. Since lower tolerances are generally
more expensive, tolerances should never be lower than what
is deemed necessary to achieve sufficient quality in the final
product.

Variation simulation can be done with either rigid or non-
rigid assumptions for part geometries. A rigid assumption
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can be made when the effects of part deformation during
production is assumed to be negligible for the final product
quality. If this is not the case, a non-rigid model is needed
[5]. This requires a FEM (Finite Element Method) model
which approximates the part as a combination of linear
elements. For thin parts such as sheet metal components
the part can be modeled with flat shell elements [6], while
thicker parts require solid elements which are more compu-
tationally heavy. Non-rigid models can capture the behav-
ior of over-constrained fixtures with clamps, and it can also
be used to simulate the effects of heat during welding [7].
With FEM analysis, the MC method can become overly
time-consuming due to the large amount of iterative FEM
simulations required, and the MIC (method of influencing
coefficients) has been suggested as an alternative approach
[8]. Novel welding simulation methods have been suggested
to achieve faster simulation times [9]. Variation simulation
can be carried out in either a dedicated computer-aided tol-
erancing software such as RD&T [10], or in a module inte-
grated into the modeling software such as 3DSC [11].

1.2 Digital twins for individualized manufacturing

Recent years have seen an increasing interest in digitization
and digital twins [12, 13]. A digital twin can be described
as a virtual model of a real object. What separates a digital
twin from a traditional simulation model is the possibility
to continuously update the model with inspection data from
the real object, and to feed the simulation result back to the
real object in order to optimize it in some way [14]. The
main focus of recent studies has been to develop and evolve
the digital twin concept by improving how measurement
data is collected and integrated in the virtual model, and
how the analysis result is implemented in the real environ-
ment [15]. Studies have also examined the relation between
digital twins and cyber—physical systems, highlighting their
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complementary roles in achieving smart, interconnected
manufacturing environments [16, 17]. Digital twin model-
ing and simulation approaches have focused on hybrid data-
driven methods and multi-domain frameworks to improve
model fidelity and real-time synchronization [18, 19].

Digital twins are seen as a part of the work towards
Industry 4.0 and smart manufacturing [20, 21]. In the man-
ufacturing context, digital twins can be used to optimize
some aspect of an operation by using inspection data from
parts or manufacturing processes [22]. By generating mod-
els of parts or processes and feeding the digital twin with
measurement data, the quality of the final product can be
improved [23]. Studies have shown that data from multiple
process steps can be integrated into a digital twin to opti-
mize the result [24]. A digital thread has been proposed as a
structure for data management for a digital twin [25]. Within
the field of geometry assurance, one of the important use
cases for digital twins is to achieve individualized produc-
tion through the use of variation simulation tools [26, 27].
Rather than using a strictly statistical approach to model
variation in parts and processes and finding a robust one-
size-fits-all setup which is insensitive to variation, the varia-
tion can be directly measured as it is occurring and adaptive
adjustments can be made to achieve the best possible results
under current conditions [28]. This approach has been sug-
gested to manage precision in sheet metal assemblies [24]
and composite assemblies [29]. Research on variation and
geometry management demonstrates that digital twins can
enhance dimensional quality and process stability, though
significant challenges remain in model updating and data
consistency [25, 30].

In the case of a fabricated aero engine component assem-
bly, two main approaches have been suggested for minimiz-
ing geometrical variation through the use of measurement
data [31]. The main challenge is to optimize the fit in the
interfaces between the parts based on the unique geometri-
cal variation on each interfacing surface on the parts. The
SA (Selective Assembly) approach is based on the idea that
each part in the assembly can be selected from a group of
available parts in storage [32]. Each of these parts will have
a certain amount of geometrical variation, and by measur-
ing this variation an optimal combination of parts can be
selected for each assembly. Another alternative is the ILA
(Individualized Locator Adjustment) approach, where each
locator on the fixture is adjusted within a small range to
minimize variation [33]. In a case study based on the auto-
motive industry, ILA was found to be more efficient than
SA for minimizing geometrical variation [34]. However,
the case studies for ILA have focused on typical automotive
use cases involving sheet metal parts joined with spot weld-
ing. In order to implement ILA for a fabricated aero engine
assembly, the method needs to be configured for solid parts

joined with full weld seams. This requires a model with solid
elements and seam welding simulation, which is signifi-
cantly more computationally demanding than the shell ele-
ments and spot welding simulation used in previous studies
of ILA. The Steady-state Convex hull Volumetric shrinkage
(SCV) method has been evaluated in physical welding tests
and has shown good results, achieving a balance between
accuracy and speed which is suitable for heavy simulation
which needs to be carried out within a limited time frame
[35]. However, the SCV method has not been evaluated for
ILA applications.

In order to realize and implement a digital twin, an
infrastructure is required for managing data flow [36] and
feeding the digital twin with inspection data [22]. Effec-
tive digital twin implementation in manufacturing depends
on robust data acquisition, processing, and fusion methods
to enable an accurate and responsive virtual representa-
tion of the physical system [37, 38]. Recent studies have
emphasized that the integration of Internet of Things, Al,
and cloud computing technologies provides the computa-
tional and connectivity backbone necessary for scalable and
real-time digital twin applications [39, 40], highlighting the
need for efficient information frameworks. The increasing
use of digital twins has also brought attention to the aspect
of data security [41], emphasizing the need for common
frameworks and routines for building information security
into the entire digital twin workflow. A unified framework is
required in order to connect the digital twin to the real envi-
ronment [25], and achieving feedback control of the process
is seen as an important research objective [42]. Digital twins
for manufacturing have largely remained at the conceptual
stage [43], and many companies have not yet been able to
fully implement digital twins within their processes [12]. In
a review, 55% of the digital twins studied were categorized
as conceptual [14]. So far, there is no unanimous consensus
on what tools and methods should be used for implementing
digital twins [20]. In many cases, measurement data is being
collected from the production process but the potential for
analysis and optimization is not properly utilized [44]. To
reach the goal of a fully implemented and realized digital
twin for geometry assurance of welded assemblies, a frame-
work is required which is fully compatible with the infor-
mation models and data flows applied within the industrial
manufacturing environment. A standardized framework has
been suggested by the ISO (International Organization for
Standardization) for digital twins for manufacturing [45].
Referred to as ISO 23247, the standard aims to provide a
unified view on how digital twins for manufacturing should
be structured in order to ensure interoperability and enable
broad collaboration. Within the manufacturing environ-
ment, the ISA-95 standard is widely used for defining infor-
mation flows between manufacturing activities. However,
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since the ISA-95 standard was introduced before the con-
ception of digital twins for manufacturing, no clear meth-
odology exists for accommodating the complex real-time
information flows required by a digital twin. By defining
and implementing a digital twin for welded assemblies into
a standardized framework and ensuring compatibility with
the industrial manufacturing environment, an important
contribution can be made towards lighter and more efficient
aero engine components.

1.3 Scope of paper

This paper focuses on how the ILA approach can be realized
in a digital twin for welded aero engine assemblies. The aim
is to propose a cohesive framework describing how digital
twins for geometry assurance can be organized into the man-
ufacturing environment using standardized frameworks and
information models. The proposed digital twin implementa-
tion is first defined at the functional level, showing how ILA
can be combined with a novel welding simulation method.
The necessary activities are outlined and described. These
activities are then sorted into the ISO 23247 framework for
digital twins in manufacturing, showing how information
flows between each task. Finally, a proposal is made for an
extended activity model based on the well-established ISA-
95 manufacturing system standard. In order to ensure com-
patibility with ISA-95-based manufacturing environments,
the proposed activity model applies a networked structure
containing the activities necessary for a digital twin imple-
mentation for welded assemblies.

Section 2 provides a frame of reference, defining the
concepts that support the presented work. Section 3
describes the proposed digital twin for geometry assurance
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Fig. 2 A locating scheme with six locators to position a part
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of welded aero structures. In Sect. 4, the proposed digital
twin is implemented in the ISO 23247 framework. In Sect.
5, the defined activities and data flows are used to create
an extended activity model based on the ISA-95 standard.
Section 6 describes the proposed digital twin functional-
ity in terms of the proposed framework, followed by a case
study in Sect. 7 giving an example of how a digital twin
can improve fit in a welded assembly. A discussion of the
results is presented, followed by conclusions and suggested
future work.

2 Theoretical background

This section provides an outline of the scientific concepts
and industrial frameworks that support the work presented
in this paper.

2.1 Digital twins for geometry assurance of welded
assemblies

The digital twin proposed in this paper aims to improve the
geometrical quality of welded assemblies by applying weld-
ing simulation and optimizing locators through a genetic
algorithm. The theoretical foundations for this functionality
are outlined below.

2.1.1 Locating systems

In order to fully define the positioning of a single rigid part,
six locators are required as shown in Fig. 2. This is some-
times referred to as a 3-2-1 system: 3 locators Al, A2, A3
in the z-direction lock the part from translation along the
z-axis and rotation around the x-axis and y-axis, enabling
movement only in the x-y plane. 2 locators B1, B2 then lock
translation along the x-axis and rotation around the z-axis,
meaning that the part can now only move in the y-direc-
tion. Finally, the last locator C1 locks the remaining trans-
lation along the y-axis. However, if the part is non-rigid,
flexibility will still allow it to deform and move even when
constrained by a 3-2-1 system [46]. Depending on the how
flexible the part and what types of forces that will be applied
while it is mounted in the fixture, additional support points
will be required to prevent movement in critical areas. A so
called n-2-1 system includes multiple locators that makes
the fixture over-constrained, requiring an FEM-analysis to
compute part deformation.

Locator trimming is an approach where the locators in
an assembly fixture are adjusted to improve geometrical
quality [46]. This makes it possible to compensate ingoing
variation on parts in the assembly. For parts that can be con-
sidered rigid, only the six locators shown in Fig. 2 need to
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be adjusted. For a non-rigid part, the additional clamps can
be adjusted as well. There are two main methods for locator
trimming. The first is nominal trimming, where the locators
are adjusted so that the part comes as close to its nominal
position as possible. In relative trimming, the interfaces
towards adjacent parts in the assembly are instead consid-
ered. The aim is to minimize variation relative to the other
parts, so that optimal fit is achieved. When considering the
relative variation between multiple parts at the same time, it
can be challenging to estimate the chain of cause and effect
for adjustments made to each locator since multiple inter-
faces will be affected in various ways. Virtual locator trim-
ming is a proposed method where software tools are used
to help the operator understand how the assembly varia-
tion will be affected by any given locator adjustment. Still,
finding an optimal solution for locator trimming of a large
assembly is often difficult since there are so many variables
to consider when making adjustments.

2.1.2 Genetic algorithms

Genetic algorithms are useful for solving problems with
a large number of input variables, where traditional opti-
mization methods struggle with the exponentially growing
solution space [47]. The algorithm is inspired by genes and
survival of the fittest, where genes correspond to a set of
input variables and fitness is defined as the dependent vari-
able to be optimized. To initialize the optimization, a start-
ing generation is created by generating a set of individuals
with random genes defined as a vector of input variables.
For each individual, a fitness value is calculated based on
the input variables for that individual. To generate new
individuals, two main methods are used: crossover and
mutation. Crossover is done by selecting two parents and
generating two children based on the genes of the parents.
This can be done in multiple ways depending on the use
case, but a common approach is to calculate an arithmetic
combination [48] of the parent genes as

=20 +y(1-C), z=2(1-C)+y¢

where x and and y are the parent vectors and z; and z; are
the children vectors. To combine the two parent input vec-
tors, a combination vector ¢ with the same length as the
parent vectors is generated with random values between 0
and 1. The first child vector z; will receive random percent-
ages ¢ of the genes of the first parent and a corresponding
percentage 1 — ¢ of the genes of the second parent. The
second child vector is generated from the opposite percent-
ages of the parent genes. To add a random element to the
algorithm and explore the solution space more thoroughly, a
number of new individuals are also generated by mutation.

Several approaches exist, but the aim is to create new indi-
viduals that are slight variations of existing individuals with
a high fitness value. One way to achieve this is to randomly
select one gene from the original vector and add a random
value between the upper and lower limit for that variable.
If the new value is between the upper and lower limit it is
kept, otherwise it is substituted with the upper or lower limit
value respectively [48].

For both crossover and mutation, individuals need to be
selected based on their fitness. A common approach is rou-
lette wheel selection, where each individual can be imag-
ined as a section on a roulette wheel. Individuals with high
fitness receive a proportionately large sector and vice versa,
meaning that any individual may be selected for crossover
or mutation but high fitness individuals will be selected
more frequently [49].

When mutation and crossover have been performed,
the new individuals are added to the existing generation of
individuals and their fitness values are calculated. To cre-
ate a new generation, the individuals with the lowest fitness
are discarded and the process of crossover and mutation is
reiterated. Since the solution space for a genetic algorithm
is usually very large, it is unlikely that the global optimal
solution will be found within a reasonable number of gen-
erations. Ideally, the algorithm would be allowed to reach
a fully converged state with an optimal solution. However,
successful convergence is difficult to assess for genetic
algorithms, as in some cases a certain improbable mutation
might lead to a significantly improved result [47]. Instead, a
convergence criteria can be selected based on the number of
generations analyzed by the algorithm. This number can be
chosen based on experience or time constraints, and it helps
to establish a set simulation time for the genetic algorithm
which can be important in many implementations.

2.1.3 Welding simulation

Welding is a widely used method for joining parts into
assemblies. Different approaches for welding exist, but to
join two parts together the interface must be heated up so
that the metal melts and forms a bond. Introducing high
heat in a local area causes a non-uniform temperature dis-
tribution, leading to residual stress and deformation [50].
Local thermal expansion followed by cooling and shrinkage
causes plastic strains in the material [51]. These effects can
be predicted through welding simulation, which is widely
used in the design phase in order to assess how an assembly
will react to the welding process. Studies have shown that
the geometrical deformation caused by a welding process
is coupled to the geometrical properties of the parts before
welding [52]. It has therefore been suggested that weld-
ing simulation needs to be implemented into the geometry
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assurance analysis process in order to accurately predict
how the geometrical deviations on a certain set of parts will
affect the outcome of the welding process. This implemen-
tation creates a need for fast welding simulation capable of
handling non-nominal geometries. The SCV (Steady-state
Convex hull Volumetric shrinkage) method has been intro-
duced for this purpose [51]. The method predicts shrinkage
in a part by calculating the contraction of the melted mate-
rial as it solidifies. It consists of three main steps. First, a
steady state computation of the thermal distribution in the
part, then a computation of a 2D melted zone, and finally
an application of thermal loads on a 3D model. This is
faster than a full transient welding simulation, and it can be
applied discreetly on pre-defined segments of the weld seam
to get better accuracy in areas with i.e. strong curvature. The
SCV method has been evaluated with physical weld tests in
[35], where it was applied on a non-nominal geometry and
then compared to the real welding result.

2.2 The IS0 23247 digital twin framework

To facilitate efficient implementation and provide interop-
erability in Digital Twins, the ISO/TC 184 has developed
and published the ISO 23247 (Part 1-4) [53-56] to provide
a standard framework for creating Digital Twins in manu-
facturing applications. In ISO 23247-3 [55], the digital
representation of manufacturing elements is defined with
the Information Attributes (some mandatory, some optimal
related to specific use case), which are required to create the
data model and support interoperability. ISO 23247-4 [56]
deals with the requirements for information exchange and
how protocols and data formats should be used to achieve
exchange of data and information between entities.

These standards also reference other standards for how
data should be formatted to enable seamless exchange and
interoperability. For example ISO 10,303 [57], which is a
standard for exchanging design and production data in the
manufacturing industry (also known as STEP), and IEC
62,264 series which is based upon ISA-95 [58-62], a stan-
dard for defining how manufacturing related activities and
information should interface between enterprise and control
systems. Those are important when designing an architec-
ture and creating the digital infrastructure required for data
management and communication, and identifies important
interfaces to various industrial IS/IT systems.

The ISO 23247-4 standard also provide examples of dif-
ferent cases, e.g. for metrology, material removal processes
and assembly, which provide guidance in setting up new
applications in an industrial context. There are also new
parts of the standard in preparation, ISO 23247 Part 5 &
Part 6. When approved and released, it’s expected to pro-
vide more holistic system perspectives on Data Integration

@ Springer

(Digital Thread for Digital Twins) and Model Integration,
how Digital Twins interact with each other (Digital Twin
Composition), to scale up the use of Digital Twins.

2.3 The ISA-95 enterprise control standard

As already mentioned, the ISO 23247 is pointing to the use
of the IEC 62,264 or ANSI/ISA-95 standard. Even if the
design of industrial IS/IT systems per organization are usu-
ally unique and customized to some degree, and has a more
or less long heritage with legacy solutions, there are some
generic solutions and standards used to set the architectures
and design such systems. The ANSI/ISA 95.00.01 [58] is
typically used, at least as a reference model to define the dif-
ferent type of functions and related system software’s. It is
a well-accepted way to make definitions and classifications
of the functions and services needed in an industrial sys-
tem. In particular, organization of functional domains and
functional flows ANSI/ISA 95.00.01 [58], and the related
activity models ANSI/ISA 95.00.03 [60] are useful to make
a clear common view and understanding of the complete
system. The ANSI/ISA 95.00.02 & ANSI/ISA 95.00.04
[59, 61] also give the guidance for how the information and
data structure should be designed using object models and
their attributes, to create clear interfaces and opportunity for
interoperability between functions and levels. However it is
difficult to see and assess how that is implemented in real-
ity. In many cases the system architecture becomes more
ad-hoc, based on adaptation of different legacy systems and/
or how they are built and implemented by different software
suppliers.

As ISA-95 was developed and launched as a standard
many years before Digital Twins was introduced, ISA-95
is not designed with a well-defined entity and environment
for those, and therefore does not have such functions, activi-
ties or orchestration integrated. Even though the ISO 23247
standard provides some guidance, current MES/MOM
(Manufacturing Execution System/Manufacturing Opera-
tions Management) and PLM/ERP (Product Life Cycle
Management/Enterprise Resource Planning) systems are
often based on ISA-95. There is a need to integrate dedi-
cated functionality and activities that enables Digital Twin
integration.

3 Proposed digital twin for welded aero
structures

This paper proposes a digital twin for geometry assurance of
welded high precision assemblies. The purpose of this digi-
tal twin is to optimize the geometrical quality of the final
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product based on the measured variation in the parts that are
to be welded together.

As soon as measurement data for a set of parts is avail-
able, it is transferred to the digital twin and translated to a
legible format. An analysis is initialized which generates a
starting generation of individuals with random settings for
the locators and clamps on the fixture. These different set-
tings are delegated to one or multiple instances of a variation
analysis software. In each instance, the parts are positioned
according to the settings of an individual from the genetic
algorithm and a non-nominal welding simulation is initial-
ized. The result of the simulation is used to evaluate the
feasibility of these specific settings. The individuals that
present the highest predicted feasibility are used as parents
for a new generation, and the individuals with the lowest
feasibility are discarded. After a sufficient number of gener-
ations, the feasibility will begin to converge towards a set of
optimized settings. These settings along with predicted final
product variation are evaluated by an operator and are then
transferred and implemented in the physical weld fixture.

The digital twin is reliant on multiple sets of geometri-
cal data as shown in Fig. 3. The transfer of these data sets
between different activities can be solved using a message
broker that takes output from one activity and delivers it
as input to another. The simulation itself is based on as-
built inspection data that is collected from in-line scanning
equipment. This data describes the geometry of the parts
so that the predictive welding simulation can take all geo-
metrical variation into account. The simulation also requires

the as-designed nominal data as a baseline. The result of
the simulation comes in the form of as-simulated prediction
data, which is the best available estimation of the outcome
of the welding process. In order for the digital twin to be
useful, this data needs to be as accurate as possible under
the current constraints on time and computational capac-
ity. In order to evaluate the simulated prediction, it can be
compared to as-built inspection data that is collected after
the welding process is finished. This comparison should be
made continuously to monitor and optimize the predictive
accuracy of the digital twin.

4 Application of ISO 23247 Digital Twin
Framework

In order to organize the digital twin into the ISO 23247
framework, each of its functions need to be sorted into four
domains: Observable manufacturing domain, Device com-
munication domain, Digital twin domain, and User domain.
A full overview of the framework is shown in Fig. 4.

The observable manufacturing domain contains the
set of parts that are to be welded together, as well as the
manufacturing equipment including the fixture used to
mount the parts before welding.

The device communication domain is where the mea-
surement data is collected and transferred to the digital twin.
It is also where the output of the digital twin is converted to
an input for the assembly operation.

As-designed
nominal data

As-built

Digital twin

As-built

inspection data !

\/

S
©

Fig.3 Overview of inspection data flows within the digital twin

Machining

As-simulated

prediction data

Assembly +
Fixturing

inspection data

Welding Inspection
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Phase 2: Virtual assembly

| Phase 1: Measure >>

>> Phase 3: Update process >> Phase 4: Convert & transmit >> Phase 5: Execute >

Optimization ] [

PLM
[[ Inspection ] [

Assembly ] }

g
Context
translator

— As-designed
— —» As-built

— - — As-simulated
.......... » Order data

Observable manufacturing domain

Fig.4 The proposed digital twin functionality organized into the ISO 23247 framework

The digital twin domain contains the optimization soft-
ware, where the scan data is used to create a non-nominal
virtual assembly and evaluate different settings. This analy-
sis has no physical presence and is therefore not counted as
an observable element.

The user domain is where the digital twin simulation
is initialized, visualized and controlled by the operator.
The user can monitor and control the simulation to check
for convergence and estimate simulation time. When the
simulation is finished, a report is generated which shows
how well the recommended settings are predicted to meet
drawing requirements for the final product. After the user
has reviewed the report, the settings are transferred to the
fixturing equipment through the device communication
domain. The MOM/MES system is here considered to be a
part of the user domain, since it manages design and mea-
surement data while orchestrating the activities in the digital
twin. The PLM and ERP systems are placed outside of the
framework since they do not contain any data specific to the
individual set of parts being analyzed by the digital twin.
They do however provide important information, with the
ERP containing operation scheduling information and PLM
providing design data which is then contextualized in the
digital twin.

The information flows in the framework contain four
types of data as shown in Fig. 4. Order data is used to ini-
tialize activities and assign an individual product ID. As-
designed data is downloaded from the PLM system and
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contains nominal design data. As-built data contains mea-
surements from individual parts, and As-simulated data is
generated by simulating the as-built data to predict behav-
iors in the manufacturing process. The ISO 23247 standard
is generally non-prescriptive when it comes to data formats
and communication protocols for information transfers.
The proposed functionality requires two types of com-
munication: continuous operational data communicating
the current state of different activities and heavier models
containing a complete description of either as-designed, as-
built, or as-simulated data. This requires both a lightweight
messaging protocol for continuously tracking activity states
with publish-subscribe, and a request-response protocol for
querying heavier models.

5 Integration of digital twin framework into
ISA-9compliant manufacturing environment

In order to integrate this digital twin workflow in an indus-
trial manufacturing environment, the defined activities and
information flow need to be organized into the context of a
product lifecycle management system. The ISA-95 standard
provides a semantic model and a set of ontologies commonly
used within the manufacturing industry [63]. By using ISA-
95 as a baseline for how activities and information are man-
aged in the manufacturing environment, a strategy can be



The International Journal of Advanced Manufacturing Technology (2026) 143:6847-6864 6855

outlined for how a digital twin for manufacturing should be
implemented.

The automation pyramid is often used as a model for
how activities and information flows should be managed
within ISA-95. The pyramid suggests a strict hierarchy
with separate levels, where each activity belongs to a spe-
cific level. Information is transferred between adjacent
levels in the pyramid. However, new manufacturing para-
digms such as Industry 4.0 and smart manufacturing have
brought significant changes to the way in which informa-
tion is managed. Increased data storage means that more
information about products and processes can be stored,
increased computational power allows for complex data
analysis, and technologies such as internet of things makes
it possible to easily transfer data between devices through
internet connections. It has been suggested that the automa-
tion pyramid and its strict hierarchy is not compatible with
these changes [64]. Relevant information should be avail-
able wherever it is needed, data needs to be able to flow
freely between all activities in the manufacturing system. A
networked architecture is therefore much more suitable for
modern manufacturing. This allows all activities to directly
exchange information as required, rather than being limited
to communication with neighboring layers in the pyramid.
An illustration is shown in Fig. 5.

In addition to the pyramid, the ISA-95 standard also
offers an activity model, shown in Fig. 6. In order to estab-
lish a networked architecture within the ISA-95 framework,
this model can be used as a foundation. The activity model
consists of eight main activities and prescribes an informa-
tion flow between them illustrated by arrows. Within the
model, three of these activities interface with lower level
operations through the MOM/MES interface:

Level 3:

Planning

Level 2:
Supervision

Level 1:
Control

Level O:
Physical process

e Definition management handles data such as work mas-
ters and product definitions, which are usually stored
within the PLM/ERP system. This data is made avail-
able in the MOM/MES environment by linking and
downloading product definitions from PLM/ERP.

e Execution management coordinates the manufacturing
process flow, receiving confirmation from finished tasks
and initiating new tasks when appropriate.

e Data collection stores and provides data relevant to the
manufacturing process, including measurements and
work instructions for specific parts and operations.

By connecting additional activities to these interfaces, the
activity model can be expanded with additional activities
and information flows to support various kinds of function-
ality within the manufacturing system [64].

5.1 Mapping the digital twin framework to an
extended ISA-95 activity model

To accommodate the workflow of the digital twin for manu-
facturing proposed in this work, the ISA-95 activity model
needs to be extended based on the activities outlined in the
previously shown digital twin framework. From the observ-
able manufacturing level of the digital twin framework,
activities are added for sensing and actuating respectively.
Data from the sensing activity is received by the data collec-
tion activity, which sorts and labels the product data for fur-
ther usage and makes it available to other activities through
queries. The core component of the digital twin consists of
an optimization activity which requests product data from
the data collection unit and then performs a simulation task
to search for optimal solutions. The results are shared with

Fig.5 Transitioning from a hierarchical structure to a networked structure, illustration inspired by [64]
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an evaluation unit which allows an operator to monitor the
optimization process and review the final result of the anal-
ysis. The optimized solution is then implemented through
the actuating task. The extended activity model is shown
in Fig. 7.

5.1.1 Sensing activity

Activities for sensing and actuating belong to the observable
manufacturing domain in the ISO model. These activities
are physically located close to the manufacturing process. In
the proposed digital twin implementation, the sensing task
uses 3D scanning to collect a point cloud which describes
the part. The newly acquired as-built data is sent to the data
collection activity, and a task confirmation is sent to execu-
tion management to confirm that this activity has finished
successfully. The information exchange is shown in Fig. 8.

5.1.2 Optimization activity
When the sensing activity has finished, the optimization

activity is initiated from execution management. As-built
data from measured parts is received from data collection,
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scheduling

€
Performance
analysis
Data
collection

and as-designed data is received from definition manage-
ment including up-to-date nominal data, tooling and set-
tings. The as-built and as-designed data are combined to
generate a virtual assembly which can be used to predict the
behavior of the next process step under current conditions.
The output of the optimization is a set of suggested process
settings. Results are sent to the evaluation activity, which
returns a confirmation that the final suggested settings have
been evaluated and verified. Optimized settings are then
sent to definition management in the form of as-simulated
data to update the product definition for the current set of
parts. Finally, a confirmation is sent to execution manage-
ment. The information flows are shown in Fig. 9.

5.1.3 Evaluation activity

Evaluation is required for multiple purposes within the
proposed digital twin functionality. Before the settings pro-
posed by the optimization task can be implemented, the
predicted geometrical variation needs to be reviewed and
compared against all relevant requirements on the welded
assembly. These requirements are contained within the as-
designed data, which can be compared to the as-simulated
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Fig. 8 Information exhange for sensing activities

data from the digital twin. Before the optimization activ-
ity can finish, it requires a confirmation from the evaluation
activity that there are no errors in the optimized settings.
Information flows for evaluation are shown in Fig. 10.

5.1.4 Actuating activity

The actuating activity is initialized when the optimization
has finished, initiated by execution management. Optimized
settings are sent to this activity from definition manage-
ment. The purpose of the actuating activity is to implement

these settings in the physical process to match the prediction
made by the digital twin. The information flows are shown
in Fig. 11.

6 Internal Digital Twin Functionality

In this section, an implementation of the proposed digital
twin functionality is presented, based on the ISO 23247 and
ISA95 standards.

6.1 Internal Functional Architecture

The proposed digital twin for welded assemblies is based on
a virtual assembly which mirrors the real physical welding
fixture setup. Nominal geometries for all parts in the assem-
bly are meshed and imported into the RD&T software. In
RD&T, a tolerance analysis is set up with a locating system
for each part and measurement points on critical surfaces
and interfaces. This model can be updated with scan data
from real parts as it becomes available, and the position of
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Fig. 11 Information exhange for actuating activities

each locator can be adjusted individually to analyze how
it affects the measurement points given a specific set of
scan data. The position of each locator mirrors the locating
system in the real weld fixture. When scan data has been
received for all parts in the assembly, the surfaces on the vir-
tual parts are adapted to real measurements by warping the
mesh and moving nodes to the closest point on the scanned
surface. RD&T is then ready to make an individualized
analysis for the measured assembly of parts.
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In order to make a systematic search for optimal solu-
tions in the large solution space of an adjustable weld fix-
ture, a genetic algorithm is implemented in Matlab. The
algorithm starts with a population of individuals with ran-
dom settings for each locator in the fixture and then writes
input files which can be read by RD&T. Multiple instances
of RD&T can be used to analyze multiple individuals in par-
allel, so that individuals that belong to the same generation
can be analyzed more quickly. When each analysis finishes,
a result file containing the deviation in each measurement
point is created which can be read by Matlab. When results
have been read for all individuals in the starting generation,
they are analyzed in Matlab. In order to prioritize compli-
ant individuals, penalties can be added to measurements
which are out tolerance. A root mean square (RMS) values
is then calculated from all measurement points and assigned
to each individual as a fitness value. The individuals with
the best fitness are selected as parents for a new generation,
and children are created by crossing parent genes. A small
amount of mutation is randomly assigned to each child to
explore a larger part of the solution space. This loop is then
repeated until the population fitness starts to converge or
until the manufacturing schedule demands that the weld
process is started. The optimized locator settings are then
exported, along with the adjusted and optimized virtual
assembly, to be evaluated and implemented in the manufac-
turing process.

The requirements of the proposed digital twin regarding
data and communication are mainly related to scan data and
internal communication between RD&T and Matlab. The
scan data is applied in RD&T with the STL format, and
a wrapper can be used to translate standardized formats
such as STEP 242 or QIF into an STL file. Communication
between RD&T and Matlab depends on the implementation.
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I[f RD&T and Matlab are running on a single computer, they
can exchange information by writing and reading text files
in a specified catalog. If multiple instances of RD&T are
required beyond the capacity of a single computer, contain-
erized instances of RD&T can be run in a cloud computing
environment. In this case, the MQTT protocol can be used
for communication by having Matlab and RD&T instances
subscribe and publish to the same address.

6.2 Framework implementation

The first step towards an industrial implementation of the
proposed digital twin is to organize the relevant activities
into the ISO 23247 framework shown in Fig. 4. A full over-
view of the implementation is shown in Fig. 12. Here, MOM
and PLM functionality is provided through Opcenter and
Teamcenter respectively, and ERP functionality is imple-
mented with SAP. Communication is managed in two ways:
MQTT is used for transferring order data and initialize new
activities, and REST API is used to transfer as-designed,
as-built and as-simulated data in the STEP 242 format.
Proprietary formats are used when necessary. The digital
twin analysis loop is initiated from Operation 10 in Opcen-
ter by sending order data to a context translator. A nominal
scanning program in zinspect format is then downloaded
directly from Teamcenter, and the zinspect file is contex-
tualized with a unique product ID. The scan cell consists
of a Zeiss GOM scanner which collects 3D scan data and
writes an STL file with geometric data and a CSV file with

evaluated drawing characteristics. These are translated to a
STEP 242 file which is sent to Opcenter to finish the inspec-
tion operation. Operation 20 is then initialized by sending
order data to the optimization activity, which downloads
a rdt file with a nominal variation analysis program from
Teamcenter and the newly collected as-built scan data from
Opcenter. The variation analysis program is contextualized
with scan data and the optimization is initialized through a
genetic algorithm in Matlab. When the optimization has fin-
ished, it sends as-simulated data with recommended settings
and predicted final variation to Opcenter where an opera-
tor reviews the as-simulated data and approves it to finish
the operation. Operation 30 can now be started by sending
order data to a context translator which downloads a nomi-
nal welding program from Teamcenter in rapid format and
optimized locator settings from Opcenter. The nominal pro-
gram is then contextualized with the optimized settings and
product ID and passed on to the weld cell.

The workflow shown in the ISO 23247 framework can
also be described with the extended activity model to out-
line the digital twin functionality in terms of an ISA-95
based industrial environment, as shown in Fig. 13. In this
proposed implementation, Opcenter contains all contextu-
alized data for individual parts in the manufacturing flow.
Digital twin activities are initialized from execution man-
agement by sending out order data. When scan data and
simulation data becomes available, the definition manage-
ment activity is used to update nominal as-designed data
with as-built and as-simulated data. Queries are made to
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@ Springer



6860 The International Journal of Advanced Manufacturing Technology (2026) 143:6847-6864

Teamcenter when necessary to download nominal models
and programs. However, no data is written to Teamcenter
in this implementation to preserve the integrity of nominal
design data.

7 Case study

This section presents a demonstration of the proposed digi-
tal twin for welded assemblies, showing how it can use mea-
surement data to optimize settings in a weld fixture.

7.1 Case study description

The case study is based on an assembly consisting of 11
parts as shown in Fig. 14. The assembly is representative
of those used for welded aero engine structures, and cre-
ates the same type of manufacturing challenge. In a nom-
inal virtual model, the fit in each interface is perfect and
it would be trivial to assemble and weld these parts into a

compliant final product. However, on real physical parts
there will always be small deviations on each surface of the
parts which will slightly affect how the parts fit against each
other. When assembling the parts in the weld fixture, these
deviations need to be taken into account by making small
adjustments to the locators in the fixture. Since each part
has two interfaces against two other parts, the whole system
is essentially coupled and it is often difficult to balance all
adjustments to get optimal fit throughout the entire assem-
bly. The purpose of this digital twin is to efficiently optimize
these adjustments in a virtual environment and identify a set
of locator positions that meets all geometric requirements
while minimizing overall variation. In this case, the optimi-
zation focuses on getting an optimal fit and weld quality in
the interfaces between the parts.

7.2 Execution of digital twin functionality

The virtual assembly is set up in RD&T by creating an
assembly of 11 meshed parts and giving each part a 3-2-1
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Fig. 13 Extended ISA-95 activity model for the proposed digital twin
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Fig. 16 Each interface has four measurement points, in two positions
and in two directions

locating system as shown in Fig. 15, resulting in a total of
66 adjustable locators for the entire assembly. Four mea-
surement points are created in each interface as shown in
Fig. 16 to track gap and flush mismatch between parts,
leading to 44 measurement points in total. To speed up the
analysis, 20 instances of RD&T with the same model are
set up on a single computer with a 16-core 1.40 GHz CPU
and 64 GB RAM. A genetic algorithm is created in Matlab
which searches for lowest possible RMS value based on all
44 measurement points. In this model, weld requirements
are 0.1 mm for both gap and flush. A penalty value is added
to all measurement points exceeding the +-0.1 mm range
to further increase their RMS and make them less likely to
survive. The algorithm is only allowed to adjust each locator
position within a safe given range.

To initiate the analysis, STL files with geometric data are
read for each of the 11 parts and the mesh is warped accord-
ingly. The genetic algorithm is then initiated in Matlab, and
the algorithm is allowed to run for 8 h. The result of the
optimization is a set of optimized locator positions, and cor-
responding measurements which can be evaluated to check
that all measurements are within tolerance. A comparison
between the measurement results for nominal locator posi-
tions and results for the optimized positions can be seen in
Fig. 17, showing that all gap and flush values are within the
0.1 mm tolerance limit.

8 Discussion

The proposed framework is an important step towards a
full implementation of a digital twin for welded assemblies.
By connecting individual parts and processes to the rele-
vant MOM/MES and PLM/ERP systems, a digital thread is
essentially generated to support the digital twin with neces-
sary data. Further work will be required in order to scale
up the digital twin to a fully integrated system within the
manufacturing environment. Once the basic digital twin
functionality is in place, there are many ways in which it
could be expanded to cover more aspects of the manufactur-
ing process.

While this paper focuses on welding simulation and fix-
ture optimization, the proposed framework could support
various types of analysis and process adjustments. Creat-
ing a virtual model of a physical product or process based
on collected data has a broad spectrum of use cases. The
simulation could focus on both geometrical and mechanical
properties, such as prediction of residual stresses in a struc-
ture. The digital twin can be used to optimize different pro-
cess settings as well as properties of the parts themselves.
This could include strategies for adaptive machining of an
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interface to improve the fit of the final assembly, which
would allow for further optimization of geometrical quality.

In the examples given in this paper, the digital twin
focuses on the assembly process, which is a single opera-
tion in a longer manufacturing chain. Ideally, the digital
twin should interact with every step in the manufacturing
chain. This would allow for continuous optimization that is
always based on the latest measurements, making sure that
the final product has the highest possible quality based on
current conditions.

Having a common framework enables interoperabil-
ity between different digital twin applications by offering
a semantic model and applicable ontologies. This enables
collaboration between different actors working within the
field. The goal is to avoid a situation where each digital twin
is developed as a proprietary system for a single use case.
Ideally, functionalities developed within separate projects
should be able to be combined without extensive rework
since they share the same basic data formats and protocols.

Moving from a strictly hierarchical and air-gaped struc-
ture towards an open networked structure will have implica-
tions when it comes to cyber security. Features such as API
access to PLM and MOM systems from various software
implementations will make these systems more vulnerable,
however this is difficult to avoid when using digital twins
for manufacturing since product data is an essential part
of the digital twin. Even if the digital twin does not have
writing access to the PLM system, it can freely access PLM
information and it can also make changes in the MOM envi-
ronment. The risk of malicious attacks will need to be man-
aged and mitigated accordingly, and in some cases cloud
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computing solutions for heavy analysis tasks may need to
be replaced with slower local computing to keep sensitive
data safe. Solutions where the digital twin can only write
data to MOM and not to PLM can also limit the potential
harm of errors or attacks. Another risk is errors in the out-
put of the digital twin leading to control signals outside of
safe operation envelopes being sent to manufacturing equip-
ment. This can be mitigated by having an operator review
analysis results manually, and implementing safeguards in
the equipment which rejects unsafe inputs.

9 Conclusion

A digital twin for welded assemblies has the potential to
improve geometrical quality by individualizing the process
and adapting it to measured part data. In order to imple-
ment and realize this system, it needs to be integrated into
an industrial manufacturing system. In this paper, the ISO
23247 framework is used in order to structure the function-
ality of a digital twin for welded assemblies into a work-
flow of activities. This workflow is then established within
an extended activity model based on the ISA-95 standard,
showing how a digital twin could work as an integrated part
of a manufacturing system. Finally, a case study shows how
a digital twin implementation in Matlab and RD&T can
decrease variation in a welded assembly. By collecting data
from individual parts and processes and making it acces-
sible to other activities, a digital thread is created to support
the digital twin. The exact structure of the extended activity
model shown in this paper should not be seen as prescrip-
tive. Depending on the functionality and purpose of a digital
twin, different activities and data flows may be required. An
ISA-95 compliant digital twin framework can be generated
by following the steps outlined in this paper:

e Define the functionality of the digital twin, including re-
quired inputs and outputs for the relevant analysis.

e Organize this functionality into the ISO 23247 frame-
work to identify activities and information flows.

e C(reate an extended activity model by adding activities
and defining their inputs and outputs.

e Use the activity model as a reference when integrating
the digital twin into the manufacturing process.

For successful integration of a digital twin, full compatibil-
ity is required with the relevant MOM/MES and PLM/ERP
systems used within the manufacturing environment. Impor-
tant future work includes the development of standardized
data formats and protocols to facilitate this interoperability.
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