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Abstract

The recent transformation in the aeronautical industry gives new prospects in the field of product geometry assurance. These
include, in particular the creation of sophisticated virtual models, or digital twins, which can reflect the as-built geometry of
physical products and optimize the assembly operations consequently. One of the current obstacles to the implementation of such
digital twins is linked to the difficult transition from a conceptual model to a usable virtual representation. In this article, we present
the hybrid representation of a product which is capable of integrating the different states of the components at each step of the
assembly process. We propose a method to update the virtual representation of already assembled components, in order to include
the position and orientation deviations of their surfaces. The B-Rep model of each component is updated from data acquired during
the assembly of the product. The various steps of this update, and its associated tools are discussed in the article. Based on the
knowledge of the as-built component geometry, the geometry of the yet-to-be-assembled components is adapted so that the final
product complies with the functional requirements. To this end, we also discuss a formalism to model the product’s functional
information and to translate it at a geometrical level thanks to an assembly skeleton.

Keywords: digital twin, assembly, geometry assurance, 3D acquisition

1. Introduction

The increasing integration of data processing systems leads
to new prospects in the organization of production systems [1].
These prospects include the possibility to optimize manufactur-
ing and assembly operations in real time, using digital twins of
the manufactured products. A promising application is the ge-
ometrical quality of assembled products [2]. The virtual model
of the product is supplemented with inspection data in order to
detect and correct non-compliances resulting from geometrical
deviations. Geometrical deviations found at component level
tend to propagate along the assembly process. Those deviations
cause assembly issues and non-compliance with functional re-
quirements, which further leads to an increase in production
costs.

Nevertheless, a recent literature review [3, 4] shows that the
current developments regarding digital twins in the field of pro-
duction are mainly conceptual. Thus, key enabling technologies
and tools for the implementation of digital twins have become
a major research topic [5]. One of the obstacles to this imple-
mentation is the transition to a usable virtual representation [6].
One of the major challenges lies in the capacity of this virtual
representation to reflect the actual product while being a valid
model for simulation and optimization of manufacturing and
assembly operations.
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In order to answer this problem, some authors [6] suggest
to use skin model shapes [7] as virtual representation of digital
twins. The skin model shapes, mainly used in the field of toler-
ancing, are discrete representations of a physical object which
can simulate or integrate position, orientation or shape devia-
tions of its surfaces [8]. Simulating the assembly of compo-
nents thanks to skin model shapes is also possible [9]. The
possibility to optimize manufacturing and assembly operations
from the understanding of the components deviations (through
observation or simulation) is currently limited to the field of
tolerancing [10].

In this article we propose a hybrid representation of a prod-
uct, which can be integrated to the digital twin approach in or-
der to manage geometrical deviations during the assembly pro-
cess (Fig. 1). Geometrical data about the physical product is
transferred to the virtual product using 3D sensors during the
observation phase. These data are used to update the as-built
components so as to mirror the actual geometry of the product.
Based on the knowledge of the as-built components’ geometry,
the assembly of remaining components can be simulated and
optimized. The resulting information is then transferred back
during the prediction stage so that the changes performed on
the virtual product can be applied to the physical product.

While current research works are exploring the assembly of
components with geometrical deviations, virtual products ca-
pable of integrating both as-built components and as-designed
components have seldom been studied in the literature. One
major difficulty is interfacing as-built components and as-designed
components in the virtual product while building an assembly
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Figure 1: Digital twin based approach for the management of geometrical de-
viations during assembly.

model capable of taking geometrical deviations into account.
Once such an assembly model is built, a second difficulty is the
optimization of upcoming manufacturing and assembly opera-
tions so that the functional requirements of the final product are
eventually met. A third and more practical difficulty is finally
preserving the continuity of the information linked to the virtual
product’s geometry during the update phase so that manufactur-
ing and assembly operations can be carried out.

Let us consider the initial virtual product as a Digital Mock-
up (DMU). DMUs are extensively used nowadays to support
manufacturing and assembly operations. A DMU consists of
the as-designed representation of a product, along with some
data associated with manufacturing and assembly operations.
These data often include geometrical tolerances and functional
requirements (Fig. 2.b) but also text instructions and machine
trajectories. A DMU can be regarded as the static representa-
tion of a product. At the step n of the assembly process, geomet-
rical deviations are observed on the physical product (Fig. 2.a).
One originality of the hybrid representation we propose is that
the virtual representation of the product is updated according to
the measured deviations of the physical product (Fig. 2.c). This
includes, on the one hand, as-built components reflecting the
actual geometry of the physical product, and on the other hand,
to-be-built components. These to-be-built components include
as-designed and interface components. The notion of inter-
face components is derived from the field of aeronautics [11]
and designates custom-made components whose designs are
updated in order to mitigate the effect of geometrical devia-
tions on the functional requirements of the product (Fig. 2.d
and 2.e). The choice of the components to be used as inter-
face components is based on feasibility and cost criteria [12].

Other to-be-built components remain in their as-designed states
and are assumed to be manufactured within their specified tol-
erance intervals (which may even be enlarged, as the as-built
geometrical deviations of the components cannot be considered
as random variables anymore). The initial virtual representation
of the product, i.e. Digital Mock-up (Fig. 2.b), therefore be-
comes a hybrid representation (Fig. 2.c) composed of as-built,
interface and as-designed components [13].

hybrid representation

product at step
n

physical product virtual product

as-designed
representation

a) b)

c)d)

e)

product at step
n+1

as-designed
component

as-built
component

interface
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manufactured
components
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FR
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Figure 2: The proposed hybrid virtual representation (c) is created from the
initial as-designed representation of the product (DMU) (b) and the physical
product (a) so that the extracted manufacturing and assembly operations (d)
result in a final product which fulfills its functional requirements (FR) (e).

In section 2 of this article, we describe the proposed hy-
brid representation for the use of digital twins in assembly pro-
cesses. This description includes both a component represen-
tation and a structuro-functional model of the product. We
demonstrate that the B-Rep representation, which is widely used
to model as-designed component geometry, can be used to model
the position, orientation and size deviation of as-built compo-
nent surfaces as well as interface component geometry. In sec-
tion 3, we will explain how the observation stage (Fig. 1) is
performed. During this stage, the virtual model is updated ac-
cording to the measured data, in order to reflect the geometry
of the physical product during assembly. In section 4, we show
that the as-built component can be used to simulate and opti-
mize manufacturing and assembly operations through the up-
date of the interface component. The prediction stage (Fig. 1)
is performed as well.
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2. Proposition of a virtual product for the digital twin

The proposed approach consists in updating of the original
product’s DMU to a hybrid virtual representation, comprising
as-built, interface and as-designed components. This section
explains how the geometry of such components is modeled and
how they interact within the updated virtual product.

2.1. Modeling component’s geometry

Manufactured products are mainly made of primitive geo-
metrical shapes such as planes, cylinders, spheres, cones or tori.
Such geometrical representation of the product can be found in
its DMU using the B-Rep formalism. The virtual geometry of
the components of the product can be described as a set of faces
delimitating its volume, these faces being described as paramet-
ric surfaces expressed in a Euclidean space and are bounded by
edges. The intersections of the various surfaces create these
edges. The B-Rep formalism is used nowadays in most CAD
environments, either in native mode or through the standard for
product data exchange (STEP or ISO 10303).

This parametric representation of surfaces is used to up-
date the geometry of the virtual product. During the update,
the initial designation of faces and edges is conserved to pre-
serve the continuity of information. We use a direct modeling
approach [14, 15] in order to manipulate the geometry and to ef-
fect changes in the as-designed component models. Unlike the
widely used history-based parametric modeling approach [16],
direct modeling allows more freedom to perform local geom-
etry changes. It is not necessary to identify specific feature
parameters in the component’s history tree in order to make a
change to the geometry.

In the case of as-built components, the parameters of each
surface are used to model position, orientation and size devia-
tion of the faces, as shown in Tab. 1. This method is directly
inspired from the work of [17], which exploit the similarity be-
tween vectorial tolerances [18] and the B-Rep description. Dur-
ing the update, the face of each component is modified so that
the final component reflects its physical counterpart. To that
end, surface parameters are first identified using a 3D geomet-
rical acquisition of the physical product that is being assembled.
The component B-Rep is then updated so that its surface param-
eters match the parameters identified from the physical product
(Fig. 3). With this method, only a small number of parame-
ters is necessary in order to model position, orientation and size
deviation.

In the case of interface components, surface parameters are
used in the same manner in order to effect geometrical changes,
so that the functional requirements of the product are virtually
met. To that end, surface parameters are determined accord-
ing to the geometry of as-built components, and the structuro-
functional model of the product.

The presented method is based on the following hypotheses:

• Surface topology is preserved: planar surfaces remain
planar, cylindrical surfaces remain cylindrical, etc. In the
case of as-built components, shape deviations are sup-
posed to be negligible.

Surface type Parameters
Position Orientation Size

Plane ∆x ∆y ∆z ∆nx ∆ny ∆nz /

Sphere ∆x ∆y ∆z / ∆r
Cylinder ∆x ∆y ∆z ∆nx ∆ny ∆nz ∆r
Cone ∆x ∆y ∆z ∆nx ∆ny ∆nz ∆r
Torus ∆x ∆y ∆z ∆nx ∆ny ∆nz ∆r1 ∆r2

Table 1: Parameters modeling each surface position, orientation and size
changes/deviations.

• Edges can still be computed: surfaces still intersect after
their parameters have been updated. The underlying as-
sumption is that geometrical changes/deviations are gen-
erally small compared to face dimensions.

Once surface parameters have been modified, to ensure that
the resulting solid is perfectly closed, edges are computed again
by intersecting the modified surface and surfaces coming from
adjacent faces. Determining neighboring faces is quite straight-
forward, as the adjacency relations between faces do not change
during the update. Edge computation is also eased by the fact
that surface topology is preserved during the update and also
that geometrical deviations are generally small compared to
face dimensions.

b) c)

e)d)

a)

Figure 3: (a) as-designed component, (b) face decomposition, (c) integration of
the new parameters, (d) calculation of the new edges, (e) updated (as-built or
interface) component.

The aforementioned steps are implemented in a prototype
software, called D3MO for Deviations 3D MOdeler, which will
be detailed in section 5. While major commercial CAD soft-
ware already provides advanced direct modeling functionali-
ties [19, 20, 21], we chose to develop a custom solution. The
main reasons are that the D3MO software is specifically tailored
to our needs and allows a seamless integration of the different
algorithms developed as part of our work. The STEP neutral
format is adopted in order to ensure data exchange between our
prototype software and commercial CAD environments. Once
updated, as-built and interface components are integrated to the
virtual product together or with other as-designed components.
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2.2. Structuro-functional model of the product

Geometrical deviations, which are present on as-built com-
ponents, propagate during the assembly process as components
are positioned with each other. Relative positioning between
components is usually defined thanks to assembly joints. Each
joint involves two surfaces, each one belonging to one of the
components. The number, nature and realization order of these
joints have an impact on geometrical deviation propagation dur-
ing assembly and therefore on functional requirements.

Components, joints and their influence on the product’s key
characteristics (KC) may be represented using an Oriented Con-
tact Graph [22]. A KC is one property of a product required to
satisfy a function. KCs are generally expressed as geometrical
condition between two surfaces. The graph proposed in Fig. 4
represents the structuro-functional model of the product.
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key characteristic
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component
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Figure 4: Example of Oriented Contact Graph.

In this article, the Oriented Contact Graph is slightly modi-
fied in order to represent the impact of as-built component up-
date on the product (Fig. 5). The notions of global and local
references and specified elements are thus introduced.

Global references are a set of surfaces belonging to the orig-
inal product’s DMU thanks to which as-built components are
positioned. The use of such global references allows us to ex-
press geometrical deviations using the initial reference geom-
etry of the product. Global references constitute intermediary
datum used to link the virtual product’s datum to the acquisition
datum. Local references are surfaces used in the composition
of joints between as-built components and as-designed compo-
nents. Due to geometrical deviations, the situation of local ref-
erences regarding global references varies. In the same manner,
the situation of specified elements also changes as the represen-
tation of components is updated from as-designed to as-built.

global references
local references
specified elements

S1

S2
C

S1

S2

S3

S4

S1

S2

S3

Component 2

Component 3

J1

J2

J3

J4

KC1

Component 1
A

B

Figure 5: Oriented Contact Graph modified.

Using an Oriented Contact Graph allows one to represent
structuro-functional information in a simple and structured man-
ner. It also serves to list the Ji joints and KCi key character-
istics of the product. Surfaces impacted by the as-built com-
ponent update are also highlighted thanks to global and local
references and specified elements.

In order to link joints and key characteristics to the prod-
uct’s geometrical view, a geometrical skeleton is then deduced
from the previous graph. Geometrical skeletons have been found
useful to include assembly knowledge in the product develop-
ment process [23]. Geometrical skeletons are associated with
a top-down design methodology where functional requirements
are cascaded to component levels in order to define their geom-
etry.

The geometrical skeleton proposed in this paper is com-
posed of five types of features: point, line, plane, curve and
datum. These features are used to define joints and functional
requirements in the product’s geometrical view.

First the skeleton datum is built using global references, as
defined earlier. Skeleton features are expressed thanks to this
datum. Elements corresponding to local references mainly de-
fine the assembly joints. The type of assembly joints must be
defined according to geometrical deviations, so that the system
is statically determined. For example, defining the relative po-
sitioning between two components with a set of planar joints is
admissible when considering as-designed components but re-
sults in an over-constrained system when geometrical devia-
tions are introduced in the virtual product (Fig. 6). The choice
of the joint type is up to the product designer and is driven by
the kinematical and technological views of the assembly. Skele-
ton features corresponding to each assembly joint, noted Ji, are
then defined and instantiated (Tab. 2) Only joints involving sur-
face pairs are considered. Skeleton features corresponding to
specified elements, noted S Ei, are built according to toleranced
features. Toleranced features are defined by ISO 1101.

Finally, the product skeleton is then built (Fig. 6). Param-
eters associated to the skeleton’s features are given in Tab. 3.
Curve feature is not considered here and may be modeled using
any parametric curve such as B-Spline or NURBS. The initial
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Joint type Feature Degree of freedom
Translation Rotation

Cylindrical Line 1 1
Spherical Point 0 3
Planar Plane 2 1
Line-contact Line 2 2
Curve-contact Curve 1 3
Point-contact Point 2 3

Table 2: Skeleton features definition based on joint type.

as-designed representation of the product is first used to define
the skeleton’s feature parameters.

Feature Parameters
Position Orientation

Plane ∆x ∆y ∆z ∆nx ∆ny ∆nz
Line ∆x ∆y ∆z ∆nx ∆ny ∆nz
Point ∆x ∆y ∆z /

Table 3: Parameters modeling skeleton entities.

Parameters of each feature composing the skeleton are up-
dated simultaneously as components composing the virtual prod-
uct are themselves updated.

B
J2

J4

J1

SE1

J3
A

O

y

x

Figure 6: Example of geometrical skeleton.

3. Updating as-built components

In the previous section, we defined a direct modeling ap-
proach which enables us to model the position and orientation
deviations of the as-built components of our digital twin. Up-
dating the virtual model of as-built components is done by up-
dating the surface parameters of its B-Rep model. In this sec-
tion, we define a method which enables us to relate these param-
eters to the geometry of the physical product under assembly.

While reconstructing the B-Rep model of a component from
one of its physical instance is a widely addressed problem [24,
25, 26], only a few authors take preexisting data about the com-
ponent into account during the process. The authors of [27, 28]
use an a priori CAD model as an initial estimate of the model
to be reconstructed. Surfaces are adjusted to a 3D acquisi-
tion result via an Iterative Closest Point (ICP) [29, 30] algo-
rithm, which is likely to converge if the initial estimate is ”close
enough” to the 3D data. The authors of [31] propose to over-
come this limitation by stating the reconstruction problem as a

search for a model that maximizes probabilities taking several
constraints into account, such as the relevance to the a priori
CAD model.

The proposed method to update the as-built component from
its as-designed representation consists of six steps:

(1) Acquisition of the as-built component geometry;

(2) Preprocessing of acquired data in order to produce an ex-
ploitable mesh;

(3) Registration of the mesh on the as-designed geometry;

(4) Classification of 3D data;

(5) Surface fitting using the classified data and extraction of
the actual parameters;

(6) 3D modeling of the as-built components based on these
actual parameters.

First, the as-built components’ geometry is acquired using
an optical sensor, resulting in a triangular mesh. In our work,
the totality of the physical components’ visible surfaces is ac-
quired although more optimized strategies [32, 33] may be used
in order to leverage inspection time and reduce data volume.
Then the preprocessing of the acquired data is performed. The
acquired mesh is cleaned in order to remove ambiguous or un-
wanted samples that correspond to acquisition errors or belong
to acquisition artifacts. Normal vectors and discrete curvatures
are then computed for each vertex of the mesh. This piece of
information is needed in the following steps.

The third step consists in registering the mesh on the as-
designed component (whose geometry has been tessellated in
order to perform this particular step). The goal of this third step
is to achieve an approximate matching between the acquisition
datum and the CAD datum. This registration is performed in
two sub-steps, involving a first coarse registration based on a
Principal Component Analysis (PCA) algorithm and a second
fine registration based on an ICP algorithm.

The fourth step consists in classifying mesh vertices. We
address the problem of retrieving the surfaces of the compo-
nent from 3D acquisition data using a supervised classification
framework (Fig.7). Our work is mostly inspired by the work
of [34], which focuses on the classification of point-clouds from
urban scenes. In our case, we want to classify the acquired mesh
so that a label y is attributed to each vertex based on the surface
that it samples. Additionally to the vertex coordinates vi ∈ R3,
we use normal vectors ni ∈ R3 and discrete curvatures k1,i ∈ R
and k2,i ∈ R as features of our data vector X. Indeed, these fea-
tures allow the description of the position, orientation and local
variation of a 3D surface.

Before we can classify the acquired mesh, the training data
has to be gathered in order to train a classifier which can then
apply to new data. The training data may be gathered from
the 3D acquisition of other manufactured instances of the same
component or generated by simulation. While the first option
guarantees the relevance of the gathered data it also requires
a tedious phase of collecting and manually labeling the data.
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Figure 7: Supervised classification framework.

When historical data about the considered component cannot
be collected, we choose the second option. We use the direct
modeling approach described in section 2 in order to generate
virtual instances of the studied component and its geometrical
deviations. First, random geometrical deviations are generated
and applied to the as-designed representation of the compo-
nent. Then the simulated as-built components are sampled in
the form of a triangular mesh, which is similar to the acquired
data. As the parameters of the simulated components’ surfaces
are known, the generated meshes can be automatically labeled.
In practice, for each surface S j, we select the vertices whose
distances and angles are under a given threshold (Eq. 1), which
depends on mesh quality. An extra class is dedicated to the
component’s edges (i.e. vertices that are not associated to any
surface).

V j = {v|v ∈ V ∧ d(v,S j) < ε ∧ θ(v,S j) < α} (1)

Finally, a random displacement is introduced for each ver-
tex, in the direction of its normal vector, in order to simulate the
noise induced by the acquisition using an optical sensor (Eq. 2).

v′i = vi + ei.ni (2)

Finally, each mesh is registered on the as-designed geom-
etry and normal vectors and discrete curvatures are computed.
The simulated components are then used to train the classifier.
We chose to use a Random Forest classifier, as it is a good com-
promise between computational speed and prediction perfor-
mance [34].

Once the mesh is classified, the fifth step is to adjust sur-
faces to the data. To that end, we first make sure that the
measurement datum perfectly matches the CAD datum, so that
the parameters drawn from the actual surfaces are actually ex-
pressed in the assembly coordinate system. A final registration
is performed, based on the global references of the assembly
and on the corresponding subsets of the mesh. Surface param-
eters are then computed by least-square fitting of the primitive
shape corresponding to each subset. As the least-square fitting
result is very sensitive to the presence of outliers (i.e. wrongly
classified data), statistically aberrant vertices are removed from

the subsets. To do so, a non-parametric model, based on a ker-
nel smoothing algorithm, is built from vertex residuals. Vertices
with residuals corresponding to the highest percentiles of this
distribution are then removed.

The final step consists in updating each surface parameters
of the as-designed components by the previously computed val-
ues.

4. Updating interface components

The previous section detailed the possibility to update as-
built components in order to reflect the geometrical deviations
of the physical product during its assembly process. Based on
the geometry of the as-built components, following assembly
operations can be simulated and then optimized in order to en-
sure that the functional requirements of the final product are
eventually met. To do so, the geometry of interface components
is also updated.

Once as-built components have been updated, the situation
of as-designed components in the virtual product is updated as
well. For that, the parameters of the skeleton features, as de-
fined in section 2, are updated according to the as-built compo-
nent geometry. This includes on the one hand local references
and, on the other hand specified elements.

More precisely, the skeleton features which correspond to
local references are updated by identifying or computing el-
ements that result from the contact between as-built and as-
design components (Fig. 8). When these elements correspond
to surfaces of the as-built components, such as J1, they can
be directly identified. Otherwise, they have to be evaluated by
computing the contact between the component’s faces.

The skeleton features which correspond to specified ele-
ments are updated as well. Only specified elements that ma-
terialize key characteristics involving surfaces of the as-built
components need to be updated. Key characteristics are identi-
fied using the Contact Oriented Graph. The new parameters of
these specified elements are then deduced from the toleranced
features.

O

y

x

B

J2

J4
SE1

J3
J1 A

Figure 8: The situation of as-designed components is updated.

After component positioning is updated by considering as-
built component geometry, the interface component is updated
so that the functional requirements of the final product are met.
First, surfaces to update are identified. These surfaces corre-
spond to the surfaces involved in the variation of the product
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KCs. Such surfaces can be easily identified in the Oriented
Contact Graph.

Surface parameters of the interface component are then de-
termined so that the functional requirements are met in the end
of the assembly process. In some cases, and as in the example
of Fig. 9, the problem of the surfaces update admits several so-
lutions. Several combinations of surface update can lead to a
compliant assembled product. The choice of the surfaces to up-
date is up to the product designer. It involves expert knowledge,
which should be translated into design rules within the virtual
product.

O

y

x

S2 S3

Figure 9: Update of the interface component.

In the example presented in Fig. 9, surfaces S 2 and S 3 of
the interface component are updated.

After the geometry of the interface component is updated,
the situation of the remaining as-designed components can be
updated in the virtual product. Manufacturing and assembly op-
erations are then performed according to the information con-
tained in the updated virtual product.

5. Use case and results

The digital twin approach and the hybrid product represen-
tation discussed in the previous sections is illustrated through a
simple case study.

5.1. Presentation

The considered product is composed of three components:
one base component (yellow), one intermediary component (green)
and one axis component (orange). The components are assem-
bled in this order to form the final product. A partial represen-
tation of the functional requirements is shown in Fig. 10. The
CAD environment used is CATIA V5 R© and the component ge-
ometry is described using STEP files.

An instance of the base component has been manufactured
via 3D printing (Fig. 11.a). The geometry of the manufac-
tured component differs from the geometry of the virtual com-
ponent. Surface position, orientation and size deviations have
been introduced on purpose. The magnitude of these deviations
(∼ 1 mm for position and size and ∼ 0.1 rad for orientation)
is such that the assembly operations extracted from the initial
DMU would eventually result in a non-compliant final prod-
uct (Fig. 11.b). From then, possible scenarios involve carrying

Figure 10: Initial product DMU showing the partial representation for our case
study functional requirements.

unplanned rework operations on the product or even simply re-
jecting the base component. Both options result in dramatically
increasing assembly costs and delay.

a) b)

Figure 11: (a) manufactured component (b) non-compliant final product.

As an alternative, we propose to use a dynamic representa-
tion of the product, i.e. a digital twin, which is able to reflect
its geometrical deviations and to optimize manufacturing and
assembly operations accordingly. The desired hybrid represen-
tation of the product is given in Fig. 12. This hybrid represen-
tation contains an as-built component (the base component in
blue), an interface component (the intermediary component in
purple) and an as-designed component (the axis component in
orange). While extra efforts have to be made in order to obtain
such a virtual representation of the product, extracted assembly
operations lead to a first-time-right physical product.

Figure 12: Updated virtual product.

The structuro-functional model of the product is defined in
the next subsection. In the two following subsections, we re-
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spectively detail how the as-built component is updated from a
3D acquisition result and how the interface component is up-
dated based on as-built component geometry.

5.2. Structuro-functional model of the product
Fig. 13 presents the Oriented Contact Graph of the product

from our case study. The product has three key characteristics:
the assemblability of the axis component on the base compo-
nent (KC1) and the location of the surfaces of the intermediary
component (KC2 and KC2). Joints linking the different com-
ponent surfaces are defined in Tab. 4.

Global references are defined by surfaces A, B and C. Global
references, local references and specified elements are displayed
in Fig. 13.

E
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S1 S3

S2

S6 S2

S1

KC2
KC3

L1
L3

L2
KC1

L5

L4
Intermediary
component

Axis
component

C

B

A global references
local references
specified elementsBase

component

Figure 13: Oriented Contact Graph of our case study product.

After defining the Oriented Contact Graph, the geometrical
skeleton of our product is built. First, features corresponding to
local references are defined. As shown in Fig.14, defining J1,
J2, J3 and J4 as planar joints and J5 as a cylindrical joint is ad-
missible when considering as-designed components, but it leads
to an over-determined system when geometrical deviations are
introduced in the virtual product.

a)

J2

J5J4

J1
J3

b)

J2

J5J4

J1
J3

Figure 14: Surfaces defining the assembly joints (a) initial product representa-
tion (b) hybrid product representation.

Joint types are therefore modified so that the system be-
comes statically determined. In the presented study case, J1
remains a planar joint while J2 and J3 are respectively defined
as line-contact and point-contact joints. J4 is a cylindrical joint
and J5 a point-contact joint (Tab. 4). The choice of joint types
is arbitrary and modifications are performed manually.

Designation Before update After update
J1 Planar Planar
J2 Planar Line-contact
J3 Planar Point-contact
J4 Planar Point-contact
J5 Cylindrical Cylindrical

Table 4: Joints before and after update.

Skeleton features corresponding to local references are then
instantiated in the geometrical skeleton and positioned in rela-
tion to global references (Fig. 15).

Skeleton features corresponding to specified elements are
finally instantiated. In our example, the specified element S E1,
which is related to KC1, is a line feature materializing the axis
of the surface S 2 on the axis component. S E2 and S E3 are
plane features that materialize the location of planar surfaces
S 4 and S 5 of the intermediary component.

O

z

yx

A

B

C

L1

L2

L3

L4
L5

SE1

SE2

SE3

Figure 15: Geometrical skeleton of our case study product.

Parameters of the skeleton features initially correspond to
the situation of joints and surfaces of the as-designed product.
The skeleton is added to the initial DMU and related to the com-
ponent’s faces via geometrical constraints. Parameters of the
skeleton features are driven using a design table, i.e. a simple
text file that can be imported into the CAD environment.

5.3. Updating the as-built component
Once the structuro-model of the product is built, the base

component is updated from its as-designed representation to its
as-built representation within the virtual product. The skele-
ton features are then updated according to the geometry of the
manufactured base component.

First, the as-built component geometry is acquired using an
optical sensor1 then exported as an STL mesh with the help of
a dedicated software (Fig. 17.a). The first acquisition step gives

1ATOS Core 300. See www.gom.com/metrology-systems.
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a mesh consisting of approximately 620k vertices and 1.2M
faces. All the surfaces of the component are digitized.

Then the different steps of the method proposed in section 3
are performed. After a preprocessing step, the acquired mesh is
registered on the as-designed component, whose geometry has
previously been tessellated (Fig. 17.b). Vertices of the acquired
mesh are then classified according to the surface they sample
(Fig. 17.c).

The classifier is first trained with five different meshes re-
sulting from the simulation of geometrical deviations using the
as-designed CAD model of the base component (Fig. 16). Ge-
ometrical deviations are assumed to be independent between
surfaces. A uniform statistical distribution is considered in or-
der to generate these geometrical deviations. Parameters are
chosen so that the order of magnitude of these deviations is ap-
proximately the same that of the manufactured component.

Figure 16: Simulated instances of the base component composing our training
set.

The vertices are thus well classified, both visually and ac-
cording to the classification metric (∼ 97% of macro-precision
- discarding the edge class - when compared to the hand-labeled
ground-truth mesh). Once the acquired mesh is classified, sur-
face parameters are computed by a least-square fitting of the
primitive shape, which corresponds to each vertex subset (Fig. 17.d).
Beforehand, a final registration is performed, based on the global
references of the assembly (Planes A, B and C presented in
Fig. 10) and the corresponding subsets of the mesh.

The final step consists in updating each surface parame-
ters of the as-designed component using the previously com-
puted values. In order to do so, a prototype software, called
D3MO, based on the pythonOCC library [35], has been de-
veloped (Fig. 18). The STEP CAD model of the as-designed
component is first imported. The parameters of each face are
accessed and modified thanks to the D3MO software. The ge-
ometry of the component is then automatically updated accord-
ing to the new parameters. The updated as-built component can
finally be exported in a STEP format (Fig. 17.e).

All the steps of our method have been implemented in the
Python programming language using well-known libraries for
scientific computing [36], uncertainties management [37] and
machine learning [38]. We also developed a graphical interface
in order to assist the user in the 3D modeling step. Carrying
out the aforementioned steps can be done in reduced time (∼5

a) b) c)

d) e)

Figure 17: (a) acquired mesh, (b) registered mesh (as-designed component in
transparent yellow), (c) classified mesh, (d) fitted surfaces, (e) as-built CAD
component.

product tree selected face

parameters

CAD datum axis

face number

Figure 18: D3MO software GUI.

min) on a laptop computer (2.3 GHz Intel R© i5 CPU and 8 GB
of RAM).

5.4. Updating the interface component

Based on the geometry of the as-built component, the ge-
ometry of the interface component is also updated. To do so,
the situation of the interface component is first updated in the
virtual product. This is done by updating the parameters of the
local references in the product skeleton.

In the proposed case study, the parameters of the skeleton
feature J1 are directly given by the parameters of the planar
surface S 1 of the base component. Other features have to be
determined by simulating assembly operations. Thus, the as-
sembly sequence has to be taken into account.

In the proposed example, the intermediary component is
first moved to the base component by realizing the planar joint
J1. Afterwards, the line corresponding to J2 is computed by
testing all edge-plane combinations between the two surfaces
involved in the contact. The valid combination is chosen ac-
cording to a non-penetration criterion. This calculation is made
possible as contact surfaces are fairly simple. Cases involving
more complex surfaces would require a more thorough investi-
gation.
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J3 is determined more easily, as it consists in a point-contact
joint between planar faces. Contact points are computed by
projecting the face belonging to the moving component onto
the planar surface that belongs to the fixed component in the
direction given by the last degree of freedom (Fig. 19).

Figure 19: The situation of the interface component is updated.

After that, the situation of the interface component is up-
dated in the virtual product, and its geometry is updated so that
the functional requirements for the assembled product are met.
To do so, surfaces of the interface component that are linked to
the specified elements of the skeleton are updated in order to
satisfy the condition expressed by the product’s key character-
istics (Fig. 20). In particular, the parameters of theses surfaces
are updated according to the parameters of the skeleton speci-
fied features.

SE3
S5

SE2

S4

S6

SE1

O

z

y
x

Figure 20: The geometry of the interface component is updated.

In the proposed case study, S E1 parameters correspond to
the parameters of the surface axis D of the base component.
S E2 and S E3 respectively correspond to the parameters of the
planar surfaces E and F. The update for the interface compo-
nent is carried out using the D3MO software. The application
is therefore quite straightforward.

Finally, the situation of the axis component is updated as
well, resulting in the hybrid representation presented earlier in
Fig. 12. The interface component and the axis component are
then manufactured based on the updated virtual product, guar-
anteeing that the functional requirements on the physical prod-
uct are met eventually (Fig. 21).

6. Conclusion

In this article, we have proposed a hybrid virtual representa-
tion to support digital twin implementation. This representation

Figure 21: Final product with updated interface component.

ensures the respect of geometrical functional requirements dur-
ing assembly processes. The suggested model is based, on the
one hand, on a geometrical representation of the components as
a set of configurable surfaces and, on the other hand, on a geo-
metrical skeleton. The proposed hybrid representation reflects
the product during its assembly process thanks to the update
of the component’s geometry and the situation of the skeleton
features.

Component geometry is represented using the B-Rep for-
malism, enabling us to make full use of the capacities of current
CAD environments. Local changes in the initial as-designed
component geometry are performed by using a direct modeling
approach. Component topology is preserved during the update
from as-designed to as-built or interface state. Therefore the
continuity of information linked to the component’s initial as-
designed representation is also preserved. As-built and inter-
face components are also updated thanks to a restricted number
of parameters. This constitutes an advantage over others virtual
representations of components in the literature, such as discrete
representations.

This process is nevertheless completed to the detriment of
superior order deviations, especially shape deviations, which
cannot be modeled. Shape deviations may not always be con-
sidered as negligible. In this case, their influence on the compo-
nent’s relative positioning has to be taken into account. Chang-
ing surfaces from geometric primitives to higher order surfaces
(such as NURBS) may be a solution to overcome this shortcom-
ing. However, this would also increase the complexity of edge
computation as well as the computation of the situation of the
different components within the product.

Product information is modeled using a geometrical skele-
ton. This skeleton helps us to translate the assembly informa-
tion in terms of geometrical features. Thus, it becomes simple
to simulate the impact of geometrical deviations on the assem-
bly and to carry on various updates in order to ensure the com-
pliance with functional requirements of the final product.

We propose a detailed method in order to update as-built
components. This method can be carried out in a relatively
short time-span and requires minimal user interaction. Vari-
ous improvements should nevertheless be planned in order to
implement a digital twin which could be truly autonomous and
dynamic (i.e. which could be updated in almost real-time). Fu-
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ture works include the possibility to optimize the acquisition
step in order to streamline both the collection and processing
of 3D data. Indeed, only a few surfaces influence the overall
product behavior. One of the first questions to answer would
be the ability of the proposed method to perform with sparse or
missing data (i.e. non-digitized surfaces).

Eventually, the simulation of the assembly with as-built com-
ponents was carried out by taking into account a statically deter-
minate assembly. Solving the assembly constraints can be done
directly and does not require to use iterative methods, as is often
the case in discrete representations. However, additional devel-
opments, such as the use of Finite Element Analysis, would
be necessary in order to take the component’s flexible behavior
into account during the assembly simulation.

Last but not least, two products were introduced in order
to illustrate the proposed digital-twin-based approach. For the
sake of simplicity, these products only consisted of one as-built,
one as-designed and one interface component. Thus, the choice
of the interface component was quite straightforward. More
complexity is expected when dealing with larger products. Es-
pecially, the choice of interface components may vary from one
product to another according to the nature of geometrical devi-
ations and their impact on the functional requirements. A per-
spective of our work includes the possibility to integrate these
aspects along with cost and feasibility criteria into a decision-
based system which would allow an optimal selection of the
interface components.
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