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1. Introduction

In the 21st century, repairing and recycling of defective or 
outdated products play an important role in the preservation of 
resources and the protection of the environment. The recycling 
of products preserves valuable resources and enhances the 
sustainability of industrial processes as recycled materials can 
replace virgin materials. The increasing expectation on 
engineers to consider sustainability during the product design 
causes a growing need for automated solutions that support 
engineers in this task. Software algorithms capable of 
automatically analyzing assemblies are essential to provide 
reasoned decision support. By efficiently extracting 
connections and component data from 3D CAD (computer 
aided design) files, such algorithms facilitate the identification 
of recyclable designs and their optimal recycling routes, as the 

disassembly effort and the composition of component materials 
can be derived from this.

The current state-of-the-art solutions for feature extraction 
from STEP files are limited to the analysis of individual 
components [1], leaving a crucial gap in the analysis of 
assemblies. 

Our goal is to fill this gap by developing a method that takes
a 3D assembly STEP file as input, extracts all joints and stores 
them into a knowledge graph. For this, we need to perform two 
primary tasks: (1) model concepts of assemblies, components 
and their connections using a knowledge graph and (2) devise 
a robust approach for extracting connections from the structure 
of the STEP file.

The knowledge graph must describe the concepts of
relationships between components as well as the relevant 
manufacturing processes to facilitate the derivation of 
corresponding separation processes. In our approach, the 
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knowledge graph is used to identify the types of connection on 
the one hand and to store the extracted data according to the 
corresponding concepts on the other.

The division of the problem into two distinct parts—
extraction of connections and digital representation using a 
knowledge graph—enables a systematic and comprehensive 
solution of the challenges posed by 3D assembly analysis and 
processing.

We initially focus on the development and implementation 
of the method for connections of the three joining techniques
screwing, riveting, and welding. Those joining techniques
belong to three of nine joining process groups according to DIN 
8589 [2] and represent all three types of connections (form fit, 
material fit, and force fit). Furthermore, both detachable and 
non-detachable joints are represented.

2. Related Work

The following sections provide an insight into the topics 
relevant to this work and the state of the art.

2.1. STEP–Standard for the Exchange of Product Model Data

Exchanging product information between different software 
tools in design and manufacturing is essential. Therefore, the 
Product Data Exchange Specification (PDES) was developed 
in the mid-1980s. This specification was submitted to the 
International Organization for Standardization (ISO) in 1988 
and formed the basis for the ISO 10303 Standard for the 
Exchange of Product Model Data (STEP) [3,4]. This standard 
for the exchange of product model data has been continuously 
developed since then.

An essential part of STEP are the Application Protocols
(APs) [5], which define the usage of STEP for a specific 
contexts. Two of the most commonly used application 
protocols are AP203 (Configuration controlled 3D design of 
mechanical parts and assemblies) [6] and AP214 (Core data for 
automotive mechanical design process) [7]. Since 2009, the 
two application protocols have been merged into a single 
protocol. The resulting AP242 covers a wide range of product 
development requirements [8]. STEP AP242 offers the 
possibility to annotate components. As an internationally 
recognized standard, STEP thus provides the necessary options 
for representing connections between individual parts.

2.2. Ontologies and Knowledge Graphs

According to Gruber, an ontology is defined as an "explicit 
formal specification of a common conceptualization" [9]. This 
specification comprises classes, properties and relationships 
between classes. Hence, specific knowledge domains can be 
represented and thereby enable machine-readability and the 
entailment of implicit knowledge.

Many formats have been developed for the representation of 
ontologies. One such format is the Web Ontology Language 
(OWL) [10], standardized by the World Wide Web Consortium 
(W3C). OWL ontologies are primarily exchanged as Resource 

Description Framework (RDF) [11] files, also standardized by 
the W3C. RDF employs triples, which consist of a subject, 
predicate, and object, to represent data. These triples can also 
be interpreted as a directed graph with edges and nodes, with 
the predicate forming the edge. That way, RDF can be used to 
create so called knowledge graphs.

Figure 1: Mapping STEP schema into ontologies (according to [12])

In contrast to the STEP schema, entities in ontologies are 
referred to as classes. Consequently, subordinate classes are 
also called subclasses. The individual objects of a class are 
called individuals, and the properties of the classes or their 
individuals are referred to as properties. The terminology in 
STEP and the associated terms in relation to ontologies are 
summarized in Figure 9.

2.3. Separating Axis Theorem

The separating axis theorem can be employed to identify 
collisions between convex objects [13,14]. In this section we 
explain the procedure in case of two-dimensional objects and 
indicate how it can be extended to recognize collisions in case 
of three-dimensions objects.

The separating axis theorem postulates that two convex 
polygons will not collide with each other if they can be 
projected onto an axis so that the projections do not overlap. 
Such an axis is designated a separating axis [13].

In the most basic case, the polygons are two rectangles that 
are both aligned with the x and y axes. In this instance, the x 
and y axes are the potential separating axes. By determining the 
extreme values of the coordinates of the corner points of both 
rectangles, the projections onto the x and y axes can be 
established. The two objects only collide if none of the axes is 
a separating axis [13]. If the rectangles are not aligned with the 
same axis, there are four possible axes onto which the corner 
points of the rectangles must be projected.

Figure 2: Illustration of Separating Axis Theorem; a) collision between 
objects; b) no collision between objects
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Figure 2 illustrates the application of the separating axis 
theorem. It can be observed that there are two separating axes 
in Figure 2b, as the projections of the rectangles on these do not 
overlap. In Figure 2a there are no separating axes.

The described procedure can also be applied in the case of 
two three-dimensional boxes. However, in this case, 15 
possible separating axes must be analyzed [13]. Six of the 15 
axes in question result from the local coordinate systems of the 
two bounding boxes. The remaining nine axes are derived from 
the cross product of the axes of the two bounding boxes.

2.4. Feature Extraction

In the field of feature extraction from 3D CAD components, 
numerous approaches have been developed [1,15]. These 
include ontology-based methods, which are increasingly being 
pursued [12,16]. For example, Gupta and Gurumoorthy [17]
present an algorithm that extracts shape features such as holes 
from STEP files and structures the gained knowledge in an 
ontology.

In a previous research [12], we followed an approach that
analyses individual components based on concepts of 
geometric elements modelled in a knowledge graph. 
Afterwards, the extracted features are stored in this graph.

In STEP AP242 it is possible to annotate components, which 
can help to identify features, their properties or connections 
between components. To extract information, e.g. tolerances 
from 3D models, Mohammed et al. [17] propose to use the 
representation of shape and position tolerances and other 
production-relevant annotations in STEP format and examine
welding in more detail as an application case.

Due to limitations in certain CAD programs' ability to 
export all annotations accurately, challenges arise in feature 
extraction. Furthermore, the current state of the art lacks 
knowledge-based approaches for extracting connections and 
connection types from 3D CAD models of assemblies.

3. Method

To fill this gaps in the state of the art, we present a method 
for extracting connections and connection types from 3D CAD 
models of assemblies. We discuss this method and its 
prototypical implementation in the following sections.

Figure 3: General approach of proposed method

The knowledge-based approach is divided into two main
parts (1) data modelling in the knowledge graph and (2) 
connection extraction (see Figure 3). For the first part, we 

model concepts and relationships of assemblies and 
components in machine-readable form in a knowledge graph.
Those concepts are one the one hand used for identifying the 
type of connection during the extraction process and on the 
other hand to be able to assign the extracted data as instances 
in the knowledge graph.

For the second part of the approach, we implement an 
algorithm that takes a STEP-file as input, extracts the 
connections and connection types from assemblies, and stores
them as instances of the concepts in the knowledge graph. This 
connection extraction method is further divided into three main
steps: (1) classification of components of the assembly and 
determination of hierarchy of components, (2) deriving of 
connections based on contact with joining components and (3) 
exporting of obtained information to the knowledge graph.

4. Knowledge Graph

In this section we introduce the data model of the knowledge 
graph. It comprises the three concepts assembly, component 
and connection type.

Figure 4: Data model of relationship between Assembly and Component

The Assembly class represents assemblies in CAD models. 
An assembly consist of components of the Component class
(see Figure 4). A component is always installed in exactly one 
assembly, which is reflected by the cardinality of the 
isComponentOf property.

Figure 5: Data model of relationships between Joint, Joining and Component
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The property hasProductDefinition optionally refers to a 
product definition in form of a part or an assembly. Sub-
assemblies are represented by the fact that an assembly 
functions as the product definition of a Component.

The relationships between components, joints and joining 
methods are also modelled in the knowledge graph (see Figure 
5). Joints are defined by the Joint class and its subclasses for 
WeldedJoints, RivetedJoints and BoltedJoints. The object 
property hasCreationProcess with the domain Joint and the 
range Joining is used to link the respective connection types 
with the corresponding joining manufacturing process.

There are two further properties with the domain Joint. The 
joinsComponent property is used to specify which components 
are joined. At least two elements must be part of a joint. The 
sub-property hasJoiningComponent specifies the joining 
component. A connection requires a joining element which 
itself is a connected element.

5. Extraction of Connections

Having introduced the data model of the knowledge graph, 
we will now explain in the following sections our method to 
extract connections from STEP files. The method is divided 
into three main steps: (1) extraction of the assembly hierarchy, 
(2) extraction of connections and joints and (3) export as
knowledge graph.

5.1. Extraction of Assembly Hierarchy

In the first step of our extraction approach, the structure of
components and sub-assemblies in the assembly is extracted. 
The first step is further divided into the following three 
sub-steps:

Extraction of components: In STEP files, all components 
of assembly and sub-assemblies are represented by instances of 
the entity assembly_component_usage [8]. All instances of 
these entities are selected by the algorithm and are processed 
further in the next step.

Determination of component types: After that, we 
determine the type of all selected instances. Assemblies are 
identified by the fact that the attribute related_pro-
duct_definition matches the attribute relating_pro-
duct_definition of another component (see Figure 6). An 
assembly that appears as a component of another assembly is 
referred as a sub-assembly.

Figure 6: Excerpt of STEP-Schema (component of an assembly) according 
to [3]

The remaining types of components are identified by their 
product name and ID. In the ID and name strings we search for 
standard designations of screws, nuts, washers or rivets to
match those entities to the respective concepts in the 
knowledge graph. The standard designations are retrieved from 
the knowledge graph.

In most cases, a component has a product definition in a 
STEP-file (e.g. a metal sheet or a screw). Weld seams are an 
exception: They occur as an annotation in the construction plan
and are not produced independently of the assembly. To cover 
that case, we search in the ID and name strings for the string 
“weld” to identify weld seams.

Assign components to (sub-)assemblies: Once the type of 
each component has been determined, we assign each 
component to the assembly where the
related_product_definition matches the relating_pro-
duct_definition attribute of another component.

All components that cannot be assigned to a sub-assembly 
in this way are assigned to the main assembly

5.2. Extraction of Connections and Joints

In the second step of our extraction approach, connections 
between components of specific types are identified based on 
their categorization and hierarchy. The second step is further 
divided into the following three sub-steps: 

Determination of orientation: In the first sub-step we 
determine the translation and rotation of all components. In 
STEP, the entity context_dependent_shape_representation
links between product and the topology of components [8] (see 
Figure 7.)

For each instance of context_depen-
dent_shape_representation, we derive the product_definition
traversing the attributes represented_product_relation and 
definition.

Figure 7: Excerpt of STEP-Schema (form representation relationship) 
according to [3]
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the shape_representation_relation entity to each component. 
This is the representation_relation attribute of the 
context_dependent_shape_representation type.

The placement of the component can be derived via a shape 
representation relation. The rotation is represented by the two 
attributes axis and ref_direction. The orientation of the z-axis 
of the component is determined by the axis, while the 
ref_direction represents the orientation of the x-axis.

Determination of bounding boxes: To simplify the 
calculation of collisions, the components can be approximated 
as bounding boxes, which simplifies the shape of the objects 
and reduces the complexity of the collision detection algorithm 
at the expense of accuracy [18]. Figure 8 illustrates the 
bounding boxes of an example assembly in which two metal 
sheets are bolted together.

The bounding box is calculated on the basis of the corners 
of the components. The extreme values in the x, y and z 
directions are determined from the corners found for each 
component in order to define the boundaries of the shell. The 
corners of the cuboid, which have been determined in this 
manner, are then transformed into the global coordinate system 
using the previously determined translation and rotation.

Figure 8: Exemplary bounding boxes of a cylinder; a) cylinder; b) cylinder 
with bounding box

Identification of connections via collisions: In the 
subsequent stage, the bounding boxes of the screws, rivets and 
weld seams are evaluated for potential collisions with the 
bounding boxes of other components. This is achieved through 
the utilization of the separating axis theorem. 

The recognized collisions with screws, rivets or weld seams 
are used to determine which components are connected to each 
other. If the joining component is in the same assembly as the 
part with which it collides, then there is a connection between 
the components. However, if a joining component collides with 
a component in a sub-assembly, then the sub-assembly of the 
component is considered to be a connected component. An 
exception to this is the case of washers and nuts, which are 
considered to be a joining component if they collide with a 
screw.

Once the extraction is complete, a complete hierarchy of 
parts and assemblies is established, along with a set of 
connections defined by their joining component.

5.3. Export to Knowledge Graph

In the third step of our extraction approach, we populate the
knowledge graph with the extracted data. We use the data 
model introduced in Section 4.

First, an individual of the Assembly class is created to 
represent the main assembly. After that we create instances for 
the components of the main assembly and assigned them to the 

assembly individual via the property isComponentOf. If an 
instance of a sub-assembly has not been created yet, it will be 
created too. The components are then exported in the second 
step. Subsequently, all direct components are created as 
individuals of the Component class and assigned to the main 
assembly. Components of sub-assemblies are assigned to those 
via the property isComponentOf. The position and rotation are 
set using the corresponding datatype properties.

Finally, the connections are exported to the ontology. This 
is achieved by creating an individual of the appropriate class 
and referencing the joining components with the property 
hasJoiningComponent.

6. Results

In this section, we illustrate the output of our method on the 
example of an assembly with a bolted flange connection (see
Figure 9). The example assembly consists of ten components 
(two pipes with flange, four bolts and four nuts). The two pipes 
are joined via the flanges with four screw/nut connections.

Figure 9: Exemplary flange connection

Figure 10: Result of proposed software algorithm

Figure 10 shows a part of a knowledge graph, which 
describes the example assembly, as an object diagram. The 
diagram contains the main assembly and four of the ten 
components with their properties. Further, the object diagram 
contains one of the four screw connections, comprising the 
joining components ISO 4762 M12x40_1 and 
ISO 4032 M12_1, as well as the two connected flanges 
Flange_1 and Flange_2. The representation of the remaining 
three screw connections and their respective joining and 
connected components are omitted in the diagram. Likewise, 
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the product definition connected to the components using the 
hasProductDefinition property as well as the coordinates and 
orientation of the component are omitted in the diagram, too.

Although the algorithm works efficiently, it has some 
accuracy deficits due to the approximation of objects by 
bounding boxes. The connection detection can show errors 
with complex components (e.g. with indentations), as the 
bounding boxes simplify the geometry of a component.

7. Conclusion and Outlook

We presented an automated method to identify connections 
between components of assemblies from STEP files and to 
represent them in knowledge graphs. Such a knowledge graph 
can be used for further analysis of assemblies, e.g. to assess 
their recyclability or to plan their recycling. Further, this eases 
the integration of the connection data with other data about the 
products or production processes. We demonstrated our 
method with a prototypical implementation of the extraction of 
bolted, riveted, and welded joints.

For the connection extraction we used collision detection. 
This was necessary, as major CAD tools do not properly export 
connection annotations into the STEP format. By improving
the STEP exports, the CAD tool developers could contribute to 
an easier increase in recycling.

In summary, this work is an important step towards 
developing software systems that evaluate product 
recyclability to support engineers in designing products for a 
circular economy. Further, such systems could help recyclers 
to optimize recycling processes in economic and ecological 
terms. The use of such systems could contribute significantly 
to the protection of the global environment.
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