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Abstract: Virtual assembly (VA) is a method to simulate the physical assembly (PA) of scanned
parts. Small local part deviations can accumulate to large assembly deviations limiting the product
quality. The propagation of geometrical deviations onto the assembly is a crucial step in tolerance
management to assess the assembly quality. Current approaches for VA do not sufficiently consider
the physical joining process. Therefore, the propagated assembly geometry may deviate strongly
from the PA. In the state of the art, only specific and complex methods for particular joining processes
are known. In this paper, the concept of Surrogate Models (SMs) is introduced, representing the
connection between part and assembly geometries for particular joining processes. A Surrogate
Modelling Toolbox (SMT) is developed that is intended to cover the variety of joining processes
by the implementation of suitable SMs. A particular SM is created by the composition of suitable
Surrogate Operations (SOs). An open list of SOs is presented. The composition of a SM is studied
for a laser welding process of two polymer components. The resulting VA is compared to the PA in
order to validate the developed model and is quantified by the exploitation ratio R.

Keywords: relative positioning; virtual assembly; surrogate modelling; skin model shapes

1. Introduction

Market trends such as globalization, individualization and increasing product re-
quirements challenge the production of industrial goods and the functional fulfillment of
manufactured parts. Requirements can be summarized under the term Quality. According
to ISO 9000, quality is defined as the “degree to which a set of inherent characteristics ( . . . ) of
an object ( . . . ) fulfils requirements ( . . . )” ([1], p. 39). The geometrical deviations we focus
in this work contribute mainly to quality loss of technical products. Geometrical quality
has a strong impact on manufacturing costs, customer satisfaction and product lead-time.

In the automotive body-in-white production, geometrical quality is even the most
significant contributor to product quality [2]. Approximately two third of change requests
in aerospace and automotive industry are due to dimensional deviations [3]. The con-
cept of “Technological Heredity” stated by Zmarzły [4] comprises the phenomenon of a
manufacturing process inheriting properties from preceding processes such as properties
impairing quality like defects or geometrical deviations. As the quality of the final product
might be affected by these inherited properties, it is crucial to reduce the impact of all
relevant influences on the product quality along the manufacturing chain. Consequently,
in recent literature, especially consistent and holistic approaches are presented.

Recent initiatives such as the Geometrical Variations Management 4.0 [5] by Schleich
et al. and the Virtual Geometry Assurance Process and Toolbox by Söderberg et al. [6] aim
to allow predicting the geometrical quality in early product realization phases [7]. These
concepts are enabled by the ongoing digitizing of production systems and the use of the
parts’ digital twins.
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Their main goal is minimizing the effect of geometrical deviations on the product
quality, which is realized by the implementation of a corresponding digital twin [5]. The
digital twin is a concept embedded in the context of the fourth industrial revolution, para-
phrazed by the Industry 4.0 dictum. Its development mainly began in Germany, as it was
promoted by the German government as part of Germany’s high-tech strategy in 2011 [8].

1.1. Integration in the Context of Industry 4.0

The concept of Industry 4.0 comprises the consolidation of information and com-
munication technology (ICT) within the scope of the manufacturing industry through
converging both physical and virtual (digital) threads, aiming to create an economical ben-
efit through flexible and reconfigurable smart factories [9–11]. In short, Industry 4.0 hence
deals with the digitization of industry [9]. The field of ICT continuously gained importance
due to the emerge of embedded computing and wireless networks, allowing to include
new concepts and technologies into the manufacturing context [8,9,12]. Industry 4.0 is the
first a-priori recognized industrial revolution aiming to secure the competitiveness of a
nation’s industrial production in global competition and to overcome skill shortage due to
demographic change [9]. Bauer et al. [13] and Kagermann et al. [8] prognosed productivity
gains of 20% to 30% for Germany until 2025 in the automotive and machinery industries.
This potential was already demonstrated in several industrial use cases [12]. However,
especially large companies nowadays achieve a relatively high Industry 4.0 maturity level,
as they i.a. increasingly have a sufficient digital infrastructure [14].

According to Kagerman et al. [8], Industry 4.0 is based on the three features of “hori-
zontal integration through value networks, end-to-end engineering of engineering processes across
the entire value chain, (and) vertical integration and networked manufacturing systems” [8] (p. 6).
However, Rüßmann et al. [15] mention further building blocks of Industry 4.0 comprising
“autonomous robots, big data and analytics, augmented reality, additive manufacturing, the cloud,
cybersecurity, the industrial Internet of Things, ( . . . ) (and) simulation” ([15], p. 3). The real-
ization of Industry 4.0 relies on central concepts such as the digital twin, cyber-physical
systems (CPS), smart factories, products and materials, the digital shadow of production
as well as the Internet of Things [10,16]. The idea behind the digital twin was first formed
at NASA [17], where Glaessgen and Stargel [18] defined the digital twin as a digital rep-
resentation of a considered physical system including all relevant data from all product
lifecycle phases, which allows mirroring the behavior of the corresponding physical twin
by simulation. Its main purpose is to verify and validate the product design and to define
product characteristics [19]. At NASA, the digital twin allows replacing the Earth-bound
physical twin of a spacecraft, which during a mission was used to emulate the behavior
of the spacecraft [17]. CPS are defined as “systems of collaborating computational entities
which are in intensive connection with the surrounding physical world and its on-going processes,
providing and using, at the same time, data-accessing and data-processing services available on the
Internet” ([10], p. 621). Hence, CPS enable to represent the behavior of a physical system in
the virtual domain. The digital shadow of production according to Bauernhansl et al. [16]
enables the real-time collection and provision of relevant manufacturing data, following
the maxim of supplying the “( . . . ) right information at the right time and the right place in the
right quality ( . . . )” ([16], p. 70).

In recent literature, the concept of Industry 4.0 outlined by Kagermann et al. [8] and
Rüßmann et al. [15] is extended as a response to criticism on the incompleteness of existing
models of Industry 4.0 [20]. Thus, advanced approaches such as the augmented holistic
Industry 4.0 model by Dobrzański [20] were developed. Here, the author extents the model
of Industry 4.0 to twelve technologies by introducing the aspects of engineering materials,
manufacturing technologies (corresponding to so called technological machines) as well as
living and bioengineering machines [20,21]. The goal of the augmented model is to enhance
the digitization thread with these entities, as materials and manufacturing technologies
are basic characteristics of a manufacturing process, which mandatorily exist in every
manufacturing process. The benefits of a holistic approach are mentioned in [22] for the
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manufacture of dental prostheses, allowing for a high product quality i.a. by the capability
to fulfill tight dimensional tolerances.

In our work, a consistent digital assembly process based on geometrical properties
(paraphrased as virtual assembly) is strived, helping to enable a digital end-to-end engi-
neering process. Here, virtual assembly is incorporated through a CPS that links physical
and virtual assembly threads by sensing (dimensional measurement of the actual part
geometry), by a simulation method (estimating the assembly state) which we focus in
this paper and by acting (applying decision rules to optimize product and production
system). Therefore, the digital twins of particular (instantiated) measured parts focused on
geometrical data is considered. In this paper, we adapt to the work of Schleich et al. [19],
who describe a reference model of a digital twin in the scope of geometrical data based
on skin model shapes (as further explained in Section 1.2). Following the concept of the
digital shadow of production, we consider only relevant information in the surrogate mod-
elling process provided by the physical assembly process like the properties mentioned in
Section 3 such as joining process parameters. By using simulation methods paraphrased
as virtual verification, a consistent and adaptive control of manufacturing processes can be
enabled, allowing a reduction of time-to-market and an increase of competitiveness [23].
Another advantage of virtual verification is the possibility to maximize product quality by
minimizing geometrical deviations, at a simultaneous time reduction due to avoiding a
physical process and at reasonable manufacturing costs [24]. Since deviations of positions
and sizes are nowadays sufficiently manageable, the recent focus is especially on the con-
sideration of form deviations of parts [25]. In particular, new manufacturing methods such
as additive manufacturing are prone to manufacturing parts with large form deviations. A
major topic in geometrical verification addressed in this work is datum definition, since
about 80% of all dimensional evaluations are referred to a datum system [26]. Datum
definition determines the location and orientation of parts in an assembly and thus states
the joining process, which is usually the last step in a production process. In this phase,
quality prediction is of special interest. The later an error in a production process is found,
the higher are the error costs (rule of ten) [27].

1.2. Problem Setting

In dimensional metrology, up to three datum features define a datum system that
specifies position and orientation of measurement point sets and of geometrical features.
The norm ISO 5459:2011 describes the current, standardized approach [28]. Datum systems
are used to define a coordinate system for geometrical evaluations and an alignment
for tolerance zones of geometrical tolerances (GD&T) according to the ISO system for
Geometrical Product Specifications (GPS) [29–31].

Unfortunately, the standardized approach lacks the consideration of form deviations.
Thus, first approaches for virtual assembly (VA) were developed, where local form de-
viations are considered. An exemplary VA is shown in Figure 1. In Section 2, the VA
approaches are described in detail. These concepts are based on skin model shapes (SMS)
that describe a discrete, holistic representation of a measured part considering all relevant
deviation types. The SMS concept is standardized in ISO 17450-1 [32]. SMS can either
originate from generic data predicted from assumed deviations or expert knowledge about
the manufacturing process (Prediction Stage), or from measurement data of particular parts
(Observation Stage) as in this work [33].

Although by using SMS all relevant geometrical modalities (dimensional, position and
form deviations) of the parts are considered in VA, the deficit of prior work is the negligence
of influences from the joining process on the geometry of the simulated assembly. In various
works, the significance of regarding the joining process for VA is emphasized. The work of
Wärmefjord et al. [34] gives a comprehensive overview of factors affecting the geometrical
quality of an assembly and outlines the need of considering these factors for VA.
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Figure 1. Exemplary virtual assembly of the use case outlined in Section 4.

1.3. Scope and Aims

Joining processes are manifold and thus cannot be represented by a single generic al-
gorithm for VA. For example in the application described in Section 4, a virtual intersection
of the laser-welded assembly is allowed, which represents the welding bead. For a sheet
metal assembly instead, elastic and plastic deformation should be considered that arises
due to assembly forces, and virtual intersection is forbidden. The scope of this work is to
develop a Surrogate Modelling Toolbox (SMT) that consists of Surrogate Operations (SOs)
being composed to Surrogate Models (SMs). By selecting sufficient SOs that represent
the influence on the assembly geometry due to the joining process at its best, an SM is
composed that can be applied to the measured SMS representing particular parts. By doing
so, a simulation of the assembly in the form of a virtual assembly can be performed. The
outlined concept is shown in Figure 2. Here, the registration process is declared as “Virtual
Assembly” and the registration result is denoted as “virtual assembly”.

Figure 2. Generic concept of surrogate modelling for Virtual Assembly.

The SMT concept aims at concatenating existing geometrical operations as SOs. The
3D Point Cloud Registration Toolbox described by Garcia [35] serves as model for the SMT
approach. Moreover, the objective of the SMT concept is to provide a simplified alternative
to existing approaches. These approaches are often computationally expensive and lack
practical usability. For example, a single crash simulation of a passenger car crash takes
up to 160 h so that an optimization of certain design parameters may take up to several
months. By the abstraction into SMs, such complex models can be replaced by a simpler
and less time-consuming input-output relationship [36].

A major aim of our work is to derive SOs that represent the most basic operations
applicable to geometrical measurement data in order to manipulate the geometry of the
assembly. A method to create SMs for VA is introduced that allows composing SMs
from sufficient SOs that are contained in the SMT. Furthermore, a validation method is
incorporated that enables comparing the process variation of both virtual and physical
assemblies. These methods are applied step-by-step for a particular use case shown in
Section 4.

The working hypothesis is that the geometrical behavior of joining processes can be
described by SMs with a sufficient accuracy. This hypothesis requires that the influences
on the geometry of an assembly are known and can be described mathematically by SOs.
Here, the term “sufficient” stands for an application-specific accuracy, where in the first
place joining processes with lower tolerance requirements are focused.

The central research question is, how far existing high precision approaches such as
finite elements calculations, can be abstracted to easier, low precision SOs.



Appl. Sci. 2021, 11, 1181 5 of 18

2. State of the Art

The structure of the SMT is based on the 3D Point Cloud Registration Toolbox from
Garcia [35]. In this work, a broad overview of state-of-the-art registration techniques is
given. A common registration algorithm pipeline is developed based on the researched
algorithms. VA algorithms can be described by this pipeline as well. VA comprises
registration algorithms, where measurement point sets are aligned by minimizing a specific
objective function in order to find an optimal position and orientation of the point set to
register to a reference point set. The pipeline developed in [35] consists of the four steps

• Detection (of key points in order to reduce the number of points to register),
• Description (of the shape by local shape descriptors),
• Searching (of corresponding points) and
• Refinement (in an iterative optimization).

For VA, the detection step is performed manually by defining the datum patches, which
usually are defined in a technical drawing. The description step is neglected here. In a
Best Fit registration, shape similarities are used to align the point sets. For VA instead,
similarities determined during the detection step cannot be used, because the point sets to
register do not necessarily have similar geometries. For both the searching and refinement
steps, the review article of Liying et al. [37] gives a good overview, where the accuracy of
registration strategies (pair-wise, multi-view), of search strategies (kd-tree, grid-closest-
point), and of distance metrics (point to point, point to surface) is evaluated.

In the following Section 2.1, implementations for VA registration algorithms in the
state of the art are described, where mainly the different realizations for the searching and
refinement strategies are outlined. In Section 2.2, a general description of the terms Model
and Surrogate Model as well as applications of SMs are provided.

2.1. Methods for Relative Positioning

In contrast to data fusion registrations such as the commonly known Best Fit registra-
tion, by VA not similarity in point sets, but corresponding contact faces are searched. This
makes it necessary to implement constraints to the registration algorithm that represent
physical effects of the corresponding real-world assembly. The underlying basic optimiza-
tion problem stated in Equation (1) is a minimization problem of the sum of i ∈ [1; N]
squared signed distances dsig,i according to:

f
(
tx, ty, tz,φ, θ,ψ

)
= ∑N

i=1 d2
sig,i = min! (1)

with tx, ty, tz,φ, θ,ψ as the three translational and rotational optimization parameters of the
affine transformation, respectively. As a convention, negative signed distances dsig,i denote
a virtual intersection of the point sets. The sign is determined from the normal vectors of
the measured surfaces, where the normal by convention points away from the surface’s
material side. The most relevant constraint is the avoidance of intersection of point sets,
which comprises the impossibility of parts to intersect. Commonly, the non-intersection is
formulated as hard constraint allowing only signed distances dsig,i ≥ 0 between the point
set to register and the rigid point set [30,38,39]. Pierce linearizes this constraint in order to
simplify the underlying optimization problem [40]. By formulation as a soft constraint, a
certain intersection of parts can be tolerated, e.g., to simulate the flattening of surfaces [41].
Using the Lagrange multiplier method, for the Lagrangian function L as per:

L
(
tx, ty, tz,φ, θ,ψ, λ

)
= ∑N

i=1 d2
sig,i + λ·nneg, (2)

the optimality condition is found by setting the partial derivatives equal zero according to:

∇L
(
tx, ty, tz,φ, θ,ψ, λ

)
= 0. (3)
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In Equation (2), λ is the Lagrange multiplier and nneg =
∣∣Nneg

∣∣ is the cardinality of
a set of Nneg =

{
dsig,i

∣∣ dsig,i < 0
}

negative signed distances. The work of Shakarji and
Srinivasan at the National Institute of Standards and Technology (NIST) includes such
constraint registration methods for datum definitions considering L1 norm (Manhattan) [42]
and L2 norm (Gaussian) distance metrics [29] and can be considered as preparatory research
for future ISO and ASME standards as indicated e.g., in draft ISO/DIS 5459.2:2017 [43].
The basic optimization problem in our approach is extended by pre-alignment SOs and
optimization constraints (during optimization) to consider the influence of the joining process
on the geometrical quality of the assembly.

Another approach for relative positioning is the difference surface approach from
Samper et al. [44]. The difference surface equals to the differences of corresponding form
deviations of both contact faces. Form deviations are separated by modal decomposition
as described in [45]. The contact points of both faces are computed by the intersection of
the difference surface with a contact triangle that achieves a maximal surface area. As a
constraint, the assembly force vector must intersect the contact triangle [44,46]. A further
approach stated by Samper is the minimization of the convex hull of the difference volume
(gap volume) between the contact faces.

2.2. Prior Work for Surrogate Modelling for Joining Processes

According to Stachowiak [47] a model is defined by the criteria mapping, reduction and
pragmatism. Models represent a real-world system in a simplified mathematical description
and are used in order to predict a system output for a known system input. The connection
between inputs and outputs is mapped by a simplified black-box, grey-box or white-box
model. Mapping means the representation of a real system by an artificial input-output
connection that is reduced to the aspects that are relevant for the scope of the researched
application (reduction). A model replaces the real system only for a particular application
and is valid only under certain temporal and causal restrictions as well as for certain
subjects (pragmatism). Validity is a fourth criterion introduced by Kastens [48], which states
that a model should represent the real system with a certain quality.

The distinction between model and SM however is vague. In common practice, an SM
means a simplified model for which no connection between inputs and outputs is known
a-priori. Thus, the two main problems model construction (finding a sufficient SM) and model
appraisal (assessing the model error) have to be dealt with [49]. By surrogate modelling, it is
aimed to decrease the complexity for model formation and computation while maintaining
a sufficient prediction quality [36]. Since SMs are less accurate due to simplification, they
are mainly efficient for real-world problems that admit less detailed considerations.

In the scope of this work, SMs for joining processes are researched. The generic joining
process according to Dahlström et al. [50] consists of the four steps Locating and Placement of
parts in a fixture, Clamping of the parts, Joining and Releasing from the fixture [27], as shown
in Figure 3.

Figure 3. Generic joining process according to Dahlström et al. [50].

SMs for geometrical properties map physical effects of the real-world assembly to
geometrical deviations of the assembly. Influences on the geometry of the assembly from
all four mentioned steps of the joining process need to be considered in the SM.

A systematic overview of factors effecting the geometrical quality is given by Wärme-
fjord et al. in [34]. Here, the authors mention influences from material properties, part
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variation, part collision, gravitational forces, the fixture and the joining process. A detailed
discussion on influence factors is given in Section 3.

Prior work on surrogate modelling comprises the research of Grandjean et al., where the
plastic deformations in the contact zone for a hip prosthesis assembly is considered [51,52].
The effective contact surface is computed by erosion of the surface morphology up to a
state, where assembly and contact forces are in equilibrium. The approaches of Corrado
and Polini [53,54] as well as Falgarone et al. [55] regard elastic deformation by implement-
ing Finite Elements calculations in the contact simulation, implemented in the Cassino
Unified Tolerance Analysis, and ANATOLEFLEX software, respectively. Liu and Hu in-
troduced the Method of Influence Coefficients, where the connection between initial part
deviations, assembly forces and resulting assembly deviations is linearized by means of a
sensitivity matrix [56,57]. Andolfatto et al. explore the use of neural networks for the geo-
metrical variation propagation in assemblies concerning geometrical features from GD&T
tolerances such as tolerance of size, location and form [58]. The mentioned concepts are
either complex to apply or application-specific and thus indicate the need for a simplified,
generic approach.

Non-geometrical SMs, where a certain geometrical propagation method is already
presumed, include tolerance-cost relationships in assemblies [59], optimizations of joining
processes such as optimized spot welding sequences [60] and functional relationships such
as the use of neural networks for the prediction of tooth root stress of not form-ideal gear
wheel assemblies [61].

3. Development of a Surrogate Modelling Toolbox

Influence quantities on the geometrical quality of an assembly are shown in Figure 4,
based on the work of Wärmefjord et al. [34]. The listing is in progress and may be further
extended by additional influence factors that arise from further studied joining processes.

Figure 4. Influence quantities on the geometrical quality of an assembly referring to [34].

We consider in this work joining processes classified according to norm DIN 8593-
0 [62]. The joining methods Composing (e.g., Snap Fit) and Pressing (e.g., Press fit) mainly
effect the assembly geometry due to elastic and plastic deformations caused by joining
forces as stated in [63]. The joining methods Primary Forming (e.g., overmoulding, factors
on geometrical quality are researched in [64]), Recasting (e.g., riveting [65]), Welding (e.g.,
laser welding [66]), Soldering and Bonding mainly effect the geometry due to warpage and
shrinkage caused by thermal stress [62,67].

Figure 5 depicts the Surrogate Modelling process, where the real world process is
linked to the virtual process domain by Model Mapping (physical to virtual thread) as well
as Model Verification and Model Interpretation (virtual to physical thread). Suitable SOs are
abstracted from assembly properties such as the Joining Technique, Component Properties and
the Assembly Procedure. By the composition of an SM, which is deployed to the measured
SMS of the parts, a virtual assembly is simulated regarding the influences of the physical
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assembly on the assembly’s geometrical quality. SOs determined for this work are arranged
in Table A1 (cf. Appendix A), which are separated into

• Operations for detecting relevant subsets of points (Point set selection),
• Operations for describing and manipulating the surface morphology (Point set mor-

phology),
• Operations concerning point correspondence search and assembly position determi-

nation (Objective function constraints) and
• Technological properties such as point set refinement or simplification operations, which

are not further discussed in this work.

SOs either can be implemented as the aforementioned optimization constraints during
the refinement step [35] or are applied to the measurement data before the registration
process (pre-alignment SOs). In Table A1, a listing of SOs for both domains is given, which
can be extended with further operations in the future.

Both the identification of relevant SOs and the composition of an SM are relevant
steps that influence the outcome of the VA algorithm. In order to verify the developed
SM, a validation method is proposed in Section 4.2. By means of this method the outcome
of the SM is compared to the physical assembly (PA). Therefore, process statistics from
multiple virtual and physical assemblies are evaluated. By assessing the process variation,
the impact of part-individual deviations is evaded.

Figure 5. Detailed visualization of the developed concept for surrogate modelling in order to predict the geometrical quality
of assemblies.

4. Use Case Study for a Laser Welding Assembly

As use case a two-component assembly of a housing and a cover made from a ther-
moplastic polymer is studied since an assembly of two components represents the basic
assembly sequence that can be further enlarged to elaborate multi-component assem-
blies. Here, industrial computed tomography (CT) is used for capturing the geometrical
measurement data.

The CT scans were performed at an acceleration voltage of 180 kV, a tube current of
300 µA, an integration time of 334 ms, 1000 projection images per scan, a voxel size of
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0.1006 mm and without physical pre-filtering. The used CT system is a TomoScope HV 500
(Werth, Gießen, Germany).

Both components are joined by means of laser transmission welding. Thereby, the
component facing towards the laser source is optically transparent to the used laser wave-
length and the component facing away is locally melted due to absorbing laser energy.
For the presented assembly, a laser welding system of bielomatik GmbH incorporating
a quasi-simultaneous welding process is used. This process allows equally melting the
complete welding bead by quickly moving the laser beam along the bead contour. The
mentioned welding bead that characterizes the weld and which is considered for a further
quality analysis is shown in Figure 6. The welding bead is marked in green and shows
virtual intersection. This overlap is dedicated as material reservoir for the welding process
and thus correlates strongly with the assembly quality. Subjecting welded assemblies to
several temperature variations can provoke assembly failures that are correlated with the
welding bead geometry. Hence, this particular use case was chosen as a representative
application with known optimization potential worth investigating.

Figure 6. Use case assembly of housing (left) and cover (middle). Virtual intersection in the welding bead (right).

4.1. Surrogate Model Composition

The SM for the outlined example, as shown in Figure 7, is composed of the following
SOs:

• Coarse Pre-Alignment according to the CAD assembly,
• Patch Selection of primary datum A (guiding pegs A1 and A2 at the cover and cor-

responding holes in the housing, see technical drawing in Figure 7) and secondary
datum B (alignment of cover face in flush with the housing), and

• Virtual Intersection of the parts by using a penalty-based optimization approach as
in [68].

The Coarse Alignment is used in order to reduce the search distance for the point
correspondence search to a feasible magnitude. By Patch Selection, the assembly sequence
is considered since both parts are joined along the datums A and B. By Virtual Intersection,
the joining process is simulated, where the material reservoir in the welding bead is melted
during the laser welding process. These particular SMs were selected with regard to
technical specifications and the assembly procedure.

Figure 7. Virtual Assembly Surrogate Model used for the considered use case.
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4.2. Validation against the Physical Assembly

To validate the described SM, both virtual and physical assemblies are compared,
according to their variation distributions in Section 4.2.1, and spatially resolved in single
points in Section 4.2.2. As distributions provide an overview of the extent of variation, the
single point consideration allows capturing the variation related to a particular location.
The point sets are aligned over the housing geometry with an unconstrained Best Fit
registration. All evaluations are performed for the top face of the cover, since the cover is
virtually assembled to the geometrically fixed housing.

4.2.1. Comparison of Variation Distributions

In order to quantify the variation, the mean variation d is introduced, which is defined
as the arithmetic mean:

d = 1/W·∑W
w=1 ||Pw − P ||2 (4)

To assess the mean variation of the virtual assemblies and the physical assemblies,
dVA and dPA respectively, are considered in the following. In Equation (4), ||Pw − P ||2
is the Euclidean distance between point Pw and average point P from W repetitions. In
our work, 24 repeated virtual assemblies and three physical assemblies are studied. P is
determined as the mean coordinate from the repeated scans, where points are associated
by means of a k-nearest-neighbor search. The quantities d and P are computed for all N
point associations Pw,n; Pn, where n ∈ [1; N] is the point index variable.

The average manufacturing deviations dC and dH of the covers and housings, respec-
tively, are determined analogously to Equation (4) as mean deviations from the respective
mean value for all 24 covers and housings. They are normally distributed (their mean val-
ues are equal to approx. 0.03 mm) and are about ten times smaller than the mean variation
of all physical assemblies dPA (up to max. 0.4 mm). Values for dPA are shown in Figure 8
(right). Thus in a first approximation, the influence of the manufacturing deviations on
assembly variations is neglected, because they contribute to less than 10% of the extent of
the variation of all physical assemblies dPA.

Figure 8. Propagated uncertainty uP at the cover (left). Mean variation dPA of all physical assemblies (right).

The propagated uncertainty uP of the virtual assembly comprises the uncertainty
of measurement points u that arises from 20 CT scan repetitions. The uncertainty uP is
further increased by the transformation uncertainty emerging at VA, which causes a slight
variation of the determined assembly position and orientation of the point set to register
for repeated registrations. The subscript “P” denotes the transformed state that is gathered
by using a linear uncertainty propagation method. Here, an uncertainty coverage factor of
k = 1 as defined in ISO/IEC 98-3 [69] is applied. The uncertainty uP is shown in Figure 8
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(left) and is in range of up to ca. 0.07 mm. For the transformed point set, uP equals to the
standard deviation of the VA variation dVA.

Figure 9 shows the mentioned distributions of assembly and manufacturing deviations.
The bias B represents the mean systematic offset between VA and PA distributions, which
is about 0.16 mm.
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Figure 9. Comparison of virtual and physical assembly variation distributions and manufacturing deviations.

The variation interval for VA lays inside the PA interval. Since the real process variates
more than its simulation, an averaging or smoothing effect due to CT measurement and VA
algorithm is assumed. As the variation of the PA complies with the process requirements,
the VA variation complies as well. In this comparison of distributions only probabilistic
statements can be given. Thus, in a spatially resolved comparison, the compliance for each
single measurement point is evaluated.

4.2.2. Comparison of Single Point Deviations

In order to compare single measurement points, the exploitation ratio R is introduced.
Therefore, the VA variation dVA is analyzed in relation to the PA variation dPA. The ratio R
is defined as:

R = dVA/dPA. (5)

If the R-value equals 100%, the VA variation equals the PA variation. For an R-value
smaller than 100%, the variation determined by VA is smaller than the variation of the real
joining process. In this case, the SM applied for VA is considered as sufficiently precise. We
assume points with R ≤ 100% as good predictions.

As shown in the color-coded 3D visualization of the R-values in Figure 10, this applies
to most regions of the cover, which are colored in blue to green. However, yellow and red
colors denote regions where the VA variation exceeds the PA variation. The histogram in
Figure 10 denotes the distribution of R-values. About 77.3% of all points are smaller than
an R-value of 100%. Thus, the chosen SM is assumed as a sufficient assembly prediction
for the majority of points. However, the regions in the edges of the cover marked in red
indicate, that further geometrical factors need to be incorporated, which are not considered
in the chosen SM.

Figure 10. Color-coded 3D representation (left) and histogram of the ratio R (right, bin width of 2%).
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5. Conclusions

The regions for R� 100% represent the edges of the cover. A large R-value in these
regions is either due to an increased variation of the VA or due to a decreased variation of
the PA. Here, both explanations apply, since the variation of the VA is increased due to a
larger propagated uncertainty uP in these regions, and due to a decreased variation of the
PA. Both effects are visualized in Figure 8.

In order to improve the VA prediction accuracy, the SM can be further detailed by
considering geometrical factors influencing the edges of the joined part. For this assembly,
the clamping of the cover is likely to influence these regions, which might be included as
an additional SO. Therefore, the SOs depicted in Table A1 (cf. Appendix A) can be studied.

Altogether, the developed SMT and the validation by the R-value constitute suffi-
cient methods in order to identify SMs for the prediction of an assembly’s geometrical
quality. The assembly’s geometrical quality comprises all quality features that directly or
indirectly depend on the geometry of the assembly. This might include perceived quality
such as the body-in-white clearance gap width [70] or to predict functional requirements
such as a tight fit of a sealing. Assembly quality prediction (or geometrical propagation)
is a crucial step for tolerance management. Consequently, the performed work consti-
tutes a relevant contribution to the assembly geometry prediction needed for a precise
tolerance management.

6. Outlook

In future work, the presented use case can be further investigated by a detailed
evaluation of the effects arising at the edges of the assembly. Therefore, potential physical
causes can be studied, which can be abstracted into SOs and a more sophisticated SM.

In order to state further results more precisely, a larger batch of physical assemblies can
be considered. Presumably, the PA variation in a larger batch will be also larger, whereby
the R-values will become smaller and thus the SM becomes more feasible. Moreover,
further use cases can be studied in order to assess the transferability of the determined SMT
to other applications. Therefore, other joining methods than laser welding can be regarded.

The welding seam surface of the PA cannot be reconstructed by means of CT, because
the cover and housing cannot be separated. As a consequence, no comparison of the R-
value in the welding seam can be performed. Thus, the top face of the cover is considered
for the verification. As manufacturing deviations can be neglected, the top face sufficiently
represents the welding seam geometry. For further research however, it might be promising
to directly evaluate the R-value at the datum features.
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Abbreviations

CPS Cyber-Physical Systems
CT Computed Tomography
GD&T Geometrical Dimensioning and Tolerancing
ICT Information and Communication Technology
PA Physical Assembly
SMS Skin Model Shape
SMT Surrogate Modelling Toolbox
SO Surrogate Operation
VA Virtual Assembly

Appendix A

Table A1. Overview of considered Surrogate Operations (Pre-alignment SOs are denoted by superscript A, optimization
constraints are denoted by superscript B). By the statement of the level of detail, the SOs are classified concerning their level
of abstraction.

Surrogate Operation Description Reference Level of Detail
Point set selection Detection of relevant subsets of points
Coarse Matching Determine initial position before assembly closely to the final position [35]

Unconstrained Best Fit A Alignment as provided by Iterative Closest
Point-Algorithm (ICP) [71]

Constrained Regular Geometries A Alignment as provided by the ISO System for Geometrical
Product Specification (GPS) datum definition in ISO 5459 [28] [28]

Segmentation of contact faces A Determination of subsets s1 ⊆ S1 and s2 ⊆ S2 that are by mechanical design provided as
contact faces

Local shape descriptors A
Determination of hypothetically corresponding, salient key
features in S1 and S2, such as Principal Curvature or Harris
Algorithm [72]

[35,72]

Semantic segmentation A Determination of subsets corresponding to geometrical
primitives [73]

Patch Selection (CAD based) A Determination of subsets corresponding to a maximal distance
to a nominal geometry such as a CAD file [74]

Point set morphology Description and manipulation of the surface morphology

Definition of Offset and Intersection A

Definition of a certain offset between faces (e.g., to simulate
adhesive gap) or of an intersection (virtual penetration) to
simulate surface flattening or material loss (e.g., due to melting
welding bead)

[41]

Morphological Filtering A

Manipulate surfaces locally to simulate surface flattening due
to mechanical load

[51,52]

Hertzian Contact Formulation A [41]

Method of Influence Coefficients (MIC) A Linearized computation of elastic deformation due to
mechanical load [50,57]

Linear Finite Element Analysis (FEA) A Computation of elastic deformation due to mechanical load [75,76]

Nonlinear FEA A Computation of elastic and plastic deformation due to
mechanical load [65,66]

Objective Function Searching of correspondences and the assembly position
Modalities for Distance
Computation Approaches to compute distances between S1 and S2

Point to Point B Distance computation discretized on single points [71]

Point to Plane or Triangle B Triangle-based algorithms for distance calculation that more
precisely represent the physical distance [77]

Point correspondence
metric Metric considered to determine corresponding points recreating the physical contact scenario [38]

Euclidean distance B Only sufficient, when point clouds are relatively dense [38]



Appl. Sci. 2021, 11, 1181 15 of 18

Table A1. Cont.

Surrogate Operation Description Reference Level of Detail

Ray Casting in Normal Direction B Improved correspondence for surfaces that are sufficiently
coarse aligned [38]

Ray Casting in Assembly Direction B Most accurate representation of the physical assembly contact
correspondence [38]

Distance Metric Metric considered to determine the discrepancy between S1 and S2

Convex Hull of Gap Volume B Minimization of the convex hull of the gap volume between S1
and S2

[38]

Euclidean distance B Minimization of local distances in corresponding points [38]

Collision behavior Collision behaviour stating an elastic or stiff contact
Penalize Intersection B Allows a certain virtual intersection [41] n/a
Hard-Constrained Intersection B Strict compliance to non-intersection [41] n/a

Collision detection Determination and quantification of a collision between S1 and S2

Sign of signed distances B Negative signed distances represent a local intersection [38]

Simplex-based B Fast, approximative collision detection, only applicable for
convex geometries, e.g., the GJK algorithm [78] [78,79]

Bounding Volume Hierarchy B More precise method applicable for closely positioned objects
and initial collision [79]

Datum Hierarchy Representation of primary, secondary, tertiary datum hierarchy as per [28]

Datum Weighting B Weighting factors applied to the objective values derived from
primary, secondary and tertiary patches [38]

Contact and Force Equilibrium B

Allow contact configurations only, where the contact triangle of
the primary datum is maximized and intersected by the
assembly force vector. The secondary datum constitutes a line
contact and the tertiary datum a point contact.

[51]
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