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Abstract

Abstract

Manipulation and assembly processes are essential in many production areas and offer con-
siderable potential for robotic automation. Their continuous improvement is driven by crite-
ria such as time, quality, energy consumption, and cost. Simulation plays an important role
in the optimization of these processes. Many tools are available for various tasks in robotic
assembly simulation, but most are limited to the mechanical domain and do not support
simulations of multi-domain models.

A detailed simulation of assembly processes requires consideration of multiple domains, such
as a detailed simulation of drivetrains, including electric motors. This is even more relevant
for automatic disassembly, where, for example, parts may need to be heated. Such tasks call
for system simulation tools like Modelica environments or Simscape, which are based on
object-oriented modeling languages and event-based solvers. In contrast, most robotic sim-
ulation tools use physics engines with non-smooth contact models and specialized solvers
based, for example, on time-stepping methods. These approaches are not well suited for
stiff multi-domain components as found, for example, in detailed drivetrain models. How-
ever, system simulation tools typically do not support dynamic structural changes of physical
components during runtime as required in assembly and disassembly. In addition, they usu-
ally do not support the modeling of contacts between complex, non-convex rigid bodies.

In this work, a new approach for simulating assembly and disassembly processes in system
simulation tools in a stable and efficient way is presented. It relies on compliant contact
models, automatic generation and management of component pairs, and robust handling of
hierarchical contacts. The object-oriented modeling language of a system simulation tool is
extended with dedicated models for manipulation, assembly, and disassembly at two levels
of detail: fast substitute models based on compliant forces that are a function of penetration
depth and detailed contact models based on compliant, discretized contact surfaces. The
former enables simulations in real-time for tasks like virtual commissioning.

Both model types are integrated into reusable component models that can be used to create
models of assembly and disassembly processes. The created process models can be simulated
at both levels of detail, significantly reducing the modeling effort. In addition, this extended
modeling framework includes an intuitive description of assembly processes and assembly
hierarchies, eliminating the need for modeling all potentially occurring contact pairs.

The developed solution is implemented with the multi-domain modeling language Modelica
extended with specialized algorithms through an external environment. Several software
packages are combined and optimized to minimize computation time. The new approach is
demonstrated with assembly and disassembly use cases, including a furnace heating process.
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Kurzfassung

Kurzfassung

Manipulations- und Montageprozesse sind in vielen Bereichen der Produktion unverzichtbar
und bieten ein erhebliches Potenzial fiir die robotische Automatisierung. Ihre kontinuierliche
Verbesserung wird durch Kriterien wie Zeit, Qualitit, Energieverbrauch und Kosten vor-
angetrieben. Dabei spielen Simulationen eine wichtige Rolle. Die meisten Tools sind jedoch
auf die mechanische Doméne beschrankt und unterstiitzen keine Multidomanenmodelle.
Fiir eine detaillierte Simulation von Montageprozessen miissen mehrere Doméanen beriick-
sichtigt werden, wie etwa eine detaillierte Simulation von Antriebsstrangen einschliellich
Elektromotoren. Dies gilt besonders fiir die automatische Demontage, bei der beispielsweise
Bauteile erwarmt werden miissen. Solche Aufgaben erfordern Systemsimulationstools wie
Modelica-Umgebungen oder Simscape, die auf objektorientierten Modellierungssprachen
und ereignisbasierten Losern basieren. Im Gegensatz dazu verwenden die meisten Roboter-
simulationstools Physik-Engines mit nicht-glatten Kontaktmodellen und speziellen Losern,
die beispielsweise auf Zeitschrittmethoden basieren. Diese Methoden eignen sich nicht gut
fir steife Multidomédnenkomponenten, wie sie etwa in detaillierten Antriebsstrangmodellen
zu finden sind. Systemsimulationstools unterstiitzen jedoch meist keine dynamischen struk-
turellen Anderungen physikalischer Komponenten wihrend der Laufzeit, wie sie bei der
Montage und Demontage erforderlich sind. Auflerdem unterstiitzen sie in der Regel nicht
die Modellierung von Kontakten zwischen komplexen, nicht konvexen, starren Korpern.

In dieser Arbeit wird ein neuer Ansatz fiir die stabile und effiziente Simulation von Mon-
tageprozessen in Systemsimulationstools vorgestellt. Er basiert auf nachgiebigen Kontakt-
modellen, der automatischen Generierung und Verwaltung von Komponentenpaaren und der
robusten Handhabung hierarchischer Kontakte. Die objektorientierte Modellierungssprache
eines Systemsimulationstools wird um dedizierte Modelle fiir Manipulation, Montage und
Demontage in zwei Detailgraden erweitert: schnelle Ersatzmodelle auf der Grundlage von
nachgiebigen Kréften, die eine Funktion der Eindringtiefe sind, und detaillierte Kontakt-
modelle auf der Grundlage von nachgiebigen, diskretisierten Kontaktflaichen. Ersteres er-
moglicht Simulationen in Echtzeit fiir Aufgaben wie die virtuelle Inbetriebnahme.

Beide Modelltypen sind in wiederverwendbare Komponentenmodelle integriert, mit de-
nen Modelle fiir Montage- und Demontageprozesse erstellt werden konnen. Die erstell-
ten Prozessmodelle konnen in beiden Detailgraden simuliert werden, was den Model-
lierungsaufwand erheblich reduziert. Auflerdem umfasst dieses erweiterte Modellierungs-
framework eine intuitive Beschreibung von Montageprozessen und -hierarchien, sodass
nicht mehr alle potenziell auftretenden Kontaktpaare modelliert werden miissen.

Die entwickelte Losung wird mit der doméaneniibergreifenden Modellierungssprache Mod-
elica implementiert, die durch eine externe Umgebung um spezielle Algorithmen erweitert
wird. Mehrere Softwarepakete werden kombiniert und optimiert, um die Rechenzeit zu min-
imieren. Der neue Ansatz wird anhand von Montage- und Demontage-Anwendungsfillen
demonstriert, darunter ein Aufwarmvorgang in einem Ofen.
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1 Introduction

1 Introduction

This chapter begins with an overview of the topic and its relevance. In addition, the objec-
tives and main contributions of this work are presented. Then, assumptions are made and
boundary conditions are specified. In addition, the structure of the work is given.

1.1 Overview and motivation

Manipulation and assembly processes are widespread in many production areas, including
aerospace, automotive, and mechanical engineering. Since assembly often accounts for a
large portion of production costs, it offers significant potential for automation (Lotter and
Wiendahl 2012). In addition, the trend towards individualized products requires greater flex-
ibility in production systems, especially for robotic assembly cells. Furthermore, robotic
disassembly processes will be increasingly necessary for recycling tasks in the future. These
factors result in a continuous demand to improve these processes in terms of factors such as
process time, quality, energy consumption, and cost.

Simulation plays an important role in the optimization of robotic manipulation, assembly,
and disassembly processes. Figure 1.1 shows the simulation of an assembly process involv-
ing detailed contact forces between complex, non-convex rigid bodies. In this example, an
electric motor is assembled into the housing of a chainsaw.

Figure 1.1: A simulation of the assembly process of an electric motor into the housing of an
electric chainsaw in the DLR project Factory of the Future. The model provides
detailed contact forces between the components (exemplarily represented by red
arrows for the gripper jaws) based on a compliant contact force model.
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In addition to optimization, simulations are used for tasks such as Virtual Commissioning.
This method is used to test robot programs beforehand to detect errors in an early stage
(Wiinsch 2008). For some types of Virtual Commissioning, simulations that are real-time ca-
pable are required. However, the cost and effort required to create models is a major obstacle
to the utilization of Virtual Commissioning (Striffler and Voigt 2023, p. 678).

In recent years, there has been an increasing trend towards collaborative robots. Indus-
trial robots are typically expected to generate sufficient torque to reach a specific position
(Thulesen 2016, p. 4). In contrast, for collaborative robots, it is important to have sufficient
knowledge about torque limitations in order to push their limits. As a result, detailed models
of robot dynamics, including models for drivetrains and motor torques, are becoming more
important. This is especially true for collaborative robots.

There are many simulation tools available for various tasks in robotic assembly simulation.
However, most are limited to the mechanical domain and do not support simulations based
on multi-domain models. For the detailed simulation of assembly processes, multiple do-
mains must be considered such as detailed models of the robot drivetrains, including the
electric motors and their energy consumption. This is particularly relevant for automatic
disassembly, as in some cases, parts need to be heated in order to be disassembled. This type
of simulation requires system simulation tools such as Modelica environments or Simscape.
These are based on object-oriented modeling languages and event-based solvers.

In contrast, most robotic simulation tools such as CoppeliaSim or Gazebo use physics en-
gines with non-smooth contact models and specialized solvers based, for example, on time-
stepping methods. These approaches are not well suited for stiff, multi-domain components,
such as those found in detailed drivetrain models. However, system simulation tools are typ-
ically structure-invariant and do not support dynamic structural changes of physical com-
ponents during runtime, such as adding or removing a connection between components.
This capability is required for manipulation, assembly, and disassembly processes, though.
In addition, these tools usually do not support the modeling of contacts between complex,
non-convex, rigid bodies.

In this work, a new solution for the stable and efficient simulation of assembly and disas-
sembly processes in system simulation tools is presented (see Chapter 3). It is based on com-
pliant contact models and the automatic generation and management of component pairs
(see Section 3.2.5). The solution extends the object-oriented modeling language of a system
simulation tool with specialized models for manipulation, assembly, and disassembly at two
Levels of Detail: fast substitute models and detailed contact force models.

The former models are based on compliant contact forces that are a function of penetra-
tion depth. These models enable dynamic structural changes in structure-invariant system
simulation environments, such as the connection and disconnection of physical components
during runtime (see Section 3.4), and enable real-time simulations for tasks such as Virtual
Commissioning. In addition, these substitute models are extended to robustly handle hier-
archical contacts, as found in assemblies (see Section 3.5). The latter models are based on
compliant, discretized contact surfaces (see Section 3.3) and are used for simulations involv-
ing detailed contact forces for tasks such as process optimization.
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Both the substitute models and the detailed models are integrated into reusable component
models. These component models can be used to create process models of specific manipu-
lation, assembly, and disassembly processes. The so created models of specific processes can
then be simulated at both Levels of Detail (see Section 3.6). Therefore, the modeling effort is
significantly reduced because a specific process only needs to be modeled once. Furthermore,
this extended modeling framework provides an intuitive description of assembly processes
and assembly hierarchies. This eliminates the need to manually model all potentially occur-
ring contact pairs, as is usually the case with existing system simulation tools.

The developed solution is realized by using the object-oriented, multi-domain modeling lan-
guage Modelica in the system simulation environment Dymola which is extended by multiple
algorithms combined in an External Environment. Several software packages are being in-
tegrated and various optimizations are being made to improve the computation time. The
capabilities of the new approach are demonstrated through multiple assembly and disas-
sembly use cases, including a multi-domain simulation that combines a robotic disassembly
process and a furnace heating process to estimate the overall power consumption.

1.2 Objectives and contributions of this work

The overall objective of this work is to develop a solution for detailed, multi-domain sys-
tem simulations of manipulation, assembly, and disassembly processes using object-oriented
modeling languages. This solution must be stable, efficient, highly flexible, and capable of
handling complex, non-convex geometries while minimizing the modeling effort. This re-
sults in the following main contributions of this work:

+ The development of an algorithm for the interaction between components in ma-
nipulation, assembly, and disassembly processes. This algorithm extends the object-
oriented modeling languages of system simulation environments, including the auto-
matic generation and management of component pairs (see Section 3.2.5).

+ The selection and integration of a contact force model for the simulation of ma-
nipulation, assembly, and disassembly processes in system simulation environments
based on compliant, discretized contact surfaces (see Section 3.3).

+ The development of an algorithm for dynamic structural changes in order to con-
nect and disconnect physical components during runtime in structure-invariant sys-
tem simulation environments based on compliant contact forces (see Section 3.4).

+ The development of an algorithm for the robust handling of hierarchical con-
tacts for the stable and efficient simulation of assemblies (see Section 3.5), including
an intuitive description of assembly processes and assembly hierarchies.
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+ The definition of Levels of Detail and the development of component models con-
taining both the substitute models and the contact force models aiming to reduce the
modeling effort (see Section 3.6).

1.3 Boundary conditions and assumptions

The following boundary conditions and assumptions apply to this work:

+ The primary boundary condition of this work is the use of a structure-invariant system
simulation environment based on an object-oriented modeling language. This means
that no structural changes are possible during runtime. For example, the number of
states cannot be changed and impulses cannot occur, because this is not supported
by object-oriented modeling languages. Physical components cannot be connected or
disconnected without the use of additional models.

+ Inaddition, only polygonal representations of bodies are considered. As a result, bodies
are only approximated in many cases (for example spheres and cylinders).

« The contact surfaces of bodies in contact are assumed to be rigid. However, deformable
bodies can also be modeled in combination with other libraries. In this case, the sur-
faces of the bodies are split into segments.

+ The reference for the validation of the models for connecting and disconnecting com-
ponents during runtime in structure-invariant environments using substitute contact
forces is the detailed contact force model (no hardware validation is performed).

« For this work, the term “real-time” is defined as a statistical adherence to time con-
straints, also known as firm real-time or soft real-time.

1.4 Structure of this work

This work outlines the conceptual design, development, realization, and application of a
solution for the simulation of manipulation and assembly processes in structure-invariant
environments. It is structured as follows:

« In Chapter 2, an analysis of the state of the art is presented and open issues are dis-
cussed. This includes collision detection and response, simulation environments, sim-
ulation of grasping processes, body contacts in system simulation tools, Virtual Com-
missioning, Variable-Structure Systems, and models with multiple Levels of Detail.

+ The novel solution for the stable and efficient simulation of manipulation and assem-
bly processes in structure-invariant environments with object-oriented modeling lan-
guages is presented in Chapter 3. The Block Scenario example is introduced and an
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overview of the concept is given. Based on this example, algorithms are described in
the following sections. First, the algorithm for the interaction between components in
manipulation, assembly, and disassembly processes is presented. It extends the object-
oriented modeling languages of system simulation tools. Then, a compliant contact
force algorithm suitable for manipulation and assembly is selected. Next, an algorithm
for dynamic structural changes during runtime in structure-invariant system simula-
tion tools based on compliant contact forces is described. An additional algorithm for
the robust handling of hierarchical contacts for the stable and efficient simulation of
assemblies is presented. Finally, the topic of switching between contact models based
on component models with multiple Levels of Detail is discussed. The main algorithms
and models (representing the contributions) are:

— The Algorithm for Component Interaction (ACI) is shown in Section 3.2.5.
It handles the interactions between components in manipulation and assembly
processes for both the substitute models and the contact force models.

— The Substitute Force Algorithm (SFA) introduced in Section 3.4 allows com-
ponents to be connected or disconnected during runtime in structure-invariant
environments. It is based on compliant contact forces that hold the components
in place.

— The Assembly Graph Partner Search Algorithm (AGPSA) is presented in
Section 3.5. It extends the SFA for the robust handling of hierarchical contacts
and allows the stable and efficient simulation of assemblies.

— The switching between the contact force algorithm and the SFA is addressed in
Section 3.6. Here, component models with multiple Levels of Detail (LsoD)
are used to improve the flexibility and to reduce the modeling effort.

+ In Chapter 4, the realization of the solution developed in Chapter 3 is presented. The
object-oriented, multi-domain modeling language Modelica is used in the system sim-
ulation environment Dymola and extended by an External Environment developed in
this work. The integration of additional software packages and the interaction between
Modelica models and the External Environment during simulation are discussed. In ad-
dition, optimizations to improve the computation time are introduced.

« Applications and their results are shown in Chapter 5. First, the simulation of the
Block Scenario assembly process is shown. Based on this application, an additional
analysis is performed, including a comparison between the contact models and a time
analysis. In addition, a disassembly process is shown for this example and it is sim-
ulated with different robots with detailed models of the drivetrain. Another example
is the assembly process of an electric motor into the housing of a chainsaw (see Fig-
ure 1.1). Furthermore, the multi-domain simulation of the disassembly process of an
electric motor, including a furnace heating process, is presented.

« Finally, in Chapter 6, a conclusion is given and future developments are discussed.
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2 State of the art

2 State of the art

A comprehensive analysis of the current state of the art is presented. First, the basics of
collision detection and response are discussed and selected contact models are shown. Sub-
sequently, simulation environments are analyzed. This includes tools in general, simulat-
ing grasping processes in particular, body contacts in structure-invariant environments, and
approaches for Variable-Structure Systems. The topic of Virtual Commissioning is also ex-
plored, including detailed physics simulations and models with multiple Levels of Detail.
Finally, a summary and critique of the state of the art is given.

2.1 Collision detection and response

This section addresses collision detection and response in multibody systems. For this work,
only rigid bodies are considered (no deformable shapes). There are also different possibili-
ties for the representation of the body: polygonal models such as polygon soups and non-
polygonal models like constructive solid geometry or parametric surfaces (J. Bender et al.
2012, p. 28). For this work, only polygonal representations are considered.

2.1.1 Collision detection

The basis for rigid body contacts in multibody scenarios is finding the collisions between all
bodies. This is achieved by collision detection. Checking all possible collision pairs can be
time consuming, especially if there are many bodies in a model. Therefore, the procedure
of collision detection is often split into two phases (Ericson 2004, p. 14) or three phases (J.
Bender et al. 2014, p. 248). Figure 2.1 shows the different phases.

Broad phase

L

(Mid phase)

L

Narrow phase

Figure 2.1: The collision detection process is typically divided into distinct phases, with a
typical division comprising two or three phases (own representation based on J.
Bender et al. (2014, p. 248)).
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In the broad phase, the bodies are replaced with primitives (J. Bender et al. 2014, p. 248). For
primitives, the distances can be calculated very fast. The aim is to exclude as many body pairs
from the detailed collision detection as possible (Mainzer 2015, p. 18). These primitives are
also known as Bounding Volumes (BVs) because they are chosen to completely encapsulate
a body. Examples of BVs are Bounding Spheres, Oriented Bounding Boxes (OBBs) and Axis-
Aligned Bounding Boxes (AABBs) (van den Bergen 1997, p. 131). The latter are one of the
most commonly used (Ericson 2004, p. 77).

For complex bodies, Bounding Volume Hierarchies (BVHs) can be used to further reduce the
number of computationally intensive collision calculations. This step is sometimes referred
to as the middle phase (J. Bender et al. 2014, p. 248). The generation of a BVH starts with
the creation of a BV for the entire body. This BV is then recursively divided into two smaller
BVs. For example, if the BV is a box, it is halved in the direction of the longest edge. The
procedure ends when the BVs encapsulate a predefined number of polygons (Mainzer 2015,
p. 22). This can significantly reduce the number of collision calculations, especially for bodies
consisting of many parts of which only a few are in collision.

In the narrow phase, detailed collision checks are performed based on the polygonal repre-
sentation of the bodies (J. Bender et al. 2014, p. 248). Only the pairs that have passed the broad
phase are checked for collision. When using BVHs, collision checks are only performed on
those parts of a body whose BVs are in collision. The collision checks in the narrow phase
are performed using collision detection algorithms.

There are several collision detection algorithms. They can be classified by the shape type as
shown in Figure 2.2.

Shape types

2 <

Convex shapes Concave shapes

Figure 2.2: Classification of shape types for collision detection algorithms.

For convex shapes, there are two common algorithms.

The Gilbert-Johnson-Keerthi (GJK) distance algorithm (Gilbert et al. 1988) is widely used in
collision detection, for example in computer graphics. It calculates the minimum distance be-
tween two convex shapes (J. Bender et al. 2012, p. 29). If the bodies intersect, the Expanding
Polytope Algorithm (EPA) (van den Bergen 2004, p. 148) can be used to calculate the pene-
tration depth (J. Bender et al. 2012, p. 29). In addition, the GJK algorithm can calculate the
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related points for the shortest distance on both bodies if the bodies are not in contact.

The Minkowski Portal Refinement (MPR) algorithm (Snethen 2008) is similar to the GJK algo-
rithm and also restricted to convex shapes. In constrast to GJK, MPR does not calculate the
distance between two bodies if they do not intersect. However, MPR does provide the pene-
tration depth. MPR is simpler and more robust than GJK and therefore easier to implement
(Snethen 2008, p. 178). In Neumayr and Otter (2017), the MPR algorithm is improved so that
the minimum distance between two non-colliding bodies can be calculated.

The open source project libccd provides an implementation of both the MPR algorithm and
the GJK algorithm (together with the EPA) for collision detection (Fiser 2018).

Algorithms for collision detection between convex shapes, such as the GJK and MPR algo-
rithms, can be used for non-convex shapes by using convex decomposition. Here, a concave
shape is split into several convex shapes that replicate it as closely as possible. Figure 2.3
shows an example of a convex decomposition. The open source library V-HACD can be used
to generate the convex decomposition of a concave shape (Mammou 2016). The aim of the
library is not to generate the exact decomposition of a body, but an approximation. Collision
detection using the GJK or MPR algorithm and the convex decomposition of a concave body
is usually faster than using an algorithm for concave bodies.

Concave shape Convex decomposition

W ° @

Figure 2.3: Convex decomposition of a concave shape. The shape is split into several convex
shapes. This allows collision algorithms such as GJK or MPR to be used.

For concave shapes, there are also collision detection algorithms.

The Polygonal Contact Model (PCM) algorithm (Hippmann 2004b) is primarily used to calcu-
late contact forces between rigid bodies. However, it contains a collision detection algorithm
suitable for concave bodies. The surfaces of the bodies are represented by polygons. BVHs
are used to reduce the number of computationally expensive intersection checks. In many
applications, only parts of a bodies surface are in contact.

The improved Voxelmap Pointshell Algorithm (VPA) presented in Sagardia et al. (2014) can be
used both for collision detection and contact force calculation. It is based on Signed Distance
Fields (SDFs) and point-sphere trees. One body is discretized by a voxel grid. Each voxel
contains the distance from the body surface. For the second body of the pair, the surface is
represented with points in the same resolution as the voxel grid. The intersection check for
a point against a voxel is very fast.



2 State of the art

2.1.2 Collision response

The objective of collision response is to calculate the changes in motion of the bodies in
question in order to prevent them from intersecting. In the work of Flores (2022, p. 136), two
general approaches to address this problem are identified:

« Compliant (regularized, penalty-based)

+ Non-smooth (constraint-based, complementary)

The compliant approaches are based on penetrations between rigid bodies. They are also
referred to as “regularized” and “penalty-based” methods in literature. The bodies are con-
sidered rigid but have a deformable contact zone (Flores 2022, p. 136). Contact forces are
used to separate the bodies. These contact forces “are expressed as continuous functions of
penetrations between contacting bodies” (Flores and Lankarani 2016, p. 3).

Purely elastic models for the contact force such as Hertz (1882) are not suitable as they do
not take energy loss into account (Machado et al. 2012, p. 107). A basic model considering
energy dissipation is the Kelvin-Voigt contact force model (Flores 2022, p. 144). The normal
force fy is calculated using a spring-damper element:

fu=k-6+d-6 (2.1)

with § being the penetration. The parameter k represents the spring stiffness and d the
damping factor. Both are depending on the material parameters. Despite its simplicity, the
Kelvin-Voigt model has been used in numerous academic works (Machado et al. 2012, p. 108).
Multiple models have been developed since Kelvin-Voigt. A good overview of dissipative
contact force models is given in Flores and Lankarani (2016, p. 44).

In addition to the normal force, a friction force occurs in tangential direction. A common
friction model is Coulomb’s law. It can be simplified as follows (Andersson et al. 2007, p. 3):

fe=p- fn - sign@) (2.2)

with p being the coefficient of friction and v the tangential velocity.

Compliant approaches usually use a regularized friction model. The reason is that these
models are differentiable (in comparison to the sign() function). One example is to use the
tangens hyperbolicus (Andersson et al. 2007, p. 4):

fr = p- fv - tanh(k:gnn - v). (2.3)

The parameter k;,,, determines the stiffness of the tangens hyperbolicus.

The advantages of the compliant methods are that they are easy to implement and efficient.
The determination of appropriate parameters is a fundamental disadvantage of the method.
In addition, stiff contacts in a model can lead to stiff differential equations and high-frequency
vibrations, which in turn require small integration steps. This can significantly increase the
computation time for a simulation (Flores and Lankarani 2016, p. 3).
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In the non-smooth approaches (also referred to as “constraint-based” and “complemen-
tarity”), the bodies are considered rigid without elastic discretization in the contact zone (F.
Pfeiffer 2008, p. 533). Here, unilateral constraints are used to prevent bodies from intersect-
ing (Flores 2022, p. 136). Unlike in the compliant approaches, in the non-smooth approaches
velocity jumps can occur, for example caused by impacts, and special solvers are required
(Clauberg 2013, p. 7). A basis for this approach is the complementarity rule. ‘Tt states that in
contact dynamics either relative kinematic quantities are zero and the accompanying constraint
forces [...] are not zero, or vice versa” (F. Pfeiffer 2008, p. 533).

For a multibody system with unilateral contacts, the equations of motion can be described
by (F. Pfeiffer 2008, p. 535) (F. Pfeiffer and Glocker 2004, p. 25):

M(q,t)4g — h(q,q,t) =0 (2.4)

with the generalized coordinates ¢, the mass matrix M, and the vector of external forces h.
The related relative velocities and accelerations are (F. Pfeiffer and Glocker 2004, p. 39-40):

gN = W}{lvq + V~VN, gN = W}{lvq + wy (25)
gT = W;q + wr, gT = W’;q + wr (26)
and depend on the constraints from relative kinematics, defined by the constraint vectors
wy/,r and their magnitudes wy,7 (and the magnitudes of their deviations wy,7).
These relations must be completed with complementaries. For the normal direction, the
complementaries are based on the normal force Ay (F. Pfeiffer 2008, p. 535):

gv>0, Ay>0, guly>0. (2.7)

The following conditions represent friction based on the Coulomb friction law and apply to
the tangential direction (Clauberg 2013, p. 12):

&r = 0= [A7| < plAy] (2.8)
gr#0=Ar= —£ﬂ|/1N| (2.9)
|gT|

with p being the coefficient of friction and A7 the tangential force.
Taking into account the geometric constraints defined above, the equations of motion can be
described by (Flores 2022, p. 147):

Mua—h - WNA,N - WTAT =0 (2.10)
qg=u (2.11)

at the acceleration level, with q being the generalized coordinates, M the mass matrix, h the
vector of external forces, wy and wy the directions of the normal and tangential force, and
An and A the normal and tangential force.

11
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Now, the impacts between rigid bodies are considered. The impacts are assumed to be in-
finitesimally short in time and the position and orientation of the bodies does not change
during the impact (F. Pfeiffer 2008, p. 536). Only the impulse forces can change during the
impact (F. Pfeiffer 2008, p. 536). Hence, the equations of motion are expressed on the velocity
level by (Flores 2022, p. 148) (F. Pfeiffer 2008, p. 536):

M(u+ - u_) — wWNnAN — WwrAT =0 (212)

with 4™ and u~ being the velocities before and after the impact and Ay and Ar being the
impulses in the normal and tangential direction. Both equations can be combined using d¢
as the Lebesgue measure for the continuous parts and dz as the Dirac point measure for the
impacts (Flores 2022, p. 148-149) (F. Pfeiffer 2008, p. 538):

Mdu — hdt — wydPy — wpdPr =0 (2.13)
du = adt + (u" —u)dp (2.14)
dP = Adt + Adp (2.15)

with the measure du for the velocities, based on the continuous part @dt and the discrete part
defined by the left and right limit #~ and u*. Additionally, the measure dP for the impact
consists of a continuous part Adt and a discrete part Adn. For free motion without impact,
the discrete parts disappear and only the continuous parts remain (Flores 2022, p. 148). The
system of equations can be represented by a Linear Complementary Problem (LCP).

In general, there are two simulation methods for non-smooth dynamics: event-driven and
time-stepping. Event-driven schemes treat contact changes as events. When an event occurs,
integration pauses and the LCP is solved using algorithms such as Lemke’s. Between events,
classical ODE solvers compute the equations of motion. This approach is accurate but time-
consuming and only suitable for scenarios with few contacts. (F. Pfeiffer 2008, p. 540)

In contrast, the time-stepping methods widely used today use a time discretization of the
dynamics (Moreau 1988). The discretized equations of motion are combined with the contact
constraints and the resulting LCP is solved for the next state of motion (F. Pfeiffer 2008,
p. 540). Problems are usually solved for the next velocity (first order accuracy) (Drumwright
and Trinkle 2017, p. 24). In these methods, multiple events in a time interval [#, t, + At] “are
treated as if they occur at a single time” (Drumwright and Trinkle 2017, p. 24).

The steps for solving non-smooth dynamics using the time-stepping method are demon-
strated using the MBSim' software as an example (Clauberg 2013, p. 16-17):

1. Calculation of the new generalized coordinates
2. Calculation of the contact kinematics (contact distances, contact velocities)

3. Solving of the complementary problem

Thttps://www.mbsim-env.de/
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Non-smooth methods do not have the numerical problems of compliant methods. They are
more stable and robust and allow large integration steps, resulting in fast simulations. How-
ever, in some cases multiple solutions can occur because of an undetermined system (Flores
2022, p. 137-138). Another disadvantage is drift because velocity solvers do not recognize
position errors. One solution is to use additional forces or constraints. New approaches such
as position based dynamics solve this by using positions directly (Miiller et al. 2020, p. 2).

2.2 Contact models

There are many contact models in the literature. A good overview of existing contact models
can be found in Flores and Lankarani (2016) and Corral et al. (2021). These works focus on
contact force models for the compliant approach. In addition, Flores (2022) shows recent
developments in the area of contact mechanics. For non-smooth methods, J. Bender et al.
(2014) give a comprehensive overview of common contact models and solver techniques.

Hereafter, the Elastic Foundation Model is introduced. It serves as the theoretical basis for
area contact models. Based on this, selected area contact models are presented and analyzed.

2.2.1 Elastic foundation model

The Elastic Foundation Model (EFM) (Johnson 1985, p. 104) is an approximation of an elastic
contact. An ideal elastic contact model must take into account the pressure distribution on
the contact, which determines the penetration of all points on the contact surface. However,
it is complex to calculate this pressure distribution. The idea of the EFM is to consider bodies
rigid but cover them with a thin elastic layer, also referred to as “elastic foundation”, with the
layer thickness b (see Figure 2.4). The model provides a good balance between computational
effort and physical accuracy (Hippmann 2004a, p. 347).

=53 4

Figure 2.4: Graphical representation of the Elastic Foundation Model. The elastic layer with
the layer thickness b is shown in blue. The grey shape is the second of the two
bodies in contact. Sheer is ignored, i.e. the springs do not interact. This figure is
adapted from Johnson (1985, p. 104).

The pressure p at a point on the contact surface depends only on the displacement at this
point u and the elastic modulus K of the layer (Johnson 1985, p. 105):

p=—"-u (2.16)
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2.2.2 Polygonal contact model

The Polygonal Contact Model (PCM) (Hippmann 2004b) is a compliant contact algorithm for
complex, non-convex shapes. It is based on the Elastic Foundation Model and requires a
polygonal mesh representation for the surfaces of the bodies. The PCM can be included in
multibody simulations and behaves like a force element (Hippmann 2004a, p. 348).

For the contact detection of PCM, one body of the contact pair is defined as Base and the other
one as Target (see Figure 2.5). The PCM algorithm performs preprocessing for all defined
contact pairs. This includes the import of the mesh and the generation of data structures.
For PCM, the surface of a body must be represented by triangles. Polygons with more than
three edges are automatically split into triangles.

Target

Base

Figure 2.5: Graphical representation of contact elements in the Polygonal Contact Model.
Bodies are represented by polygons. One body is defined as Base, the other one
as Target. This figure is from Hippmann (2024, p. 220).

The PCM algorithm consists of the following steps (Hippmann 2004a, p. 348):

1. Collision detection, including BVHs, to determine which triangles of the Base body are
in contact with the Target body (defined as contact elements)

2. Construction of the intersecting surface area (intersection polygon)
3. Determination of the involved triangles for the Base body
For these triangles, contact elements are generated (Hippmann 2024, p. 220):
4. Construction of a penetration line towards the inside of the body for these triangles

5. The penetration depth is the distance from the beginning of the penetration line to its
intersection with the surface of the Target body

6. Calculation of the normal force and the friction force for each contact element
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7. Generation of the resulting force for the body (sum of the forces of all contact elements)

The PCM contact algorithm has recently been improved. A new method called penetration
detection is presented in Hippmann (2024). This new technique generates the penetration
lines in the preprocessing and uses them instead of the triangles for the BVH collision tests
in step 1. As a consequence, steps 2, 3, and 4 are not longer required. After the collision check
based on BVHs, the penetration depths of the involved penetration lines can be calculated.
The other steps remain unchanged. This enhanced version of the PCM algorithm is simpler.
It is more robust regarding the quality of the polygonal representation. And it has a higher
efficiency in terms of computation time (Hippmann 2024, p. 229).

The contact force of the PCM algorithm is made up of a normal force and a frictional force in
the tangential direction. The former is made up of an elastic force and a damping force. The
basis for the elastic force is the pressure at a contact point depending on the displacement,
introduced in Equation (2.16). The elastic modulus for linear elastic layers is given by:

_ 1—v E
1+v)1Q-2v)

with the Young’s modulus E and the Poisson’s ratio v (Hippmann 2004a, p. 347). The elastic
part of the normal force of a contact element k, f.x, can then be calculated by:

K

fck = E . Ak * Unk (2.18)

with the area Ay, the displacement of the contact point u,, and the layer thickness b (see
Figure 2.4). The pressure is assumed to be constant within a triangular contact element. Same
applies to the displacement in normal direction (Hippmann 2004a, p. 347). In a similar way,
a damping force is calculated by (Hippmann 2004a, p. 356):

d- Ak Unk if  upe > ug
fax =

d'Ak'I;lnk'IL"; if u < uy

(2.17)

(2.19)

with the damping factor d. A linear transition for the damping force for penetrations smaller
than uy is used to avoid discontinuous contact forces at the start and end of a collision. Both
the elastic and the damping part of the normal force are added in the following way to avoid
non-physical tension behavior (Hippmann 2004a, p. 356):

fnk _ {fck + fdk if fck + fdk >0 (2‘20)

0 it fa+ fa <0.
The friction force in tangential direction is calculated using a regularized friction model:
oz K fak if v > v,
k= .
t ﬂfnk%(z_%) if Utk < Ve

with the friction coefficient y and the velocity in tangential direction v, For velocities
smaller than v, the friction force decreases quadratically (Hippmann 2004a, p. 357). This
is an approximated friction model similar to the one in Equation (2.3).

(2.21)
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2.2.3 Voxelmap pointshell algorithm

The Voxelmap Pointshell Algorithm (VPA) from Sagardia et al. (2014) can be used to calculate
contact forces between complex, non-convex shapes. It is an improvement to the algorithm
shown in McNeely et al. (2005). The concept is to discretize one body by a voxel grid, where
each voxel contains the distance to the surface. This is also called a Signed Distance Field
(SDF). The surface of the second body is represented by points. If a point intersects with a
voxel on the surface, this voxel is bisected by a tangent plane. The penetration depth is the
distance between the point and the plane if the point is below the plane, otherwise it is zero.
Based on the penetration depth, a compliant contact force model is applied. As the collision
check between a point and a voxel is very fast, the algorithm is very performant. An example
for the algorithm is shown in Figure 2.6.

Normals \/1\: ;.\\ Body represented by a pointshell
| N A/.‘
Body discretized by voxels '\ ;f\\

AN A
_/

\_//\\

AN

— Voxelmap

Figure 2.6: An example for the Voxelmap Pointshell Algorithm. One body represented by
voxels collides with another body represented by points. The grid represents the
voxelmap and the red arrows represent the normals for the point shell. This figure
is adapted from McNeely et al. (2005, p. 43).

2.2.4 Pressure field contact model

The Pressure Field Contact (PFC) model (Elandt et al. 2019) is an approximate model for the
contact force between complex, non-convex shapes. This method combines the Elastic Foun-
dation Model with hydrostatic pressure. In a preprocessing step, pressure fields are computed
for all bodies. These pressure fields are continuous, with the pressure increasing towards the
inside of the body. An exception to this are ideal rigid bodies. Here the pressure field jumps
from zero to infinity. These pressure fields do not represent the real pressure. Therefore, no
equilibrium condition in mechanics has to be fulfilled.

When two bodies collide, the contact surface is calculated. Both bodies have a pressure
field. The surface where the pressure is equal is the contact surface. It can consist of several
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unconnected surfaces for non-convex bodies. Figure 2.7 shows the contact surface for a
sphere colliding with a plane. BVHs are used for the broad phase of the collision detection.
The contact surface is discretized with triangles. For the calculation of the resulting contact
force, the pressure effects of all triangles are integrated over the entire contact surface.

The PFC model has been adapted to non-smooth physics engines (Masterjohn et al. 2022) by
using an approximation at the velocity level.

Rigid sphere
Soft plane \\/

Soft sphere

Soft plane

Soft sphere

Rigid plane

Figure 2.7: Contact between a sphere and a plane based on the Pressure Field Contact model.
The contact surface for all combinations of soft and rigid bodies is marked in red.
If both bodies are soft, the contact surface is the area where the pressure is equal.
This figure is adapted from Elandt et al. (2019, p. 8240).

2.3 Simulation environments

In this section, simulation environments are analyzed. An overview of common simulators
and their classification is given. Tools and works for the simulation of grasping processes
are also presented. In addition, works on body contacts in system simulation environments
and approaches for Variable-Structure Systems are discussed.

2.3.1 Overview and classification

There are many simulation environments with different objectives. For the purpose of this
work, a selection of common simulators is classified according to their application domain.
These include robotics and automation, (multi-domain) system simulation, multibody simu-
lation, and manufacturing simulation. Physics engines are another class, as they are usually
integrated into simulation environments to calculate the (contact) dynamics.
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First, well-known physics engines are introduced below.

One well-known engine is Bullet (Coumans 2024). The library offers rigid-body dynamics in
real-time based on the non-smooth collision response approach. The Open Dynamics Engine
(Smith 2024) is similar to Bullet. Both engines are widely used for physics simulations in
games and simulation environments. The aim of the MuJoCo (Todorov et al. 2012) engine
(“Multi-Joint dynamics with Contact”) is robotics simulation. It uses a modified version of the
non-smooth approach in which the complementary condition is relaxed and approximated
(Todorov 2014). The PhysX engine (Nvidia 2024) is developed by Nvidia and used in games
and simulators. It offers rigid and soft body dynamics, including cloth simulation. The engine
offers hardware acceleration, which is largely limited to Nvidia graphics cards. Project Chrono
(Tasora et al. 2016) was originally developed as a multibody system simulator. Today it is
more of a physics engine. Like PhysX, it can be used for rigid and soft body dynamics.
However, the focus is on vehicles interacting with deformable terrain and the interaction
between solids and fluids. All of these engines are open source and use the non-smooth
approach for the collision response. PhysX and Project Chrono also include a compliant
implementation. Table 2.1 gives an overview of the engines mentioned.

Table 2.1: Overview of common physics engines.

Physics engine License Collision response approach
Bullet Open source Non-smooth
ODE Open source Non-smooth
MuJoCo Open source Non-smooth

PhysX Open source | Non-smooth and compliant

Project Chrono | Open source | Non-smooth and compliant

Various well-known simulation environments are now presented according to their applica-
tion domain. The first application domain is robotics and automation.

A common simulation tool is CoppeliaSim (formerly known as V-REP) (Rohmer et al. 2013). It
offers versatile capabilities for simulating robots, including forward and inverse kinematics,
sensor simulation, and path planning. Various physics engines can be used for the multi-
body dynamics, including Bullet, Open Dynamics Engine, and MuJoCo. Another robotics
simulator is Gazebo (Koenig and Howard 2004). It provides an extensive collection of exam-
ples. Bullet and the Open Dynamics Engine are integrated. The focus of Drake (Tedrake and
Drake Development Team 2019) is the simulation of detailed robot dynamics with the aim of
control development. It uses its own engine and comes with a framework for optimization.
In contrast to CoppeliaSim, Gazebo and Drake are open source.

Another application domain is system simulation. Here, the aim is the simulation of mul-
tiple domains such as mechanical, electrical, fluid, and thermal within one model.
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Modelica is an object-oriented and free modeling language (Modelica Association 2017). It
provides multi-domain modeling in a component-oriented and acausal manner. This allows
the modeling of complex systems consisting of multiple components. Modelica models are
highly flexible because they allow full access to the equations that describe the physical be-
havior. There are several open and commercial libraries that can be used to create models.
An example is the free and open source Modelica Standard Library (MSL) (Modelica Asso-
ciation 2020). It contains model components from multiple domains, including mechanical
multibody elements (Otter et al. 2003). An example of a commercial library is the DLR Visu-
alization 2 Library (Kimper et al. 2021). There are several tools for using Modelica, including
the commercial tools Dymola (Dassault Systéemes 2025) and SimulationX (ESI Group 2024),
and the open source software OpenModelica (Fritzson et al. 2020). More details on Modelica
and Modelica libraries are provided in Section A.2.1 and Section A.2.2.

Simscape is an object-oriented extension to Simulink that can be used within the Mat-
LAB/Simulink environment (MathWorks 2024). It allows the acausal modeling of components
from multiple domains similar to Modelica. However, there are fewer libraries available for
Simscape than for Modelica. Studies have shown a higher computational performance of
Modelica over Simscape when it comes to multi-domain models (De Marco 2023).

There are also specialized tools for multibody simulation.

Simpack (Rulka 1990) is a commercial multibody simulation software. It allows the develop-
ment of complex models with a high Level of Detail and provides a fast and robust solver. The
software can be used to model nonlinear system behavior and to perform frequency analy-
sis. ADAMS (Ryan 1990) is another commercial tool for multibody simulation. It is similar
to Simpack, but differs in the concepts and solvers used for the model description. Both are
used in a variety of domains, including the automotive, railway, and wind energy industries.
Another domain that uses specialized tools is manufacturing simulation.

DELMIA (Dassault Systémes 2024) focuses on process planning and logistics (supply chain
management). Among other things, it uses material flow simulations. ISG-virtuos (ISG Indus-
trielle Steuerungstechnik 2024) aims at the validation of automation software with Virtual
Commissioning (see Section 2.4). It uses real-time simulations such as Software in the Loop
(SiL) and Hardware in the Loop (HiL), as well as other machine simulations, including field-
buses. An overview of the mentioned simulation environments classified according to their
application domain is shown in Table 2.2.

2.3.2 Simulation of grasping processes

This section provides an analysis of tools and works that focus specifically on the simulation
of grasping processes and their application to robotic manipulation.

Grasplt! (Miller and Allen 2004) is a simulation environment for robotic grasping. The frame-
work can be used for the planning, analysis, and optimization of grasping processes. It pro-
vides a robot library with multiple models of robots, hands, and grippers. Collision detection
uses BVHs and AABBs. When two bodies come within a predefined contact threshold, all
contact points are identified and the resulting contact forces are calculated.
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Table 2.2: Overview of simulation environments classified by the application domain.

Application domain Simulation environment License

Robotics and Automation CoppeliaSim Commercial
Gazebo Open source
Drake Open source

System simulation Modelica Commercial and open source
Simscape Commercial
Multibody simulation Simpack Commercial
ADAMS Commercial
Manufacturing simulation DELMIA Commercial
ISG-virtuos Commercial

OpenGRASP (Le6n et al. 2010) is another simulation tool for grasping processes. The toolkit
is designed for extensibility and interoperability. It is based on the OpenRAVE framework
(Diankow 2010), enhanced with a robot editor and plugins for sensors and actors. A physics
abstraction layer was developed to use physics engines other than the default Open Dynam-
ics Engine in OpenRave. Both tools use a non-smooth approach at the velocity level for the
collision response and are open source projects.

The RobWorkPhysicsEngine (Thulesen 2016) is a physics engine focused on robotic manipu-
lation and assembly for scenarios with a tight fitting. It is part of the RobWork framework
(Ellekilde and Jorgensen 2010). The RobWorkPhysicsEngine extends the first order non-
smooth collision response approach with a second order integration method for the position
update (Thulesen and Petersen 2016, p. 2062). As a result, the accuracy is higher and thin con-
tact layers required for assembly scenarios can be used (Thulesen and Petersen 2016, p. 2062).
An improved model is used to handle multiple contacts. The LCP used in non-smooth solvers
is replaced with a convex optimization problem that distributes the force across multiple con-
tacts instead of “randomly select one of the contacts to have a positive contact force and the other
contact forces to be zero.” (Thulesen and Petersen 2016, p. 2063).

2.3.3 Body contacts in system simulation environments

Manipulation and assembly processes can be simulated not only in specialized simulation
tools. System simulation environments are suitable for detailed simulations, such as analyz-
ing the joint torques in the robot during an assembly process. However, rigid body contacts
are required for modeling. This section discusses the contact modeling in the system simula-
tion environments identified in Section 2.3.1: Modelica and Simscape. Neither environment
provides the ability to model complex, non-convex contacts out of the box.

For Modelica, several publications deal with collision detection and response as mentioned
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in Reiser and Reiner (2023). In a number of works, Modelica components, e.g. from the Mod-
elica Standard Library (MSL), are coupled with external libraries to extend their capabilities.
They all use the compliant approach to calculate the contact forces.

In Otter et al. (2005), the multibody part of the MSL is extended with centralized collision
handling. Several surface descriptions are tested and compared. These include parametric
surfaces, surfaces based on algebraic constraints, and polygonal surfaces. For the latter, the
SOLID collision detection library (van den Bergen 2004, p. 219-249) is used to calculate the
body distances or penetration depths based on the GJK algorithm (together with the EPA).
Another extension to the MSL was built in Hofmann et al. (2014). They use the collision
detection capability of the Bullet physics engine to calculate penetration depths. In both
works, a unique ID for each body must be manually defined by the user, as the Modelica
language does not yet provide this capability (Hellerer and Buse 2017).

In a similar way, Buse et al. (2023) extend the multibody elements of the MSL with an external
contact calculation for hard body contacts and soft soil contacts. For hard contacts, the libccd
with the MPR algorithm is used to determine collisions between convex bodies. In all three
works, each contact pair is represented by a single point contact with related penetration
depth. In the work of Elmqvist et al. (2015), a framework for the body interaction based on the
Discrete Element Method is introduced. The framework extends the multibody components
of the MSL. Bodies are represented by a polygonal surface. They use AABBs for the broad
phase and calculate the intersection volume in the narrow phase. Based on this volume, the
contact force is calculated. Both Buse et al. (2023) and Elmqvist et al. (2015) are more user
friendly, because they do not require manually defined unique IDs.

There are also native Modelica approaches. The library developed in Oestersotebier et al.
(2014) provides idealized contacts for elementary geometries based on contact surfaces. They
simplified the Elastic Foundation Model (see Section 2.2.1) and use single force elements
based on contact points with penetration depths. Another compliant approach is the event-
driven contact model from Bortoff (2020). A finite state machine is used to represent the
transition between the contact states. The focus of this model is the dynamics analysis for
control algorithm development. Both works require predefined contact pairs.

Another possibility is the integration of Modelica models into other simulation environ-
ments. The framework developed in Bardaro et al. (2017) extends the Gazebo simulator with
Modelica multibody contact dynamics. The idea is to create detailed, equation-based contact
models for selected body pairs in Modelica and integrate them into the Gazebo environment.
These models use the collision detection capability of Gazebo to calculate the penetration
depths, but replace the contact forces with those from the Modelica model.

In Simscape there are also works that use contacts between bodies. In Pozzi et al. (2022), a
robotic grasping process is modeled in the MATLAB/Simulink environment using Simscape.
A simulation of a walking excavator chassis based on Simscape is presented in Hu and Zhao
(2024). Both works use the “Spatial_Contact_Force” block from the Simscape Multibody li-
brary to model the contact between the gripper and the grasped body. This block can be used
to model the contact between two convex bodies (MathWorks 2023). Each body pair must be
predefined in the model by the user.
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2.3.4 Approaches for variable-structure systems

Variable-Structure Systems (VSS) (i.e. models with equations that change during the simula-
tion runtime) are another way to simulate manipulation and assembly processes. Equation-
based modeling languages such as Modelica are well-suited for system simulation. Their
declarative approach allows the creation of complex models based on component libraries.
However, once an equation-based model is created, the equations cannot be changed during
the simulation runtime. Therefore, these modeling environments typically cannot be used to
model VSS. This circumstance applies to most of the simulation environments, not just the
equation-based ones.

There has been some work on how to model VSS in equation-based languages.

In Zimmer (2010), the modeling language Sol is proposed as a modification of Modelica.
That is, a component model can contain several model variants. For example, the model
of a machine can contain two models with different Levels of Detail. An interpreter was
developed to handle the equations dynamically during runtime.

A Battery Electric Vehicle (BEV) model based on the concept of VSS is developed in Stiiber
(2017). The aim is to simulate the battery aging. Both a detailed and a simplified model are
created for the BEV. The former is used during driving and the latter during idling. The
result is a higher computation time for the simulation based on VSS due to the overhead for
switching between models.

A different approach is introduced in Tinnerholm et al. (2022). They developed a Modelica
compiler in the Julia programming language (Bezanson et al. 2017). Modelica is extended
with new operators to enable VSS. They propose explicit VSS, where the transition is defined
by the user and all equations are known before the simulation starts. In this case, a possibly
large model containing all variants is compiled. Another possibility are implicit VSS, where
predefined events trigger transitions that lead to re-compilation at runtime.

In Neumayr and Otter (2023), another extension for equation-based languages is presented
to allow for VSS. In their approach, variables in a model can be added or removed during
the simulation runtime (due to changes in the number of equations or states) without the
need to re-compile the code. An implementation can be found in the open source modeling
language Modia* and its multibody extension Modia3D® (Neumayr 2025).

A solution for VSS in Modelica based on dynamically constrained objects is introduced in
Reiser and Reiner (2023). The work consists of collision detection and constraining bodies
with forces and is implemented natively in Modelica. It is based on the Constraint Force
Equation method developed at NASA (Toniolo et al. 2008). A constraint network allows a
stable and precise simulation of VSS in the multibody domain (e.g. robot tool changers). The
approach is limited to the elementary geometries sphere and rectangle surface and unique
IDs must be defined by the user.

https://github.com/ModiaSim/Modia.j1
Shttps://github.com/ModiaSim/Modia3D.jl
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2.4 Virtual commissioning

This section provides an overview of Virtual Commissioning (VC). VC is the method of test-
ing control software in a simulation model of a production system before it is used in the
real plant (Wiinsch 2008). The aim is to detect errors in the automation software at an early
stage, as these are responsible for the majority of delays in commissioning (Wiinsch 2008,
p- 2). This can both reduce commissioning time and improve software quality (Reinhart and
Wiinsch 2007), but comes with the cost of model creation (Striffler and Voigt 2023, p. 678).
The most common approaches for VC are (Lechler et al. 2019; Striffler and Voigt 2023):

« In HiL, the automation software runs on a real hardware controller, connected to the
simulation model of the plant.

« SiL is similar, but instead of a real hardware controller, an emulated software controller
is used to run the software.

+ The connection of an emulated controller with a real plant is called reality in the loop
or hybrid commissioning.

An overview is provided in Figure 2.8.

Simulation environment

SiL
Controller (PLC) = 5 Production system
AN .
Hybrid commissioning Hardware in the Loop (HiL)
(reality in the loop)
A ] A
Production

Controller (PLC) |<€——— | Production system

Real plant

Figure 2.8: Types of Virtual Commissioning, including Hardware in the Loop (HiL), Software
in the Loop (SiL), and hybrid commissioning (reality in the loop). This figure is
adapted from Lechler et al. (2019, p. 1126).

A comprehensive review of current works in VC can be found in Lechler et al. (2019) and

Striffler and Voigt (2023). For the purpose of this work, two aspects are analyzed in the
following: detailed physics simulations and models with multiple Levels of Detail.
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2.4.1 Detailed physics simulations

In this section, work is presented that used detailed physical behavior models for VC.
Lacour (2012) developed a procedure model for creating physics-based behavior models for
VC in the material flow domain. The basis is a Computer-Aided Design (CAD) model that
is first converted into a triangulated polygonal model. Then, a collision model is created by
convex decomposition (see Section 2.1.1). Finally, the physical model is created by adding
physical parameters and defining kinematic chains. The concept was implemented and eval-
uated as a software prototype. Physics engines with a non-smooth collision response ap-
proach are used, including PhysX (see Section 2.3.1).

The aim of the AVANTI project is to extend VC with physical behavior models (Gulan et al.
2014). A plant is described by a geometric model, where the components are classified into
moving and fixed parts. Again, the basis is the CAD model and physical parameters are added
to build the behavior model. The focus is on using standards such as AutomationML (Lider
and Schmidt 2024) for the models. Non-smooth physics engines are used for simulation.
Another work in the AVANTI project focused on the provision of models. Normally, the user
of a production system creates behavior models for all parts of the plant. Suf3 et al. (2015)
propose that manufacturers instead provide tested behavior models for their components.
The Functional Mockup Interface (FMI) standard (Blochwitz et al. 2011) is used to ensure
compatibility while protecting the manufacturer’s intellectual property. The coupling of the
component models to a system simulation is achieved by co-simulation.

In the work of Koslin et al. (2014), a Modelica library was developed that aims at the VC of
material flow systems in general and conveyor technology in particular. Components were
built for both bulk cargo and breakbulk cargo processes, as well as the conversion between
the two. The library supports HiL simulations.

In the review of Lechler et al. (2019), use cases of VC for production systems are analyzed.
In the manufacturing domain, they found one work that uses detailed models at the process
level: Kubler et al. (2017) used physical behavior models for the VC of a run-to-run controller.
These types of controllers are used to optimize processes. Here, one step in the manufactur-
ing process for batteries (used in BEVs) is represented by a physical behavior simulation
(HiL). The results of this simulation are used as input for the next process step. This allows
the run-to-run controller to be tested in advance.

2.4.2 Models with multiple levels of detail

In this section, models with multiple Levels of Detail (LsoD) are discussed. In the context of
this work, these models are referred to as hybrid models.

Frieben et al. (2015) developed a model of a material flow system with variable modeling
depth. They distinguish between three LsoD: idealized function models (logical functionality
in discrete-time), principle feasibility models (additionally with time behavior), and system-
specific behavior models (detailed physical models, including effects such as friction). In
addition, they developed a method for adaptive switching. Low-detail models are replaced
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by detailed models when more information is needed. Switching conditions are specified
when the model is created. In their use case, a workpiece is transported by a shuttle. Idealized
models are used for straight travel. For cornering, detailed models are used to account for the
effects of centrifugal forces. They used the library for idealized contacts from Oestersotebier
et al. (2014) presented in Section 2.3.3.

In the work of Hoher (2016), a hybrid model was developed for the simulation of material flow
systems consisting of two Levels of Detail. Typically, several problem-specific simulations
with different objectives are developed during the design process of a plant. Therefore, the
work aims at coupling two material flow models with different LsoD into one. As a result,
the modeling effort can be reduced. Two models were developed. Both use a non-smooth
approach. The impulses are calculated based on a kinetic collision response (detailed model)
and a kinematic collision response (substitute model). The former provides accurate results,
but does not guarantee real-time simulation. Substitute models, on the other hand, always
run in real-time, but offer less detail.

Another approach is the definition of LsoD based on the hierarchical structure of production
plants, as presented in Puntel-Schmidt and Fay (2015). Here, the following LsoD are defined
with a focus on material flow systems. The macroscopic LoD covers time behavior based on
dead time models. In constrast, the microscopic LoD includes detailed behavior models. Two
intermediate LsoD are used if a more detailed distinction is necessary.

2.5 Summary and critique of the state of the art

Rigid body contacts in multibody models require collision detection and response (see Sec-
tion 2.1). The former is usually split into a broad phase with BV checks such as OBB or AABB
and a narrow phase with algorithms such as GJK or MPR. There are two basic methods for
the latter. Compliant approaches (also referred to as “regularized” and “penalty-based”) use
the penetration depth between two colliding bodies to generate the contact force that sepa-
rates these bodies. There are several contact force models, including PCM and the Voxelmap
Pointshell Algorithm. Non-smooth methods (also referred to as “constraint-based” and “com-
plementarity”) use unilateral constraints and consider bodies to be rigid. They typically work
on the velocity level and can be solved using time-stepping methods.

Simulation environments can be classified according to their application domain: robotics
and automation, system simulation, multibody simulation, and manufacturing simulation
(see Section 2.3.1). Some of the tools available are based on physics engines such as Bullet,
Open Dynamics Engine, or MujoCo. These engines use the non-smooth approach for the
collision response. There are also physics engines that provide both the compliant and non-
smooth approach, including PhysX and Project Chrono.

With the exception of the system simulation tools, all other simulation environments are lim-
ited to their respective areas of application. There are tools specifically designed to simulate
manipulation and assembly processes: Grasplt!, OpenGRASP, and RobWorkPhysicsEngine (see
Section 2.3.2). In comparison to system simulation environments, they focus on the robotics
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domain and are limited in their functionality. For example, with these tools it is not possible
to model topics such as detailed robot dynamics, energy consumption or flexible bodies.
Therefore, the handling of contacts in system simulation environments has been discussed.
In both Modelica and Simscape there is no way to model complex, non-convex contacts be-
tween rigid bodies for manipulation and assembly processes out of the box. Several works
have attempted to address this issue (see Section 2.3.3). Some methods are limited to prim-
itive geometries or are not real-time capable. Others require predefined contact pairs. This
limits the flexibility required for manipulation and assembly (a body is picked up by multi-
ple grippers and placed on multiple tables). None of the analyzed approaches is suitable for
complex assemblies consisting of multiple bodies.

Approaches for Variable-Structure Systems were also analyzed (see Section 2.3.4). Some
works are limited in their flexibility because they are designed for a specific application do-
main, or require unique IDs to be defined by the user. Others are not scalable due to their
complexity. More recent methods, such as Modia3D, do not yet have the multi-domain capa-
bilities (model libraries for multiple domains) to create a system simulation.

Finally, the basics of Virtual Commissioning were presented (see Section 2.4). This includes
simulation techniques such as HiL and SiL. Several works on detailed physics simulation were
evaluated. Most of the works focus on material flow systems and the connection between the
simulation and the control. In addition, models with multiple Levels of Detail were discussed.
Two works were analyzed, both in the material flow domain.

To date, there has been little work in the area of detailed simulation of manipulation and
assembly processes at the system simulation level, especially in combination with other do-
mains such as energy consumption or flexible bodies.
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3 Simulating assembly processes in
structure-invariant environments

In this chapter, a novel method for the modeling and simulation of manipulation and assem-
bly processes in structure-invariant environments is presented. First, an example is intro-
duced and an overview of the concept is given. Based on this, algorithms are described in
the following sections. The first one enables the connection of components during simula-
tion runtime based on substitute contact forces. Another one allows the stable simulation of
assemblies. Finally, the topic of switching between contact models is addressed.

3.1 Overview and block scenario example

The aim of this work is the efficient simulation of manipulation and assembly processes in
structure-invariant environments. Structure-invariant means that no structural changes are
possible during runtime. Components cannot be connected or disconnected. However, this
capability is necessary for manipulation and assembly processes. The following two solu-
tions allow components to be connected during runtime: Using contact forces between com-
ponents and applying substitute contact forces that hold components in place. The former
provides detailed results, while the latter can be computed in real-time.

The contributions in the following sections are presented using the Block Scenario example
shown in Figure 3.1. It consists of four blocks, namely P, C, O, and B, which are assembled
into an assembly. The component names represent the first letter of the component color.
The Block Scenario example was first published in Reiser (2021).

Figure 3.1: Overview of the Block Scenario example. It consists of four parts in the form of
blocks: the pink part P, the cyan part C, the orange part O, and the blue part B
(base). The parts are assembled into an assembly in several steps.
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The related assembly process starts with the four blocks placed on a table. In several steps,
they are assembled into an assembly. Figure 3.2 illustrates the basic steps of the assembly
process. Part C is assembled directly into base part B. Component P, on the other hand, is
first assembled into O. The parts P and O together are then assembled into base B. In the final
step, the entire assembly is moved to the other table.

Several aspects can be demonstrated in this example: All components are manipulated by
multiple robots and grippers and placed on multiple grounds. Components are pre-assembled
into subassemblies prior to final assembly. The center of mass of the subassembly is not at
the barycenter of part O, therefore a torque might be applied to the gripper.

ERN R S
[ |
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Figure 3.2: Basic assembly process steps for the Block Scenario example. The process starts
with four blocks placed on the left table. First, the pink component P is assembled
into the orange component O and the cyan component C is assembled into the
base B (blue). Then, the subassembly consisting of P and O is assembled into the
base B. Finally, the entire assembly is picked and placed on the right table.
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3.2 Idea and concept

In this section, the basic idea and concept for the simulation of manipulation and assembly
processes in structure-invariant environments is presented. It was first published in Reiser
(2021) and Reiser and Reiner (2023). First, some basics about component types and com-
ponent interactions are introduced. Then, the basic ideas of automatic state detection and
combining fast and detailed models by using component models are presented. Finally, the
concepts are broken down into individual algorithms, which are then presented in the fol-
lowing sections of this chapter.

3.2.1 Component types

In a multibody scenario in the robotics domain, there are multiple objects that interact with
each other. Examples include robots, grippers, drills, tool changers, feeders, cameras, sensors,
parts, and assemblies. For the purpose of this work, these objects are called components. The
following component types are the most important ones:

« Grippers (usually attached to robots)
« Grounds such as tables

« Parts that are being manipulated or assembled

For the purpose of this work, only these three component types are primarily considered.
However, other components such as robots may be used in models of assembly processes.
Ground components (e.g. tables) are usually fixed in space and Grippers are mounted on
robots, which also determines their position and orientation. However, components of type
Part are manipulated and assembled during a process. Their spatial pose is initially specified
in a simulation model and must then be continuously determined. The component types are
shown in Figure 3.3.

[

L J —— Gripper

| | —— Ground

L L

Part

Figure 3.3: Overview of the relevant component types for assembly processes: there are Grip-
pers, Grounds (e.g. tables), and Parts that are being manipulated or assembled.
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3.2.2 Component interactions

The interactions between components form the basis for the algorithms presented in the
following sections. As discussed in Section 3.2.1, there are three major components: Grip-
per, Ground, and Part. The component interactions relevant for manipulation and assembly
processes are illustrated in Figure 3.4.

In principle, a component of type Part can interact with all other components. A Part can
form a connection with a Gripper or a Ground. And a Part can be part of an assembly. In
this case, it forms a connection with one or more other Parts. Components of type Gripper
can only interact with components of type Part, but not with components of type Ground.
Similarly, Ground components can only interact with Part components. However, collision
checks between Grippers and Grounds are possible for the testing of robot programs.

One objective of this work is flexibility. There are many approaches that require predefined
contact pairs (see Section 2). However, this limits flexibility considerably. If the contact be-
tween a Gripper and a Part is predefined in a model, it may not be possible to manipulate
that Part with another Gripper. The aim is therefore to generate connections between com-
ponents automatically. This is presented in the next section.

\W/

Part 1 Part m

Figure 3.4: Overview of the interactions between components based on their component
types. The lines represent possible connections between the components. Con-
nection pairs must involve at least on Part component. It is not possible to connect
two components of type Gripper, two components of type Ground, or a compo-
nent of type Gripper and one of type Ground.
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3.2.3 Automatic state detection

As mentioned in Section 3.2.1, there are three component types. Ground components do
usually not move and Grippers are attached to robots. The pose can therefore be determined
for both. Parts, on the other hand, are manipulated during a process. A Part can be in the
following states (shown in Figure 3.5):

» Free motion

« Grasped by a Gripper
« Placed on a Ground

« Part of an assembly

The basic idea is that Parts can automatically determine their state and, based on that, use
different models and algorithms to interact with other components in the scenario. This
concept was partially introduced in Reiser (2021). The basis for all interactions between these
components is collision detection. If a Part has no collision, it is in the state free motion. If it
collides with a Gripper, it will be grasped by that Gripper, depending on whether the Gripper
is closed. When the component is in contact with a Ground, it forms a connection with the
Ground. If multiple collisions occur, the components involved are prioritised.

Automatic state detection is only required for the substitute models based on substitute con-
tact forces. When using detailed contact forces, the state does not need to be known. In this
case, the components interact directly through contact forces.

[

L J — Gripper

Part

Ground ~
[ ]

L L

Figure 3.5: The states of a component of type Part. It can be moving freely in space (top left),
grasped by a Gripper (top right), placed on a Ground (bottom left), or part of an
assembly (bottom right).
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3.2.4 Combining fast and detailed models

One overall objective of this work is to reduce the modeling effort. This is achieved by
combining fast substitute models based on substitute contact forces and detailed contact
force models. The former are real-time capable and can be used for Virtual Commissioning,
the latter provide detailed results and are suitable for tasks like optimization.

The idea is to develop component models for all the components mentioned in Section 3.2.1
(Grippers, Grounds, and Parts) that contain both fast and detailed models as well as algorithms
for manipulation and assembly. These component models are then used to create a process
model for a specific assembly process. This model can then be used for multiple application
tasks within the engineering process (e.g. Virtual Commissioning or feasibility studies).
Figure 3.6 shows component models for the component types Part and Gripper. Both contain
basic information such as a name and a link to the associated 3D model. Algorithms are
integrated to enable the simulation of manipulation processes with fast substitute models
or detailed contact force models. In addition, the Gripper contains models of the mechanics
as well as an input for opening and closing. The Ground component model is built in the
same way. A specific process can now be modeled by using these component models. The
simulation model for the Block Scenario example introduced in Section 3.1 is also shown in
Figure 3.6. Robot models are additionally used here.

Part component model

Basics Algorithms
| Name |||| Fast substitute forces | \ partB
[3D model ||||Detailed contact forces |

~| partO
Grll?per component‘ model | tablel | | tablez |
Basics Algorithms
| Name |||| Fast substitute forces |

| gripper1 robot1
[3D model ||||Detailed contact forces | / | = .pp H |
Input Mechanics | gripper2 H robot2 |

|Kinematic model | Process model

| Dynamic model |

Figure 3.6: Component models for component types Part and Gripper. They contain both fast
and detailed models and algorithms for manipulation and assembly processes. A
model of a specific assembly process can be build using these component models.
The process model for the Block Scenario example is shown on the right.
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3.2.5 The algorithm for component interaction

The component interactions presented in Section 3.2.2 are enforced based on forces. There
are two ways to connect components during runtime in structure-invariant environments:
contact forces and substitute contact forces. The former require a contact force algorithm
that uses the polygonal representation of the components. The latter are substitute models
that approximate the behavior between the components.

In both cases, an overall algorithm is required to handle the component interactions. There-
fore, the Algorithm for Component Interaction (ACI) is developed. A flowchart of this algo-
rithm is shown in Figure 3.7.

All pairs checked?

Pair BV check positive?

Pair contact force enabled?

=

Yes No v No v
Calculate pair Calculate pair Frun= 0
contact force substitute force Pair

]
-«

Yesy All components checked?
Y <
es No All related pairs checked?
No

fCompSum = fCompSum + ﬁair

Y

fComponent = fCompSum

Figure 3.7: A flowchart of the Algorithm for Component Interaction (ACI). It consists of two
parts. First, a force is calculated for each component pair (either a contact force
or a substitute force). Then, the total force for each component is added up.
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The ACI consists of two parts. The first part analyzes the component pairs, the second part
analyzes the components. For each component pair, a BV check is performed first. This
sequence uses the two-phase approach to collision detection, introduced in Section 2.1.1. If
the components are at a distance from each other, the detailed and computationally intensive
collision check can be omitted. In this case, the components have no collision and the force
is zero. If the BV check is positive, the next step is to check if the contact force is enabled.
If so, a contact force is calculated. This includes collision detection, construction of the in-
tersection surface, calculation of multiple penetration depths and forces, and generation of
the resulting contact force.

Otherwise, a substitute contact force is calculated. This includes collision detection, offset
calculation, and the calculation of a control force to constrain the components.

When all component pairs have been analyzed, the next step is to analyze the components.
For each component, all related component pairs (component pairs that contain the current
component) are analyzed. The forces of all related component pairs are summed and stored
as the resultant force for the component.

The ACI uses several algorithms and methods to perform the tasks mentioned above:

+ An existing algorithm is used to calculate the contact forces. The selection of an ap-
propriate contact force algorithm is discussed in Section 3.3.

« The substitute contact forces that hold the components in place are calculated using
the Substitute Force Algorithm introduced in Section 3.4.

+ In addition, another algorithm specifically for assemblies, the Assembly Graph Partner
Search Algorithm, is introduced in Section 3.5.

+ Furthermore, the switching between the contact force algorithm and the Substitute
Force Algorithm is presented in Section 3.6.

In this section, only forces that are used to hold components in a certain position are men-
tioned. Similarly, torques are used to specify the orientation of the components. This applies
to both the case where contact forces are used and the case where substitute contact forces
are used. The algorithm for contact forces also provides contact torques. The Substitute
Force Algorithm also includes torques to constrain the orientation of the components.
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3.3 Selection of the contact force model

As mentioned in Section 3.1, there are two possibilities to connect components during run-
time in a structure-invariant environment:

« Using contact forces between components

+ Applying substitute contact forces that hold components in place

The latter is addressed through algorithms that are presented in the following sections. In
contrast, an existing contact force algorithm is used for the former. Selected contact models
for the compliant collision response approach are presented in Section 2.2. Physics engines
are also introduced in Section 2.3. Most of them use the non-smooth approach, but some also
use both collision response approaches.

3.3.1 Classification of contact models

There are multiple categories to classify existing physics engines and contact forces models.
Relevant to this work are:

Body deformability (rigid or deformable bodies, respectively hard and soft bodies)

Friction (frictional contact and frictionless contact)

Collision response (non-smooth or compliant approach)

Contact geometry (point contact or volume contact)

License (open source or commercial)

In terms of body deformability, only rigid bodies are considered (see Section 2.1.1). Contact
models and engines for deformable bodies are not analyzed. However, some of the engines
mentioned in Section 2.3.1 can also simulate deformable bodies. Strictly speaking, a soft
boundary layer is also assumed for rigid body models (applies to both the compliant and the
non-smooth approach). This is explained during the presentation of the Elastic Foundation
Model (see Section 2.2). The EFM itself can be seen as a theoretical concept and basis for
several contact models and is therefore not part of the following comparison.

Contact models with friction are required to model and simulate manipulation and assembly
processes. For example, without friction it would not be possible to grasp components by
force. In addition, many assembly processes cannot be modeled without friction. For this
reason, only contact models and physics engines that include frictional forces are analyzed
in Chapter 2. And only these are part of the comparison.

As far as the license is concerned, the decision is straight forward. All physics engines
presented in Section 2.3 are open source and all contact models presented in Section 2.2 are
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either open source or at least published. There are also commercial physics engines, but they
do not offer significant advantages (Hummel et al. 2012; Erez et al. 2015). Therefore, a contact
model that is available as an open source project is used.

This leaves two categories. Existing physics engines and contact models can now be clas-
sified in two dimensions. Regarding the collision response approach, there are compliant
and non-smooth contact models. And the contact geometry can be either point contact or
volume contact (also related to the collision detection method). Table 3.1 shows the compar-
ison of selected existing contact models and physics engines.

Many collision algorithms use convex geometries and provide point contacts. This can cause
several problems, because the contact point can move. For example, when a cuboid is placed
on a table. Small rotations of the cuboid change the position of the point with the maximum
penetration. The aim of this work is to model and simulate assembly processes where con-
cave bodies are common. Collision detection with convex shapes is therefore not sufficient.
Convex decomposition is one way of using these collision detection algorithms. However,
instabilities can occur at the transitions between the convex shapes. The alternative is vol-
ume contacts. Here, the contact surface and penetration volume are taken into account. This
results in more realistic behavior and higher accuracy, especially for complex, non-convex
shapes. The disadvantages are increased complexity and lower performance.

Table 3.1: Comparison of selected contact models and physics engines in terms of collision
response and contact geometry. There are compliant and non-smooth response
methods and the geometry can be either a point or a volume contact.

Collision response | Contact geometry
Contact model Non-sm. | Compl. Point Volume
Bullet (Coumans 2024) X X
Open Dynamics Engine (Smith 2024) X X
MuJoCo (Todorov et al. 2012) X X
PhysX (Nvidia 2024) '(Narang et al. 2022) X (x)! X (x)!
Project Chrono *(Tasora et al. 2016) X (x)? X (x)?
PCM (Hippmann 2004b) X X
VPA (Sagardia et al. 2014) X X
PFC *(Masterjohn et al. 2022) (x)? X X
IdealizedContact (Oestersotebier et al. 2014) X X
Body to Body Contact (Buse et al. 2023) X X
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3.3.2 Integration into system simulation environments

The objective of this work is to enable detailed system-level simulation of manipulation and
assembly processes in combination with other domains. This is achieved by using a system
simulation environment that is extended for the simulation of these processes.

The type of collision response has a strong influence on how well the contact model can be
integrated into a system simulation environment. Other factors also play a role. In general,
there are several aspects to consider:

« Accuracy (first or second order accurate, respectively velocity or acceleration level)
« Solvers (general purpose solvers or specific solvers such as time-stepping methods)
« Interfaces (standalone use of the contact force model)

One objective is a high accuracy and stability. For example, detailed dynamics models are
used to represent the behavior of a robot. Physics engines such as Bullet, Open Dynam-
ics Engine, or MuJoCo use point-contacts and non-smooth approaches. These methods use
velocity-stepping and “are first-order accurate at best” (Elandt et al. 2019, p. 8239). They have
no error estimate or error control (Elandt et al. 2019, p. 8239). Furthermore, according to
Zechmair and Morel (2022, p. 2), non-smooth approaches can have a weakness with me-
chanic chains. This is relevant, for example, when modeling grippers with four-bar joints.
Regarding solvers, non-smooth approaches often use time-stepping methods to solve the
LCP. Most physics engines such as Bullet and Open Dynamics Engine use an iterative Gauss-
Seidel solver (J. Bender et al. 2014, p. 261). General purpose or system simulation environ-
ments, on the other hand, use solvers for Ordinary Differential Equations (ODEs). Examples
are the variable-step solvers DASSL and Cvode (both implicit, multi-step, and variable order),
Esdirk (implicit, single step, and fixed order), and the fixed-step solvers Euler and Runge-
Kutta (both explicit) (Otter and Brembeck 2022). According to the work of Machado et al.
(2012, p. 100), it is complicated to implement the non-smooth approach in a general purpose
environment. It is possible to link contact models and system models using co-simulation
based on the FMI standard (Blochwitz et al. 2011). However, the flexibility is limited.
Another aspect are the interfaces. In the best case, a contact model is designed to take the
position and velocity of the rigid bodies as input and return the contact forces as a result. In
other cases, extensive customization may be required for integration.

3.3.3 Evaluation and selection

The contact models and physics engines mentioned in Section 3.3.1 are now evaluated. Sev-
eral categories were introduced in the two sections above. As only rigid body and friction
contact models available as open source projects are considered, these categories are not part
of the evaluation. The remaining categories are collision response type, contact geometry,
simulation accuracy, solvers and interfaces. For evaluation purposes, these categories are
combined into four new categories:
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« Geometry: possibility to use complex, non-convex shapes

Accuracy: volume contacts and simulations on the acceleration level

Solvers: usability of the model with general purpose solvers

Interfaces: standalone use of the model

The results are shown in Table 3.2. As expected, the non-smooth approaches are limited in
their geometric representations and less accurate. PhysX and Project Chrono are an exception,
as they also provide a compliant model. For a detailed comparison of physics engines, see
Hummel et al. (2012) and Erez et al. (2015).

The most suitable models are those that offer complex, non-convex geometries, acceleration
level precision, and the use of general purpose solvers. These are the PCM, the PFC model,
and the VPA. The latter is less accurate, since it is optimized for fast simulations. The PCM
and the PFC model are relatively similar. However, the PCM is easier to integrate as it is
specifically designed for integration in multibody environments. It is also a well-established
algorithm used in several multibody tools, such as Simpack (Hippmann 2024). As a result,
the Polygonal Contact Model is used as the contact force model in this work.

Table 3.2: Evaluation of selected contact models and physics engines in terms of geometry
(use of complex, non-convex shapes), accuracy (use of volume contacts and sim-
ulations with acceleration level precision), solvers (usability of general purpose
solvers), and interfaces (standalone use of the model).

Contact model Geom. Accur. Solv. Interf.
Bullet (Coumans 2024) - - - ¥
Open Dynamics Engine (Smith 2024) - - - +
MuJoCo (Todorov et al. 2012) - - - +
PhysX (Nvidia 2024) + + - +
Project Chrono (Tasora et al. 2016) + + - +
PCM (Hippmann 2004b) ++ ++ + ++
VPA (Sagardia et al. 2014) ++ + + +
PFC (Masterjohn et al. 2022) ++ ++ + +
IdealizedContact (Oestersotebier et al. 2014) - + + +
Body to Body Contact (Buse et al. 2023) + - + ++
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3.4 Algorithm for dynamic structural changes

In structure-invariant environments, it is not possible to connect or disconnect components
during simulation runtime. However, this capability is required for the substitute models. In
this section, an algorithm is presented that allows components to be dynamically constrained
together in simulations. It is called the Substitute Force Algorithm. In addition, an extension
for manipulation and assembly processes is introduced.

3.4.1 The substitute force algorithm

The basis for constraining components during runtime for the substitute models is the Sub-
stitute Force Algorithm (SFA). It calculates the substitute contact force for a component pair
that holds both components together and was first published in Reiser (2021). The opening
and closing of a connection is defined, for example, by commands for the gripper in the robot
program. The flowchart of the algorithm is shown in Figure 3.8.

The SFA starts with a collision check. Either the convex hulls or the convex decompositions
of the components can be used. If the collision check is negative, the components are not in
contact with each other. In this case, the substitute contact force is zero. The same applies
if the substitute force for one of the two components is disabled. If the collision check for

Pair collision check positive? and
Substitute force enabled for both components?

Pair substitute force in previous step?

No

Calculate
position offset
Yes ¢ No y
ﬁubstitute = ktr : (Ar + rOjfset) + dtr -Av f‘Substitute =0

Figure 3.8: A flowchart of the Substitute Force Algorithm used to calculate the substitute
contact force for a component pair. If the substitute force is enabled for both
components and a collision occurs for the pair, the force is calculated based on
Equation (3.5). The substitute force allows components to be connected or dis-
connected during the simulation runtime.
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the pair is positive and the substitute force is enabled for both components, the next step is
to check if this pair had a substitute force in the previous simulation step. If not, an offset is
calculated for the position and orientation. Then, the substitute contact force is calculated.
Similar to the PCM algorithm (see Section 2.2.2), one component of the pair is defined as
the Base and the other one as the Target. The substitute contact force is calculated from
the perspective of the Base component. The resulting substitute contact force for the Target
component is then calculated from the substitute contact force for the Base component. The
substitute force consists of two parts: a force for the position and a torque for the orientation.
The calculation of the force starts with the position offset 7 fser, Base:

Yoffset, Base = VBase — VTarget (31)

where 7. is the Base position and rr4,g.: the position of the Target component. This offset
is now transformed from the world frame to the frame of the Target component:

Target _
& YOffset, Base = TTarget *¥Offset, Base- (32)

The desired position for the Base component 7y ed, pase 1S given by:

TT . Target

Vdesired, Base — rTarget + Target rOffset, Base (33)

where Trqrge: is the rotation matrix of the Target component. Figure 3.9 shows the position
offsets for two component pairs in the Block Scenario example (one Part is constrained to the
Ground and one to the Gripper).

\
\roﬂ‘set, C
:A

TOffset, P
b :
>

X y

Figure 3.9: Overview of the substitute contact force calculation for parts of the Block Scenario
example. Component P (Base) is constrained to the table T (Target) and compo-
nent C (Base) is constrained to the gripper G (Target). The image shows the frames
of the components and the position offsets for both pairs.
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The substitute contact force for the Base component is then calculated by:

fSubstitute, Base — ktr . (rdesired, Base — rBase) + dtr . (UTarget - UBase) (34)
fSUbStifUt& Base = k”‘ : (rTarget + TTTarget'TargetrOffset, Base — rBase) + dtr . (’;'Target - f‘Base) (35)

where k;, is the translational spring constant, d;, the translational damping constant, and

Urarger and vpy, the velocities of the Base and Target component. The resulting substitute

force for the component Target is calculated according to Newton’s third law as follows:
fSubstitute, Target =-1- fSubstitute, Base- (36)

The calculation of the torque starts with the rotation offset Toffset, Base:

TOffset, Base = TTarget : TBY;se (37)
where Trg,4.; is the rotation matrix of the Target rotation matrix and T, the rotation matrix
of the Base component. The desired rotation matrix for the Base component is:

Tdesired, Base = TOffset, Base * TTarget- (38)

The relative rotation is then:

_ T
Trelative, Base — Tdesired, Base * TBase‘ (39)

For small rotations, the rotation angles can be taken from the rotation matrix as follows (they
are resolved in the frame of the Base component):

Trelative, Base [23 3]
Basearelative, Base — _Trelatiue, Base [1’ 3] . (310)
_Trelative, Base [1; 2]

The difference in the angular velocity Awgp,;. is based on the angular velocity of the Base and
Target component. All velocities are resolved in the frame of the Base component:

Base Base Base
Awpgse = @Target — @pBgse- (311)
The substitute torque for the Base component is then calculated by:
Base _ Base Base
tSubstitute, Base — krot : relative, Base + drot : AwBase (312)

where k,,; is the rotational spring constant and d,,; is the rotational damping constant. This
torque is now transformed from the frame of the Base component to the world frame:

_ T Base
tSubstitute, Base — TBage : tSubstitute, Base- (313)

As with the substitute force, the resulting substitute torque for the component Target is cal-
culated according to Newton’s third law as follows:
tSubstitute, Target — -1- tSubstitute, Base- (314)

Offsets are only calculated at time steps when connections are closed. This works well with
fixed-step solvers. However, for variable-step solvers that have error control, it is important
to ensure that the offset is not set more than once. For the SFA, a small relative velocity
between the two components is assumed because otherwise unphysical effects might occur.
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3.4.2 Extension for manipulation and assembly

The Substitute Force Algorithm can be used to constrain multiple components in a multibody
scenario. However, additional functionality is required to simulate manipulation and assem-
bly processes. These include the limitation and prioritizing of connections and hierarchy
levels for components of type Part.

Figure 3.10 shows the pickup of component C from the Block Scenario example. In the first
step, the Gripper G is in the correct position and the Part C is constrained to the table T (type
Ground). The next step is to connect the Part component to the Gripper. When the substitute
force for the Gripper is enabled, there are two substitute forces acting on component C.
Component C must therefore limit and prioritize the connections. This is done based on
the component types introduced in Section 3.2.1. For the example in Figure 3.10, this means
that, from the perspective of C, G is higher prioritized than T. In addition, a Part component
can be either constrained to a Gripper component, to a Ground component, or to several
other Part components (not relevant in this example). For this reason, the connection of
component C switches from Ground T to Gripper G when the substitute contact force for
the Gripper is enabled. In this step, the position offset is also recalculated (now based on the
Gripper, see Figure 3.10). This extension enables the simulation of manipulation processes.
Another aspect are assemblies. The assembly process for the Block Scenario example shown

G ®— G6§—>

Yoffset, C
—- ——

Figure 3.10: The component C from the Block Scenario example (component type Part) is
picked by the Gripper G. The image shows two simulation steps. In the first step,
shown on the left, C is constrained to the table T (type Ground). The right side
shows the second step, where C is constrained to the Gripper G. The connection
switches when the substitute contact force for the Gripper is enabled.
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in Figure 3.2 can partly be simulated with the current extension (see Section 3.1). Component
C is picked with a Gripper (connection switches from Ground to Gripper) and assembled to
B (connection switches from Gripper to B). The same applies to component P. However, the
subassembly consisting of P and O cannot be picked. If the Gripper picks component O, it
terminates its connection to P and P drops to the table.

It is therefore necessary to introduce hierarchy levels to the components of type Part. Only
the differentiation of components by hierarchy levels is relevant. It doesn’t matter how many
hierarchy levels there are. An example are the following five hierarchy levels:

+ Lowest
« Low
« Medium
« High
 Highest

For the example in Figure 3.2, component B has the hierarchy level High, component P the
hierarchy level Low, and the components C and O have the hierarchy level Medium. The
hierarchy levels represents the assembly sequence.

Figure 3.11 shows a flowchart of the extended Substitute Force Algorithm. The algorithm is
now extended with both the limitation and prioritization of connections and hierarchy levels
for components of type Part. Unlike the original SFA, the extended SFA does not iterate over
the pairs, but over the components. The flowchart shows how the resulting substitute contact
force for one component is calculated depending on its component type.

The process for one component of type Ground in the extended SFA consists of iterating over
all other components. Components of type Gripper are ignored and for components of type
Part the substitute contact force is calculated and added if they are not grasped.

For one component of type Gripper it is similar. Components of type Ground are ignored and
all components of type Part are considered for the force calculation.

For Part components, the first step is to check whether the component is grasped by a Gripper.
If this is the case, the substitute contact force for the connection to the Gripper is calculated
and added to the sum of the forces. If no Gripper is involved, it is checked if the component
has a connection with a Ground. In this case, the associated constraining force is calculated
and added to the sum of the forces.

It is then iterated over all the other components (also called counterparts), both for the case
where the component is grasped and for the case where it is connected to the ground. Coun-
terparts of type Part are taken into account, but only if they are not grasped or are grasped
and their hierarchy is higher than that of the current component.

With this extended Substitute Force Algorithm, the assembly process for the Block Scenario
example (see Figure 3.2) can now be simulated. The subassembly consisting of P and O can

43



3 Simulating assembly processes in structure-invariant environments

now be picked with the Gripper and assembled to B. In addition, the entire assembly can be
manipulated by grasping component B.

However, there are still limitations, especially for complex assemblies. Therefore, an addi-
tional algorithm for the stable simulation of assemblies is introduced in the next section.

Component is of type Ground?

Yes <
Component is of type Gripper? All counterparts checked?
< Yes
All components checked? No Counterpart is type Part?
Yes No
Counterpart is type Part? Yes Not grasped?
No No
Yes
f;um = f:?um + fSubstitute, Part f;um = f:Sum + f_‘Substitute, Part
Noy Component is of type Part?
No
Connection -
Yes . . All counterparts checked?
with a Gripper?
> fSum = f:gum + f;ubstitute, Gripper Yes
Yes No .
Counterpart is type Part?
No Connection
with a Ground? No
> f;um = f:gum + fSubstitute, Ground Not grasped or Wlth
Yes YeSY__a higher hierarchy?
No a higher hierarchy?
No
Yes
ﬁum = fSum + f:?ubstitute, Part
fComponent = fSum <

Figure 3.11: A flowchart of the Substitute Force Algorithm extended for manipulation and
assembly. It shows the process of calculating the substitute contact force for one
component depending on its type. For components of type Part, it is checked if
they are connected to a Gripper or a Ground and other Part components are only
considered, if they are not grasped or are grasped and have a higher hierarchy.
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3.5 Algorithm for the stable simulation of assemblies

In Section 3.4, an algorithm is introduced that allows to connect or disconnect components
during simulation runtime. This Substitute Force Algorithm is used for the substitute models
and allows to model manipulation processes and simple assemblies. However, the algorithm
has limitations for more complex assemblies. For this reason, in this section another algo-
rithm specifically for the stable simulation of assemblies is presented. It is called the Assem-
bly Graph Partner Search Algorithm. First, the need for an additional algorithm is discussed,
and then the algorithm itself is presented.

3.5.1 Motivation

The Substitute Force Algorithm (presented in Section 3.4.1) is sufficient for manipulation
processes or simple assemblies. For example, a Part component placed on a Ground or a Part
component grasped by a Gripper can be modeled well with the algorithm (see Figure 3.9). In
both cases, only one substitute contact force occurs for each component. In general, a Part
component can be constrained to a Ground (e.g. a table), a Gripper, or another Part com-
ponent. If multiple Part components are connected within an assembly, multiple substitute
contact forces can occur for the involved components. This can cause problems.

Figure 3.12 shows the substitute contact forces between all components and the related con-
tact graph for the Block Scenario example. Part P is connected to part O. Part O and part C are

C

£

B
B
TOffset, O Yoffset, C

A
‘2

T
YOffset, B

Figure 3.12: The assembly of the Block Scenario example placed on the table T. The image
shows the component frames and the position offsets for all substitute forces on
the left. On the right is the graph of all the contacts between the components.
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connected to the base B. The base B is connected to the table T. Part P is also connected to
the base B because the collision detection is based on convex hulls and the components P and
B overlap. Even if a more detailed collision detection is used (e.g. convex decomposition),
some component geometries lead to scenarios like this one.

The contact graph in Figure 3.12 shows all contacts between the components. The contact
graph G¢ can be described as follows:

Ge =(V, E) (3.15)
vV ={P, O, B, C, T} (3.16)
E={(P, 0), (P, B), (O, B), (B, C), (B, T)} (3.17)

where V is a finite set of vertices and E a set of edges.

Component C is constrained to B, which in turn is constrained to T. This dependency can be
described by a Path Vertices Sequence (PVS). A PVS is defined as a sequence of vertices in a
graph whereby the vertices and the edges are distinct (see Section A.1.1).

One possible PVS from the Part component C to the table T (Ground component) is:

PVScor=(C, B, T). (3.18)

Each edge in the Path Vertices Sequence (3.18) represents a substitute contact force between
two components. This results in two problems for the simulation model: substitute contact
forces connected in series and substitute contact forces connected in parallel.

One problem is substitute contact forces connected in series. In the contact graph in
Figure 3.12, the dependency between component C and component T is the PVS defined in
Equation (3.18). As the stiffness for the elastic part of the substitute contact force calcula-
tion is limited, there is a position error for the held Part components. The spring-damper
model for the connection of the Part components B and C with the table T (type Ground) is
illustrated in Figure 3.13. The position difference for a single component B, Azg, with mass
mp and translational spring constant kg is calculated by equating the weight force and the
spring force:

fs, B — fg, B (319)
= AZB . kBT =mp-g (320)
oAy = TBE (3.21)

kBT

For a combination of part B and C connected in series, the position difference for both com-
ponents changes (see Figure 3.13). The position difference for part B, Az}, is now:

flop=fos+ foc (3.22)
= Az - kgr = (mp - &) + (mc - g) (3.23)
LAy = Matme)g (3.24)

kst
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Azg

Table T Table T

Figure 3.13: A spring-damper model for the components C and B of the Block Scenario ex-
ample. Both are connected with the table T. The position difference for part B
without part C is shown on the left. On the right is the position difference for
part B and C when they are connected in series.

The position difference of part C, Az, results from Azj and the deviation based on the spring
between part B and C with spring stiffness kcp (equivalent to Equation (3.21)):
me - g

AZC = AZ;; + k
CB

(3.25)

This means that the position error increases for both component B and component C.
Another problem is substitute contact forces connected in parallel. Substitute contact
forces connected in parallel lead to stiffness connected in parallel. This occurs in part P.
There are two possible PVSs from part P to the table T:

PVSp,r € {(P, B, T), (3.26)

(P, 0, B, T)}. (3.27)

For PVS (3.26), the stiffness of part P, kp, is the stiffness between part B and part P. In case of
PVS (3.27), the stiffness of part P changes to kj, resulting from two parallel springs:

kp = kpB (328)

k;) = kpg + kpo. (329)

This increases the stiffness, resulting in deteriorated numerical properties of the model. To

prevent this, the step size must be reduced. But then it might not be possible to simulate the

model in real-time. Also, finding the maximum step size is not trivial, as it is not explicitly
known in advance how many parallel substitute forces will occur during an assembly process.
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Both problems can be avoided by using single connections so that no substitute contact
force connected in series or connected in parallel occurs. This can be achieved by connecting
all components of the assembly directly to the respective gripper, table, or assembly base.
Instead of generating chains of substitute contact forces, a single direct substitute contact
force is calculated for each Part component of the assembly. The position offset for each part
of the assembly is calculated when the assembly comes into contact with the gripper or table.
These offsets are then used as references for the substitute contact force calculations.

The result of using single connections for the position difference is shown in Figure 3.14. The
position difference for part B is now that of a single component as shown in Equation (3.21).
For part C, the position difference Az changes from Equation (3.25) to:
me - g

ker

= Azp = (3.30)
where m¢ is the mass of the component and k¢ the translational spring constant.

The use of single connections also prevents substitute contact forces connected in parallel
and the associated increase in the stiffness of the model. The stiffness of part P changes from
Equation (3.29) to the single connection to the table:

kp = ka. (331)

The aim of using single connections is to ensure the stable and efficient positioning of as-
semblies during runtime for real-time simulations and tasks such as Virtual Commissioning.
Here, the focus is on aspects such as collision detection, and contact forces are not relevant.
However, if contact forces are required, the detailed contact force model in the form of the
Polygonal Contact Model can be used. The loads on the tables and robots are identical in the
static case and are an approximation in the dynamic case for the substitute model.

c |—Y

| £
£—> Table T

Figure 3.14: The spring-damper model for the components C and B of the Block Scenario
example from Figure 3.13 now with single connections to the table T. The weight
force of part C no longer affects the position difference of part B and the position
difference of part B no longer affects the position difference of part C because
the parts are no longer connected in series.

Aze
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3.5.2 The assembly graph partner search algorithm

A solution for the problems presented in Section 3.5.1 is the Assembly Graph Partner
Search Algorithm (AGPSA). This algorithm finds all possible PVSs for a given component
of type Part. Based on the list of possible PVSs, a partner component is identified that fits best.
Gripper components are preferred over Ground components, which in turn are preferred over
Part components. In this way, any Part component within an assembly can be constrained
directly to a Gripper or Ground, without substitute forces connected in series or parallel.
The AGPSA is explained using the Block Scenario example. Figure 3.15 shows the Block Sce-
nario assembly placed on the table T (as in Figure 3.12), with component O now grasped by
the Gripper G. All Path Vertices Sequences for the Part component P are:

PVSp e {(P, O, G), (3.32)
(P, B, O), (3.33)
(P, B, T), (3.34)
(P, O, B, C), (3.35)
(P, O, B, T), (3.36)
(P, B, 0, G)}. (3.37)

|| X y ||

Figure 3.15: The assembly of the Block Scenario placed on the table T. Part O is grasped by
the gripper G. The graph with the contacts between all components is shown on
the right. The numbers represent the hierarchy for the components of type Part.
A higher number indicates a higher hierarchical level.
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But not all of these Path Vertices Sequences are useful. The PVSs (3.33), (3.35), and (3.37) do
not provide feasible results. Only the PVSs marked in bold are feasible. Therefore, the hierar-
chy levels presented in Section 3.4.2 are now used to represent the assembly sequence. In the
assembly of the Block Scenario example shown in Figure 3.15, component B has the highest
hierarchy, namely 4. For components O and C, the hierarchy level is 3 and for component P
it is 2. These hierarchy levels are shown in the contact graph in Figure 3.15.

The Path Vertices Sequences for component P are now generated using the AGPSA. The
algorithm works as follows. It finds all PVSs for a given Part component. For each Part
component, all components in contact with it are analyzed. Components can only be added
to PVSs if they are not already part of them. This prevents loops. In addition, the hierarchy
level of the Part components is now taken into account. Now a counterpart can be added to
a PVS in the following cases:

+ The counterpart is of type Gripper (hierarchy level is irrelevant)
+ The counterpart is of type Ground (hierarchy level is irrelevant)

+ The counterpart is of type Part and has a higher hierarchy level than the hierarchy
level of the current Part component

Based on this restriction, the PVSs (3.33), (3.35), and (3.37) are avoided:

+ The last step for PVS (3.33) is impossible because the hierarchy of component C is
lower than the hierarchy of component B

+ The same applies to PVS (3.35)

+ The second step of PVS (3.37) is also not possible because the hierarchy of component
O is lower than the hierarchy of component B

With this modification, the possible PVSs for the Part component P are:

PVSp e {(P, O, G), (3.38)
(P, B, T), (3.39)
(P, O, B, T)}. (3.40)

The Assembly Graph Partner Search Algorithm is shown in Algorithm 1. The algorithm
requires a list of all components for a given model of a manipulation or assembly process. It
iterates over all the components in this list. Only components of type Part are considered.
Components of type Gripper and Ground are skipped. For components of type Part, an empty
queue and an empty list for the resulting PVSs are created in the first step. Then, a vector is
created for the first PVS and the current component is added as the first element. This vector
is then added to the queue.

The following actions are then performed in a loop as long as there are elements in the
queue. A vector is created with the first element in the queue. Its last element is stored
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Algorithm 1 Assembly Graph Partner Search Algorithm (AGPSA)

Require: componentList (a list containing all components in the model)
1: for (each component in componentList) do

2: if (component.type==Part) then

3: Create empty queue and empty vector resultingPVSs

4: Create vector firstPVS and add component

5: queue.enqueue(firstPVS)

6: while (queue is not empty) do

7: currentPVS = queue.dequeue()

8: currentComponent = currentPVS.back()

9: newElementsFound = false

10: for (each collidedComp in currentComponent.collidedCompList) do
11: if ((collidedComyp is not part of currentPVS) and

12: (collidedComp.type==Gripper or collidedComp.type==Ground
13: or (collidedComp.type==Part and

14: collidedComp.hierarchy > currentComponent.hierarchy))) then
15: newPVS = currentPVS$S

16: newPVS.add(collidedComp)

17: queue.enqueue(newPVS)

18: newElementsFound = true

19: end if

20: end for

21: if (not newElementsFound) then

22: resultingPVSs.add(currentPVS)

23: end if

24: end while

25: Create discover variables compGripper, compGround, compPart

26: for (each PVS in resultingPVSs) do

27: Check PVS.back().type and save PV S.back() to respective discover

28: variable (if multiple PVSs fit to one type, the shortest one is considered)
29: end for

30: if (compGripper) then

31: component.partner = compGripper

32: else if (compGround) then

33: component.partner = compGround

34: else if (compPart) then

35: component.partner = compPart

36: end if

37: end if

38: end for
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3 Simulating assembly processes in structure-invariant environments

separately. A boolean variable is also created to indicate whether new elements have been
found. The algorithm will now iterate over all components that have a collision with the
current component. If one of these components is not part of the current PVS and is also
either of type Gripper or Ground or of type Part and has a higher hierarchy level than the
current Part component, a new PVS based on the current PVS is created and added to the
queue. The boolean variable is also set to true. After iterating over all components that have
a collision with the current component, the system checks whether at least one new element
has been found. If not, the current PVS is added to the list of resulting PVSs.

When the queue is empty, the next step is to create boolean variables for the component
types Gripper, Ground, and Part. These are then used to store whether there are PVSs that
end with these component types. If a PVS ends with a Gripper component, this component
is selected as the partner component. Otherwise, the system checks if a PVS ends with a
component of type Ground. If so, it is selected as the partner component. If this is also not
the case, the system checks whether a PVS ends with a Part component and selects this as the
partner component. If the current component is not in contact with any other components,
the list of resulting PVSs is empty and no partner component is found.

In the following, the steps of the AGPSA to find the PVSs for component P in the Block
Scenario assembly scenario in Figure 3.15 are considered. Table 3.3 shows all steps. The
algorithm starts with component P (step 1). The Part component P has a collision with the
components O and B. Therefore, two PVSs are created and added to the queue. In step 2,
the collided counterparts for the components O and B are examined. Based on the hierarchy
levels, there exist two valid counterparts for component O and one for component B. Two

Table 3.3: The steps of the Assembly Graph Partner Search Algorithm to find all PVSs for
the Part component P in the Block Scenario assembly scenario in Figure 3.15. The
PVSs found at the end are marked in bold.

Step | Queue New found PVSs Resulting PVSs
1 | (P) (P, O)
(P, B)
2 (P, O) (P, O, G)
(P, B) (P, O, B)
(P, B, T)
3 (P, O, G) (P, O, B, T) (P, O, G)
(P, O, B) (P, B, T)
(P, B, T)
4 (P, O, B, T) (P, O, G)
(P, B, T)
(P, O, B, T)
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3 Simulating assembly processes in structure-invariant environments

PVSs are extended and one new PVS is created. In step 3, the first two PVSs are moved to
the resulting PVSs, since no new entries can be added. In addition, the third PVS is extended.
Finally, the remaining PVS is moved to the resulting PVSs (step 4). The previous steps refer
to lines 3 to 24 of the AGPSA shown in Algorithm 1.

The resulting PVSs are then used to determine a partner component for component P. For
this purpose, the last component of each PVS is taken into account. Components of type
Gripper are preferred over components of type Ground, which in turn are preferred over
components of type Part. See lines 25 to 36 of the AGPSA shown in Algorithm 1 for details.
The resulting partner component for component P in the Block Scenario assembly scenario
in Figure 3.15 is the Gripper G.

Based on the partner component found, the substitute contact force must now be calcu-
lated. The Substitute Force Algorithm from Section 3.4.1 is used and slightly modified for
this purpose. A flowchart of the resulting algorithm is shown in Figure 3.16. It calculates
the substitute contact force for a component pair. In contrast to the Substitute Force Algo-
rithm extended for manipulation and assembly (see flowchart in Figure 3.11), iterating over
the component pairs is used again here, as in the original Substitute Force Algorithm (see
flowchart in Figure 3.8).

The SFA based on the AGPSA starts with checking if a partner component has been found for
either the Base or the Target component of the pair and if this partner component matches

Partner component for one component in pair found? and
Partner component matches the other component in the pair?

Partner component is the
same as in previous step?

=

No | /

Calculate
position offset

Yes

Y No y

f;ubstitute = ktr : (Ar ¥ rOffset) + dtr ALY fSubstitute =0

Figure 3.16: A flowchart of the Substitute Force Algorithm based on the Assembly Graph
Partner Search Algorithm. Unlike the original SFA (see Figure 3.8), here the sub-
stitute contact force calculation is based on whether and which partner compo-
nent is found. In a similar way, a torque is calculated to constrain the orientation.
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3 Simulating assembly processes in structure-invariant environments

the other component of the pair. If no partner component has been found, the substitute
contact force is zero. If a partner component has been found, the next step is to check if
this partner component has changed since the previous simulation step. If so, an offset is
calculated. Then, the substitute contact force is calculated between for the component pair.

The Assembly Graph Partner Search Algorithm is now applied to the Block Scenario assem-
bly placed on the table T from Figure 3.12. Figure 3.17 shows the substitute contact forces
between the components generated with the AGPSA. There are no substitute contact forces
connected in series or substitute contact forces connected in parallel, unlike in the original
algorithm. All components of type Part in the scenario are directly constrained to the Ground
component T.

(AN
T T
YOffset, P Yoffset, O

D

T
YOffset, C

B TrOﬁ’set, B

Figure 3.17: The Block Scenario assembly placed on the table T from Figure 3.12 now with
the Assembly Graph Partner Search Algorithm. The image shows the compo-
nent frames and the position offsets for all substitute contact forces (left) and
the graph of all contacts between components, including the component hierar-
chies (right).
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3.6 Switching between substitute and contact models

In this section, the switching between the fast substitute models and the detailed contact
models is described. First, Levels of Detail are defined based on the models and algorithms
presented in the previous sections. Then, the switching between the Substitute Force Algo-
rithm and the contact force algorithm based on component models is shown.

3.6.1 Levels of detail

In this section, Levels of Detail (LsoD) are defined, at which the algorithms and models can
be applied. There are several ways to define LsoD (see Section 2.4.2). The most obvious
distinction for this work is that between the fast substitute models based on substitute contact
forces and the detailed models based on contact forces.

Another distinction can be made regarding the robots and grippers in a simulation model.
Kinematic chains can be simulated based on kinematics models or rigid body dynamics mod-
els. The former are only useful in conjunction with the fast substitute models. The use of
contact dynamics models requires dynamics models of the kinematic chains. This is the only
way to correctly simulate the influence of contact forces on the robot.

Therefore, three LsoD are defined for this work: fast substitute models based on substitute
contact forces in combination with both kinematics models and dynamics models and de-
tailed contact force models in combination with dynamics models. Table 3.4 shows the three
LsoD and the algorithms and models used for each.

The “LoD 1: Kinematics” is used for the kinematic testing of robot programs before they are
applied to the real system. It is based on fast substitute models based on substitute contact
forces for the component interaction and kinematics models for the robots and grippers.
Simulations at LoD 1 can be used for Virtual Commissioning (see Section 2.4). This includes
tasks such as time analysis, program logic testing or collision checking. The dynamics of
the system are not considered. Therefore, the components grasped do not affect the robot.
Simulations at this LoD are real-time capable for scenarios up to a certain size.

Table 3.4: Levels of Detail and related algorithms and models at which process models can
be used. Depending on the LoD, fast substitute contact force models or detailed
contact force models are used for component interaction. Both kinematics and
dynamics models are available for the robots and grippers.

Levels of Detail Substitute Contact Robot Robot
forces forces kinematics | dynamics

LoD 1: Kinematics X X

LoD 2: Dynamics without contacts X X

LoD 3: Dynamics with contacts X X
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The “LoD 2: Dynamics without contacts” also uses rigid body dynamics models for the
kinematic chains such as robots and grippers. This makes it possible, for example, to simulate
the load on the robots. In this case, the load consists of the inertial forces of the grasped
components, but does not include any contact forces. Simulations at LoD 2 can be used for
example for feasibility studies. Depending on the size of the process model, they can also be
used for VC. The reason for the distinction between LoD 1 and LoD 2 is that the computation
time for the former is significantly shorter. Models that cannot be computed in real-time at
LoD 2 may be able to be computed in real-time at LoD 1.

The “LoD 3: Dynamics with contacts” is the most detailed one and is based on contact
forces for the component interaction and rigid body dynamics models for the kinematic
chains such as robots and grippers. Processes that have already been successfully tested
at LoD 1 and LoD 2 can be analyzed in more detail at this level. For example, the load on
the robot resulting from the inertia and contact forces of the grasped components can be
analyzed here. In addition, simulations at this LoD can be used to optimize processes that
depend on contact forces. Simulations at LoD 3 are typically not real-time capable. However,
Software in the Loop (SiL) simulations are still possible (see Section 2.4).

3.6.2 Reduced modeling effort through component models

The fast substitute models based on substitute contact forces and the detailed contact force
models are combined into the component models introduced in Section 3.2.4. The model of
a specific assembly process is built using these component models. Therefore, the process
model contains models at all LsoD. However, only the models at one LoD are active.

The process model for the assembly process of the Block Scenario example is build with com-
ponent models, as shown in Figure 3.18. These component models are used for the compo-
nent types relevant for manipulation and assembly, namely Part, Gripper, and Ground (de-

Substitute force model —_| partP part8 partO partC table1
= I| |l I |l I| |l | able
|t I| |l I |l I| |l || |

Contact force model — | I
gripperl gripper2
bot2
Kinematics model —_| 1220t [EEEE| *°P°% [EEE| table2
[y | | | o | | | o
. | Y | | | | | |
Dynamics model — | o o

Figure 3.18: The process model for the Block Scenario example built with component models
for the component types Part, Gripper, and Ground. Component models are also
used for the robots, even though they do not interact with the Part components.
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fined in Section 3.2.1). Each contains both fast substitute contact force models and detailed
contact force models. The component model of the Gripper also contains a kinematics and
dynamics model for the mechanical part. The robots in the process do not interact with the
Part components. However, component models are still used for them. These models contain
both a kinematics and dynamics model of the mechanical structure.

Figure 3.19 shows the models for the simulations at LoD 1 and LoD 3. For the simulation at
LoD 1, the fast substitute models based on substitute contact forces are used for the inter-
action between the components. For all relevant component types, the contact force models
are disabled and the substitute models are enabled. In addition, the kinematics models are
used for the mechanical parts. This is relevant for the robots and grippers.

In contrast, for the simulation at LoD 3, the detailed contact force models are used for the
interaction between the component types Part, Gripper, and Ground. Therefore, the respec-
tive models are enabled for these components. Here, the mechanical parts of the robots and
grippers are described with dynamics models.

Through the use of component models, the desired Level of Detail for a simulation can be
easily changed for the entire model. As a result, the modeling effort is significantly reduced.
This is because different simulation models are usually built for different simulation tasks.
For instance, a model with detailed contact forces is built for an optimization task. However,
these models are usually not real-time capable. Therefore, an additional model must be built
for tasks that require real-time capability, such as Virtual Commissioning. By using the com-
ponent models introduced in this Section, only one process model of a specific manipulation
or assembly process needs to be created.

partP partB  partO  partC partP partB  partO  partC

I | |l |l | |l | I | |l |l | |l |

I I |l I |l I | I | |l | |l | |l |
gripperl gripper2 gripperl gripper2

robotl [FEER| robot2 [ robotl [ robot2

I | | | s | | I— I || S | N — | —

| | s [ | I S | | | S— i —

tablel table2 table1 table2

[ ] L] L]

L1 L1 [ I— [ I—

Figure 3.19: The process model of the Block Scenario example built with component models.
The model for the simulation at LoD 1 is shown on the left, the model for the
simulation at LoD 3 on the right. The former uses the substitute contact force
models and kinematics models, the latter contact force models and dynamics
models.
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3.6.3 Process models with multiple levels of detail

The component models introduced in Section 3.6.2 reduce the modeling effort because a
process model of a specific use case must be created only once and can then be simulated at
multiple Levels of Detail. For example, simulations at LoD 1 are used for fast tests or iterative
improvements of the robot programs. In this case, a low computation time is important to
enable multiple tests in a short period of time. Simulations at LoD 3 can then be used to
further optimize the assembly process, for example.

In the example in Section 3.6.2, the switching between the used models is performed centrally
for the entire process model. However, there are use cases where a simulation with multiple
Levels of Detail is beneficial. For example, if a scenario contains multiple processes and only
one of these processes is optimized. Running the entire simulation at LoD 3 would result in
long computation times. In this case, only the relevant process is simulated at LoD 3, while
the other processes are simulated at LoD 1.

An example is illustrated in Figure 3.20. The scenario consists of three components of type
Gripper (all attached to robots), seven components of type Part and three components of
type Ground. There are two independent processes. One process comprises robot3, gripper3,
part5, part6, part7, and table3. The other process comprises the remaining components. Fig-
ure 3.20 shows the process model for a simulation at multiple LsoD. The process that is
optimized is simulated at LoD 3 and the other process at LoD 1. Simulations with multiple
Levels of Detail require independent manipulation and assembly processes. However, tasks
such as collision checks can still be performed for the entire model across all processes.

gripperl gripper2 gripper3
robotl [FE] robot2 [ robot3 [
I | { S | | o | {A— — | S—
| | [ | I | I | iy —
L1 L1 [ I—
partl part2 part3 part4 part5 part6 part7
I | |l | |l | |l | I |l ||l |
I |l |l |l | I | |l | |l |
tablel table2 table3
[ [ L]
L1 L1 [ I—

Figure 3.20: A process model for a scenario containing two processes. The process on the
left is simulated at LoD 1, and the process on the right is simulated at LoD 3.
This significantly reduces the computation time for simulations that only require
LoD 3 for parts of the scenario.
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4 Realization

In this chapter, the realization of the solution developed in Chapter 3 is presented. First,
an overview of the developed software framework is shown. Then, the integration of the
libced package (including the MPR algorithm) and the Polygonal Contact Model algorithm
is discussed. Furthermore, the interaction between Modelica models and the External Envi-
ronment is discussed and optimizations to improve the computation time are presented.

4.1 Overview of the developed software framework

In this section, the developed software framework is presented. An overview of the devel-
oped software is given in Figure 4.1. The modeling language Modelica is used as system
simulation environment (see Section 2.3.1). The figure shows a Modelica model on the left. It

Modelica model External Environment (C/C++)

Component 1 © updatePose()
|Parameters |
|3D models (files) |

Substitute Force
Algorithm

® getForces() Assembly Graph

Partner Search
Algorithm

Component 2 @ updatePose()
|Parameters | )
— ® getForces() Algorithm Component models
|3D models (files) | for Component that combine fast
Interaction and detailed models
Component n ® updatePose()
|Parameters |

@ getForces()

|3D models (files) |

Contact force
algorithm (PCM)

MPR collision
detection algo-
rithm (libced)

World Database
|Global settings | ® evaluate() | Components |
| Global parameters | |C0mp0nent pairs |

Figure 4.1: Overview of the developed software framework. The left side shows a Modelica
model with several components and a World object. In the External Environment,
the ACI calls various algorithms presented in Chapter 3, depending on the task at
hand (right). The circled numbers indicate the order of the function calls.
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contains several components and a World object. This model is created by the user to model
a specific manipulation or assembly process (an example is the process model in Figure 3.6).
The user can define parameters and specify 3D models for each component (the filenames
are specified for this purpose). Global settings and parameters are defined in the World ob-
ject. Here, it is possible to specify whether the fast substitute models or the detailed contact
models are used.

This Modelica model is extended by an External Environment (EE), shown on the right. It
is developed in the C and C++ programming languages. The core of the environment is the
Algorithm for Component Interaction. The ACI uses several algorithms depending on the
respective task and uses a database containing all components and component pairs. Both
algorithms developed within this work (introduced in Chapter 3) and existing algorithms
(such as MPR and PCM)) are used. Figure 4.1 also shows the interaction between the Modelica
model and the EE. The sequence within a simulation step is as follows:

« First, all components in the Modelica model update their position and orientation in
the External Environment (function calls 1 to 3 in Figure 4.1).

+ Then, the evaluation is executed once centrally for the entire Modelica model (the func-
tion call is made in the World object, see function call 4 in Figure 4.1).

« Finally, all components in the Modelica model get their resultant force calculated in the
External Environment (function calls 5 to 7 in Figure 4.1).

Figure 4.2 shows in more detail the sequence of the interaction between a Modelica model and
the External Environment. Once all components have updated their position and orientation
in the EE, the evaluation process in the EE is started. The evaluation starts with a global
collision check. For this purpose, a collision check is performed for each component pair
using the MPR algorithm (see Section 2.1.1).

The next step depends on whether the detailed contact models or the fast substitute models
based on substitute contact forces are used (this is set in the World object). In the former case,
the PCM algorithm (see Section 2.2.2) is used to calculate the contact forces for all component
pairs. In the latter case, the system first checks whether the Assembly Graph Partner Search
Algorithm (see Section 3.5.2) should be used (this is also set in the World object). If this is
the case, it is executed. The substitute contact forces are then calculated for all component
pairs based on the Substitute Force Algorithm (see Section 3.4.1). In both cases, the resulting
force for all components is then calculated from the forces of the component pairs. This is
done using the Algorithm for Component Interaction (see Section 3.2.5).

The forces calculated in the External Environment are now updated in the Modelica model
for all components. In the Modelica model, these forces are applied to the frames as external
forces and combined with other forces from within the model. In the case of the gripper,
for example, these include the forces that press the gripper jaws together. All frames are in
mechanical equilibrium, i.e. the sum of the forces is zero.
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The Modelica model is then solved using integration methods for ODEs (see solvers in Sec-
tion 3.3.2) based on the combined forces in the model. This completes the simulation step.

The simulation time is then increased by the step size At. The previous sequence is then
executed for the next simulation step.

Modelica model External Environment (C/C++)

v

Update pose for all comp-
conents in the external env.

v

Call evaluation function
in the external environment

v

Check all global collisions (MPR)

Detailed contact forces enabled?

Assembly algo-
rithm enabled?

Set t«— t+ At
A

AGPSA

Y ¢

Contact force Substitute Force
algorithm (PCM) Algorithm

v v

Calculate resulting forces for all components

Integrate model
A

v

Get forces for all components
from the ext. environment

Figure 4.2: A flowchart showing the interaction between a Modelica model and the External
Environment during the simulation runtime. The figure also shows the sequence
for integrating the model and increasing the time t by the step size At.
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4.2 libcced integration

The open source project libced (Fiser 2018) provides an implementation of the Minkowski
Portal Refinement (MPR) algorithm for collision detection (see Section 2.1.1). The MPR al-
gorithm in libced is used by creating support functions for specific shapes. In the work of
Buse et al. (2023), support functions were created for primitives such as cube or sphere and
for polygonal meshes based on the OB]J file type. The latter are used in this work.

Figure 4.3 shows the collision checking sequence for a component pair consisting of Base
and Target based on the MPR algorithm. First, an AABB check is performed to see if the BVs
overlap. This check is very fast and can significantly improve the computation time if the
BVs do not overlap. This step represents the broad phase (see Section 2.1.1). If the check is
positive, the process continues, otherwise there is no collision for the pair.

The MPR algorithm could then be called directly to check for overlap between the two com-
ponents. Instead, all combinations of the convex parts of both components are checked for
collision to allow convex decomposition. If no convex decomposition is used, both compo-
nents consist of only one part, which is interpreted as convex. This second step is the narrow
phase of the collision detection process.

Pair AABB check positive?

No

All convex parts of Base component checked?

Yes

All convex parts of Target component checked?

MPR check positive?

A A /

Collisiony,;, = true Collisiony,;, = false

Figure 4.3: A flowchart showing the collision check for one component pair using the MPR
algorithm. First, an AABB check is performed (broad phase). Then, all combina-
tions of the convex parts of both components are checked for collisions using the
MPR algorithm (narrow phase). This allows the use of convex decomposition.
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The MPR implementation in the libced project provides two functions (Fiser 2018):
e ccdMPRIntersect()
e ccdMPRPenetration()

The first function checks if two components overlap. It is sufficient for the substitute force
algorithms presented in this work as they only require the speed and position of the compo-
nents. The second also calculates the contact point, the contact normal and the penetration
depth. This functionality can be used for advanced collision checking in simulations.

The libced framework also provides an implementation of the Gilbert-Johnson-Keerthi (GJK)
algorithm. It can be used to compute the shortest distance between two bodies even if there
is no collision. In this work, the GJK algorithm is not used for the substitute force algo-
rithms. However, it can be used for pure collision checking and offers advantages here, such
as checking if a minimum distance between components is satisfied during a movement.

4.3 PCM integration

The Polygonal Contact Model (PCM) is open source software (Hippmann 2004b) with the
source code provided on the website'. It is designed to be integrated into multibody envi-
ronments. In a multibody scenario, a PCM contact element behaves like a force element. All
components must be described as polygonal meshes in the OB]J file format.

The PCM is typically used in a multibody environment by defining PCM contacts between
bodies in the model. That is, the modeler manually defines PCM contact pairs. This is not
sufficient for the modeling and simulation of manipulation and assembly processes. Instead,
in this work, all contact pairs are generated automatically.

A ——>

rgp ————»
pcm_calcont()
wBT 3 > tCuntact

Vpr —

PCM Contact

Figure 4.4: Inputs and outputs for the PCM contact block.

A PCM contact block is shown in Figure 4.4. The inputs include the transformation matrix
from the Target to the Base component Aty as well as the relative position rpr, the angular
velocity wpr, and the velocity vgr from the Base to the Target component. The block returns
the contact force fcontacr and torque tconqcr acting on both components. The corresponding
function is pcm_calcont ().

'http://www.pcm. hippmann.org/
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Algorithm 2 A pseudocode showing the calculation of the contact force and torque for one
component pair (consisting of Base and Target component) based on the PCM algorithm.

Require: Position, orientation, and (angular) velocity of the Base and Target component
1: Create variable aabblIntersection
2: aabblntersection = checkAabblntersection(Base, Target)
3. if (aabblntersection) then

4: Create input variables Arg, rgr, @pT, and vgr

5: Create output variables fconracr and teontact

6: ATB = TBase . TYTarget

7: rer = Tpase - (rTarget - rBase)

8: wpr = Tpase * (wTarget - wBase)

9: Ut = TBase ) (UTarget — UBase — (wBase X (rTarget - rBase)))
10: (fContacts tContact) = pcm_calcont(ATB, ¥Ypr, WBT, UBT)
11: Base.force = T ., - fcontact
122 Base.torque = tcontact + (rar X feontact)

13: Target.force = —1-T/,, . - (Alg " fcontact)
14: Target.torque = —1- TTTarget (ALy - tcontact)
15: else

16: Base.force =(0,0,0)

17: Base.torque = (0,0,0)
18: Target.force =(0,0,0)
19: Target.torque = (0,0,0)
20: end if

The calculation of the contact force and torque for one component pair with the PCM al-
gorithm (integrated into the External Environment) is shown in Algorithm 2. Similar to the
collision check with the MPR algorithm (see Figure 4.3), an AABB check is performed in the
first step (see line 2). If it is negative, the components do not intersect and the contact force
and torque is zero (see lines 16 to 19).

If the AABB check is positive, the next step is to calculate the inputs for the PCM contact
function based on the position and velocity data of the two components (see lines 6 to 9).
This step is not necessary for contacts that are predefined in the model, since the relative
position and velocity between the two components can already be calculated in the model.
The PCM contact is then calculated (see line 10).

Finally, the resulting contact force and torque for the Base and Target component is calculated
based on the PCM result (see lines 11 to 14). All results are transformed to the world frame.
This is necessary because each component may have multiple contact forces that need to be
summed in the Algorithm for Component Interaction.
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4.4 Interaction with Modelica

The realization of the solution developed in Chapter 3 is presented in Section 4.1. The de-
veloped software framework consists of a Modelica model that is extended by an External
Environment (EE). Figure 4.1 shows the interaction between the model and the EE.
However, the sequence of function calls shown in Figure 4.1 is not possible without additional
modifications of the Modelica model. This is because the order of external function calls is
not specified in the Modelica language standard (Modelica Association 2017). Depending on
the tool (Dymola, SimulationX, OpenModelica), the external functions might be called in the
order in which the components are added to the model. For example, if O is added to the
model in Figure 3.6 first, then C and P, then the World object, and finally B, the external
functions are called in that order. This would mean that the evaluate function in the World
object is called before the data from component B has been updated in the EE. But even if
the order of the components is changed so that the World object is added to the model last,
another problem arises: all components update their data in the EE and retrieve the resulting
forces from the EE before the evaluate function is called. Thus, the forces are those calculated
in the previous simulation step.

For this reason, a method to call the external functions in the correct order is im-
plemented in the Modelica component models that are used to create process models (see
Figure 3.6). This method is presented in Elmqvist et al. (2015). In principle, it is a clever
combination of the inner/outer structure and flow variables of the connector. In detail, the
method works as follows.

+ The components in the Modelica model contain a dummy variable that gets a dummy
response from calling the update function: compUpdated = update(r, T, v, w).

+ This dummy variable is equated to the flow variable of a connector of this component,
which in turn is connected to the flow variable of the World object.

+ The World object is integrated into the components as an outer object and contains an
algorithm that defines the order:

— The dummy variable allCompsUpdated is equated with the flow variable of the
connector of the World object.

— Then, the function evaluate() is executed.

— Another dummy variable evaluationDone is set with a dummy value.

+ In the components, the results are retrieved from the EE based on the following con-
dition: resultVector = getResult() + World.evaluationDone.

« Finally, the resulting force and torque is extracted from the resultVector variable.

This method ensures that the following sequence is followed. First, the update () function
is executed in all components. The order in which the update () functions are executed is
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not defined, but it is also not relevant. Then, the evaluate () function is executed centrally
in the World object and the calculations are performed in the EE. Finally, the getResult ()
function is executed in all components. Again, the order is not defined and not relevant.
The developed software framework provides a Modelica library for the user. The user does
not interact with the External Environment. The library is a component library with com-
ponents that can be used by the user to build a model for a specific process. The following
components are provided by the library:

« ManipulatedComponent
+ ManipulationWorld
+ Predefined grippers

« Ground components such as tables

The ManipulatedComponent is the central component that can be used to model Part,
Ground, and Gripper components. It has the following parameters (see also Section 3.2.4):

« Associated 3D models:
— Detailed mesh for the PCM algorithm (OB] file)
— Convex hull or convex decomposition for the MPR algorithm (OB] file)
— Optional file for visualization with texture (OBJ, STL, or GLB file)

« Component type (see Section 3.2.2)
« Hierarchy level (see Section 3.4.2)
« Component specific parameters for the SFA, AGPSA, PCM, and MPR algorithm

The ManipulationWorld object is used to set parameters for the entire model. The follow-
ing parameters can be set by the user.

« Enable or disable the substitute force or contact force

Selection of the substitute force algorithm: SFA, extended SFA, or AGPSA

+ Optimization of the external function calls (see Section 4.5)

Parallelization of the calculation of the PCM contacts (see Section 4.5)

+ Global parameters for the SFA, AGPSA, PCM, and MPR algorithm

In addition, the library provides predefined grippers and ground components such as tables.
Both are based on the ManipulatedComponent. The interaction with other Modelica libraries
such as the DLR Robots library (Bellmann et al. 2020) and the DLR Visualization 2 Library
(Kimper et al. 2021) takes place at the level of the Modelica model. Components from all
libraries can be combined in Modelica models.
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4.5 Optimizations to improve the computation time

The developed software framework (see Figure 4.1 in Section 4.1) is optimized in several
aspects. In this section, two major aspects are presented: the optimization of function calls
to improve the computation time and the parallelization of the PCM algorithm.

The motivation for the optimization of the function calls is as follows. Many solvers
evaluate the system of equations not only for the current time step, but also for intermediate
steps. In addition, the equations are sometimes evaluated multiple times for the same time
step. As a result, the computationally intensive MPR algorithm or the PCM algorithm may
be called multiple times with the same input for a component pair.

Optimization of the function calls prevents these algorithms from being called more than
once in a row with the same input. For this purpose, the update () function, which is called
for each component of the Modelica model, checks whether the data has changed. If it has, the
new values for position, orientation, velocity, and angular velocity are updated in the EE and
the hasMoved variable is set to true for this component. The function call optimization can
be disabled using the optimizeFunctionCalls variable in the world object. The update ()
function is shown in Algorithm 3.

Algorithm 3 A pseudocode showing the update () function called by all components in
the Modelica model. The function checks if the data of a component has changed.

Require: component (pointer), position, orientation, velocity, and angularVelocity
1: if (world.optimizeFunctionCalls = true and
2. equal(component.position, position) and

3: equal(component.orientation, orientation) and
4. equal(component.velocity, velocity) and

5: equal(component.angularVelocity, angularVelocity)) then
6: // Do nothing

7: else

8: component.hasMoved = true

9: component.position = position

10: component.orientation = orientation

11: component.velocity = velocity

12: component.angularVelocity = angularVelocity
13: end if

The process in the evaluate() function is then as follows (see also Section 3.2.5). First,
all component pairs are analyzed. If at least one of the two components has moved (Base
or Target), the evaluation is performed. This includes the collision check based on the MPR
algorithm and, depending on the specified Level of Detail, the calculation of the substitute
force or the contact force. If neither of the two components has moved, the evaluation is
skipped. The getResult () function will then return the result of the previous step which
is still stored in the EE. Then, the components are analyzed. For each component, the re-
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sulting force is calculated as sum of the forces from all related component pairs. Finally, the
hasMoved flag is reset for all components. The process is shown in Algorithm 4.

Algorithm 4 A pseudocode showing the evaluation sequence when calling the evaluate()
function from the World object in the Modelica model.

Require: componentList and componentPairList (pointers)

1: for (each componentPair in componentPairList) do
if (componentPair.Base.hasMoved or
3 componentPair.Target.hasMoved) then
4 Create variable aabblIntersection
5 aabblntersection = checkAabblntersection(Base, Target)
6: if (aabblntersection) then
7
8
9

o

Check component pair collision with the MPR algorithm
if world.useContactForces then
Calculate contact force based on the PCM algorithm

10: else

11: Calculate the substitute contact force based on the SFA
12: end if

13: else

14: // Skip component pair evaluation

15: end if

16: else

17: // Skip component pair evaluation

18: end if

19: end for

20: for (each component in componentList) do

21: Calculate force sum from all related component pairs
22: component.hasMoved = false

23: end for

This optimization of function calls can cut the computation times for simulations based on
contact forces in half. A detailed analysis of the computation times for the Block Scenario
example simulation is given in Section 5.2.4.

Another optimization is the parallelization of the PCM contact calculation. The PCM
algorithm is based on component pairs. For each component pair, one PCM contact is created.
All PCM contacts can be calculated independently and deterministically (a contact force is
calculated from a relative position, orientation, and velocity). This makes the PCM algorithm
thread-safe. The optimized PCM works as follows. All component pairs are analyzed, and
if both components have moved and the AABB check is positive, the pair is added to a list.
Then, the pcm_calcont () function is executed in parallel for this list based on functions of
the C++ standard library. This parallelization can also cut the computation times for detailed
simulations in half. More details are given in Section 5.2.4.
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5 Applications and results

The method for simulating assembly processes in structure-invariant environments devel-
oped in Chapter 3 and realized in Chapter 4 is now applied to different use cases.

First, the assembly process for the Block Scenario example introduced in Section 3.1 is sim-
ulated and the results are presented. This example covers several aspects: the components
interact with multiple robots, grippers, and grounds and subassemblies are involved. Based
on this example, the suitability for simulating disassembly processes is also demonstrated.
Furthermore, various analyses are performed based on the Block Scenario example. And the
example is simulated with another robot type with detailed models of the drivetrain.
Finally, other use cases are presented. One example is the assembly process of an electric
motor into the housing of a chainsaw. It demonstrates the suitability to simulate use cases
involving complex, non-convex geometries. Another is the multi-domain simulation of the
disassembly process of an electric motor, including a furnace heating process.

In addition to the use cases presented in the following sections, the method was applied to
two use cases in the automation of aircraft production, namely in the projects MFlex 2025
(Reiser et al. 2022; Reiser 2025) and ProDigiES (Koch et al. 2025).

All simulations are performed using Dymola 2025x on a Windows 11 workstation with an
Intel Core i7-11700K processor. The average of five simulations is used to calculate the com-
putation times. The average real-time factor is defined as the computation time to simulation
time ratio. For instance, if a simulation runs in half the time, the average real-time factor is
0.50. For the purpose of this work, “real-time” is defined as a statistical adherence to time
constraints, also known as firm real-time or soft real-time. All robots are modeled with the
DLR Robots library (Bellmann et al. 2020). This library provides an interpreter for program-
ming robots, including opening and closing commands for the grippers. The interpreter uses
the Modelica Lua library presented in Buse and Bellmann (2021). However, the robot axes
angles and gripper commands are generated in advance in this work for a better compara-
bility, because the interpreter creates additional events in the model. All visualizations are
based on the DLR Visualization 2 Library (Kimper et al. 2021). Components of the Modelica
Standard Library (MSL) (Modelica Association 2020) are used for other parts of the models.

5.1 Simulation of the block scenario example

The Block Scenario example is simulated in this section. Both the assembly process presented
in Section 3.1 and a disassembly process are considered.

5.1.1 Overview and setup

The Block Scenario example is presented in Section 3.1. It consists of the four Part components
P, C, O, and B. The scenario also contains two Ground components, Table1 and Table2, two
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P B Robot1 Gripperl

m = 0.3 kg [
ki = 29420 N/m ! I . I

dir = 188 Ns/m

0O C Robot2 Gripper2
m = 0.8 kg m = 0.5 kg w
kir = 78453 N/m kir = 49033 N/m ! I .I
dir = 502 Ns/m dr = 314 Ns/m
Tablel Table2 World

substituteForceAlgoritm = true

-I'.'l_r -I'.'l_r contactForceAlgorithm = false
assemblyAlgorithm = true

Figure 5.1: The process model of the Block Scenario example. It consists of the Part com-
ponents P, C, O, and B, the Gripper components Gripperl and Gripper2 (both
attached to robots) and two Ground components Table1 and Table2. Global pa-
rameters are defined and algorithms are enabled in the World object.

robots, and two Gripper components, Gripper1 and Gripper2. Figure 5.1 shows the associated
process model. This model is a more detailed version of the model presented in Figure 3.6.
It contains all the components mentioned above and selected parameters for some of the
components. The World object is used to define global parameters. The algorithms can also
be activated here. The simulation time is 42 s. The robots are modeled with the DLR Robots
library and the DLR Visualization 2 Library is used for the visualization of the assembly
process. For the robots, simplified models of the drivetrains and controls are used. The
remaining parts of the model are components of the MSL.

The parameters for the components of type Part are specified by the model creator. Only
selected parameters, mostly for component P, are shown. The masses are defined as follows:

mp = 0.3 kg (5.1)
me = 0.5 kg (5.2)
mo = 0.8 kg (5.3)
mp = 1.0 kg. (5.4)

Next, the parameters for the Substitute Force Algorithm are specified by the model
creator. These can be calculated based on a given maximum position error. For the example,
a maximum static position error Ar,,,, of one-tenth of a millimeter is specified:

Alpmax = 0.0001 m. (5.5)
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The translational spring constant for component P, k;, p, can be calculated by equating the
weight force and the spring force (similar to Equation (3.21)):

fir="for (5.6)
= Alpax - ktr, p=mp-g (57)
mp-g  0.3kg-9.80665 2 N
ok =827 = 29419.95 —. (5.8)
T Alax 0.0001 m m

The Equations (A.7) to (A.12) are used to calculate the translational damping constant d,, p
(see Section A.1.3): The desired position should be reached as quickly as possible while avoid-
ing oscillations. For this reason, critical damping is used. The degree of damping Dp is there-
fore Dp = 1. The parameter d,, p can now be calculated using Equation (A.12):

d
Dp = Pk _ 1 (5.9)
2-ymp-ky p
N Ns
= dy p=2-Jmp ky p=2-.]03 kg 29419.95 = 18789 . (5.10)

The translational spring constants and damping constants for the other components are cal-
culated in the same way. Furthermore, the rotational constants for the substitute contact
force calculation are selected for all components.

In addition, the parameters for the contact force algorithm (PCM) are defined by the
model creator. The following contact parameters are used globally for all components:

E=1-10°Pa (5.11)

v =03 (5.12)

=03 (5.13)
m

ve = 0.001 — (5.14)
S

d =0.001 m (5.15)

where E is the Young’s modulus, v the Poisson’s ratio, p the coefficient of friction and v,
the friction regularization velocity, and d the layer thickness. The last two parameters are
different for the grippers:

UGripper = 0.90 (5.16)

m

Ve, Gripper = 0.0001 . (5.17)
These two parameters apply to all pairs consisting of a Part component and a Gripper com-
ponent (i.e. for the interactions between the gripper jaws and the grasped components).
The process model shown in Figure 5.1 can now be used at different Levels of Detail. The
Levels of Detail (LsoD) defined in Section 3.6.1 are used for this purpose.
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5.1.2 Simulation results

For the Block Scenario assembly process (see Section 3.1), a LoD 1 (kinematics) simulation
(see Table 3.4) is run first. The simulation is based on substitute contact forces and kinematics
models for the robots. The parameters defined in Section 5.1.1 are applied. A second order
Runge-Kutta solver, namely Rkfix2, with a fixed step size of 0.001 s is used. In comparison to
an Euler or third/forth order Runge-Kutta solver, this solver has empirically demonstrated a
good balance between accuracy and computation time for the developed solution.

The simulation was successfully completed. A visualization for multiple steps during the
simulation is shown in Figure 5.2. The simulation starts with all four Part components placed
on Tablel (see Section 3.1). At the simulation time 9.8 s, P is assembled into O by Gripper1
and C is about to be assembled into B by Gripper2. The subassembly consisting of P and O
is about to be assembled into B at 20.5 s and the assembly is fully assembled at 27 s. Finally,
the entire assembly is moved to Table2 using Gripper2. These steps are identical to those
presented in Figure 3.2. The computation time was 4.00 s for a simulation time of 42 s. This
results in an average real-time factor of 0.095. The simulation is therefore real-time capable
and can be used for applications such as Virtual Commissioning.

Figure 5.2: Visualization of the Block Scenario assembly process simulation for multiple steps.
The simulation uses substitute forces and robot kinematics models (LoD 1). A
Rkfix2 solver with a fixed step size of 0.001 s is used. The simulation time is 42 s
and the computation time is 4.00 s (average real-time factor of 0.095). The arrows
represent the resulting forces for the Part (blue) and Gripper (yellow) components.
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Next, a LoD 2 (dynamics without contacts) simulation (see Table 3.4) is performed. Unlike
the LoD 1 simulation, this one uses dynamics models of the robots. The Rkfix2 solver is
used again. However, the fixed step size must be reduced to 0.0002 s in order to maintain
stability regarding the dynamics models of the robots. This simulation was also completed
successfully. The simulation of the model took 20.4 s. The resulting average real-time factor
is 0.49. The simulation runs in real-time, so it is still suitable for VC.

Finally, a LoD 3 (dynamics with contacts) simulation is run. The detailed contact forces
based on the PCM algorithm are now used for the interactions between components. The
visualization for multiple steps of the successful simulation is shown in Figure 5.3.

Here, the variable-step solver DASSL (Petzold 1982) with 2-107¢ tolerance is used. A variable-
step solver is used because the contact models require a small step size at the beginning or
end of a contact or when multiple Part components are interacting, but a larger step size is
sufficient otherwise. The DASSL solver showed in many applications empirical stability and
is well-suited for system simulations because it works reliable across multiple domains.
The simulations were also successfully run with similar tolerances using the Cvode solver
(Hindmarsh et al. 2005) and the Esdirk45a solver (Kennedy and Carpenter 2019). Here, the

Figure 5.3: Visualization of the Block Scenario assembly process simulation at LoD 3 with de-
tailed contact forces based on the PCM algorithm and robot dynamics models for
multiple steps. An DASSI solver with 2 - 107° tolerance is used. The simulation
time is 42 s and the computation time is 415 s (average real-time factor of 9.88).
The red arrows represent the contact forces between the Part and other compo-
nents.

73



5 Applications and results

fifth order Esdirk solver (Esdirk45a) empirically demonstrated a good balance between accu-
racy and computation time in comparison to the third or forth order Esdirk solver.

The simulation has a simulation time of 42 s and a computation time of 415 s. This results
in an average real-time factor of 9.88. Simulations with a real-time factor greater than 1 are
not real-time capable. The model at this LoD can therefore not be used for HiL. simulations,
in which the real controller controls the process in the model in real-time.

Further computation times for selected solvers and step sizes (fixed-step solvers) or toler-
ances (variable-step solvers) are now compared for the Block Scenario assembly process. The
results are shown in Table 5.1. They differ slightly because the visualization is disabled for a
better comparison. Computation times greater than 10 minutes are rounded to full minutes
or hours. The following criteria are defined for the evaluation.

« A position error occurs if the position of component C, P, O, or B at the end of the
simulation 7, y141i0n differs by more than 1 mm from the analytically calculated one:

Ar = |rSimulation - rAnalytical| (518)
. 1 Ar>0.001m
position error = (5.19)
0 Ar<0.001 m.

This is a factor of 10 greater than the maximum position error Ar,,,, specified in Equa-
tion (5.5) to allow for certain numerical deviations.

« An instable simulation occurs when the simulation is aborted due to numerical insta-
bilities of the solver before the simulation end time is reached.

« Contact broken means that at least one component has lost its connection to another
one (i.e. the substitute contact force is set to zero).

The evaluation yielded the following results. The maximum step size for the Rkfix2 solver is
0.001 s for simulations at LoD 1 and 0.0002 s for simulations at LoD 2. Both LoD 1 and LoD 2
simulations can be performed with the fixed-step solver Rkfix2 and with the variable-step
solvers DASSL, Cvode, and Esdirk45a.

Simulations at LoD 3 can only be performed with reasonable computational times using
variable-step solvers. For the DASSL solver, the tolerance must be smaller than 0.0001. Oth-
erwise, the simulation terminates due to numerical instabilities. The Cvode solver provides
accurate results for tolerances of 1-107° or less whereas the Esdirk45a solver can be used with
tolerances up to 0.001. For the multi-step methods with variable step size such as DASSL and
Cvode, increasing the tolerance does not necessarily lead to faster computation times. On
the contrary, the computation time of the single-step implicit Runge-Kutta scheme of the
Esdirk45a solver is primarily depending on the tolerance. Furthermore, the visualization cre-
ates additional events in the model. This has a greater impact on multi-step methods than
on single-step methods.
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Table 5.1: Computation times for selected solvers and step sizes or tolerances for the Block

Scenario assembly process simulation at multiple LsoD. The visualization is dis-
abled in this comparison, so the results differ slightly from the previous ones. The
superscript indicates: * position error (i.e. the final positions of the Part components

differ from the analytically calculated final positions by more than 1 mm).

Computation time depending on the LoD
Solver Step size / LoD 1 LoD 2 LoD 3
tolerance (kinematics) (dynamics) (dyn. contacts)
Rkfix2 1-107%s 54 min 65 min (15 h)!
Rkfix2 1-107°s 343 s 394 s contact broken
Rkfix2 0.0001 s 343 s 399s instable
Rkfix2 0.0002 s 17.2's 20.8 s instable
Rkfix2 0.001 s 39s instable instable
Rkfix2 0.01s contact broken instable instable
DASSL 1-107° 6.6 s 7.7 s 501 s
DASSL 2-107° 59s 7.0s 405 s
DASSL 1-107° 53s 6.3 s 255 s
DASSL 0.0001 5.0s 59s 144 s
DASSL 0.001 4.8 s (5.9 s)! instable
DASSL 0.01 (4.7 s)? (5.8 s)? instable
Cvode 1-107° 5.0s 59s 148 s
Cvode 1-107° 45s 52 106 s
Cvode 0.0001 42's 4.9 (148 5)!
Cvode 0.001 (4.1 s)! (4.8 s)! contact broken
Esdirk45a 1-107° 6.0 s 6.9 s 439 s
Esdirk45a 1-107° 42s 5.0s 270 s
Esdirk45a 0.0001 40s 45s 206 s
Esdirk45a 0.001 (3.6 s)! (4.3 s)? 193 s
Esdirk45a 0.01 (4.1 s)! (4.3 s)! (235 s)!
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5.1.3 Disassembly

The Block Scenario example can also be used to simulate a disassembly process. The param-
eters from Section 5.1.1 are used. However, the initial positions of the Part components are
different. In addition, a lower coefficient of friction y = 0.1 (see Equation (5.13)) is used so
that the components can be disassembled without counter-holding. This is not necessary for
the assembly process because here the table is used for counter-holding.

The disassembly process was successfully simulated at all LsoD. The visualization of the
resulting simulation at LoD 1 is shown in Figure 5.4. The computation times were 4.12 s
(average real-time factor 0.098) for the simulation at LoD 1 and 20.8 s (average real-time
factor 0.50) for the simulation at LoD 2. A Rkfix2 solver was used for both simulations with
step sizes of 0.001 s and 0.0002 s. These computation times are slightly longer than those for
the assembly process because more collision checks must be performed overall.

For the simulation at LoD 3, the computation time was 533 s using a DASSL solver with a
tolerance of 2-107®. The computation time for the disassembly process at LoD 3 is longer than
the computation time for the assembly process, as it requires more computationally intensive
contact calculations (the assembly with many contacts exists for a longer time overall).

Figure 5.4: Visualization of the disassembly process simulation at LoD 1 for the Block Sce-
nario example based on substitute forces and robot kinematics models. A Rkfix2
solver with a fixed step size of 0.001 s is used. The simulation time is 42 s and the
computation time is 4.12 s (average real-time factor of 0.098). The arrows repre-
sent the resulting forces for the Part (blue) and Gripper (yellow) components.
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5.2 Analysis of the block scenario example

A detailed analysis is performed only for the Block Scenario example and not for the other use
cases. This analysis includes an analytical evaluation of a grasped component in the static
case, a comparison between the Substitute Force Algorithm and the contact force algorithm,
and a comparison between the SFA and the AGPSA. It also includes a time analysis.

5.2.1 Grasped component in static case

First, a grasped component of type Part is analyzed. In the Block Scenario assembly simulation
at LoD 2, at time 9.8 s, component C is grasped by Gripper2 and held on top of component
B (see Figure 5.2 for details). This state can be considered as quasi static. Figure 5.5 shows
the forces acting on component C and Gripper2. In this time step, the two components are
considered as one component (rigidly connected by substitute contact forces).

The weight forces act on component C and Gripper? in the z-direction. Hence, the gripper

f;, Gripper2

f‘;r(z), Gripper2

v

few.cc

B B

Figure 5.5: Forces acting on component C and Gripper2 at time 9.8 s in the Block Scenario
assembly process simulation at LoD 2. In this time step, the two components are
considered to be rigidly connected (by substitute contact forces).
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acts on the robot with the following force (in the z-direction):

fz. Gripperz = —fa), ¢ = fo(2), Gripperz = —(me + mGripperZ) -8 (5.20)
= f. Gripperz = —(0.5 kg + 3 kg) - 9.80665 Z—rzl ~ 34.3233 N. (5.21)
This analytical value is now compared with the results of the simulation:
I, Grippera, Simulation, Substitute forces (£ = 9.8's) = 34.3233 N (5.22)
f=. Gripperz, Simulation, Contact forces (t = 9.8 8) = 34.3233 N. (5.23)

Both the result based on substitute forces (Equation (5.22)) and the result based on contact
forces (Equation (5.23)) match the analytically calculated value (Equation (5.21)).

5.2.2 Comparison between the contact and substitute force model

A more detailed comparison between the results of the simulation at LoD 2 (robot dynamics
and substitute forces) and at LoD 3 (robot dynamics and contact forces) for the forces acting

f;., Gripper2, Contact forces in N f;, Gripper2, Substitute forces in N

T T T T T T T T T T T T T T T T

0 10 20 30 40
Time in s

Figure 5.6: The resulting force for Gripper2 in the z-direction for both the simulation at LoD 3
based on contact forces (red) and at LoD 2 based on substitute forces (blue). Both
simulations use robot dynamics models and the same solver settings as in Sec-
tion 5.1.2. The curves differ at the points where the grasped components interact
with a table or are assembled.
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on Gripper2 is shown in Figure 5.6. The PCM algorithm is used as a reference for this vali-
dation (no hardware validation study is performed). A DASSL solver with 2 - 107° tolerance
is used for the former, a Rkfix2 solver with a step size of 0.0002 s for the latter (same settings
as in Section 5.1.2). The curves match to a large extent. Differences can be seen at the times
when the grasped component or assembly interacts with the table or is assembled. Here,
the detailed model provides contact forces in contrast to the substitute model. Examples are
the pick up of component C (4.9 s), the assembly of component C (10.9 s), and the pickup
(31.2 s) and placement of the entire assembly (38.0 s). In addition, the substitute contact force
is applied immediately when the gripper closes (4.9 s and 31.2 s), whereas the contact force
is applied when the jaws reach the component (5.1 s and 31.4 s).

Next, the torques of the robot axes are compared. Figure 5.7 shows the resulting torques from
axis 2 and axis 3 of Robot2 (normalized to the maximum torque for each axis) for both the
simulation at LoD 2 and LoD 3. The comparison of the torques is similar to the comparison of

t2, Robot2, Contact forces t2, Robot2, Subst. forces t3, Robot2, Contact forces t3, Robot2, Subst. forces

-0.05+

-0.10+

:
T

-0.15+

-0.20+

-0.25+

_030 T T T T T T T T T T T T T T T T T T T T
0 10 20 30 40

Time in s

Figure 5.7: The resulting torques from axis 2 and axis 3 of Robot2 for both the simulation
at LoD 2 based on substitute forces (Rkfix2 solver with 0.0002 s step size) and
at LoD 3 based on contact forces (DASSL solver with 2 - 107® tolerance). Both
simulations use dynamics models for the robots. The torques are normalized to
the maximum torque for both axes. The curves differ at the points where the
grasped components interact with the environment.
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the forces in the gripper. The torque curves are very similar. Differences occur at the points
where the grasped component or assembly interacts with the environment. Furthermore, the
evaluation shows that the simulation at LoD 2 based on substitute contact forces is sufficient
to determine the dynamic loads on the robot.

In addition, the positions of the components are compared. The Part component P is selected
for the comparison because its position depends on multiple other components, including B
and O, and it is manipulated the most. The comparison for the position of component P is
shown in Figure 5.8. The position in x-direction, y-direction, and z-direction is compared
between the simulation at LoD 3 and at LoD 2. The former simulation is run with an DASSL
solver with 2-107° tolerance, the latter with a Rkfix2 solver with a fixed step size of 0.0002 s.
The position error between the simulation based on contact forces and the simulation based
on substitute forces is 0.00024 m for component P. The maximum position error in the entire
model occurs for component O and is 0.00025 m.

At several points in time, the difference between the two results in the z direction has spikes.
For example, at time 3.8 s and 16.0 s Gripper1 closes and at 31.2 s Gripper2 closes. At time
9.9 s and 22.8 s Gripperl opens and at 38.2 s Gripper2 opens. At each of these times, the
offset for the calculation of the substitute contact force is recalculated. The substitute contact
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Figure 5.8: A comparison of the position of component P in x-direction (blue), y-direction
(red), and z-direction (green). The results from the simulation with contact forces
are compared with the results from the simulation with substitute forces. An
DASSL solver with 2 - 107° tolerance is used for the simulation at LoD 3 and a
Rkfix2 solver with a step size of 0.0002 s for the simulation at LoD 2.
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force starts at zero and increases until the weight force is compensated. This means that
the spring in the substitute contact force calculation must be retensioned. The analytical
position difference is therefore the one defined in Section 5.1.1, the maximum position error
of Aryax = 0.0001 m. In addition, there is the numerical inaccuracy of the simulation, which
depends on the tolerance (for variable-step solvers) or the step size (for fixed-step solvers).
The difference at 38.2 s is larger, because the entire assembly has been moved beforehand.
This movement covers a greater distance than the movements of the individual components.
Additionally, the assembly is heavier than a single component. Both of these points cause
the assembly to slide down slightly in the model based on contact forces (LoD 3), since static
friction is only approximated (see Section 2.2.2). In contrast, this effect does not occur for
the simulation based on substitute contact forces (LoD 2).

In summary, by using the model based on substitute contact forces (LoD 2) instead of the
model based on contact forces (LoD 3), the computation time can be reduced by 95 % while
having a position error of less than 0.00025 m.

5.2.3 Comparison of both substitute force algorithms

In this section, the Substitute Force Algorithm extended for manipulation (see Section 3.4.2)
and the Assembly Graph Partner Search Algorithm (AGPSA) (see Section 3.5.2) are compared.
The Block Scenario example at LoD 1 is used with the parameters from Section 5.1.1.

The first step is to determine the maximum step size for the simulation based on the AGPSA.
With the given parameters, the maximum step size is 0.005 s when using the Rkfix2 solver.
For a step size of 0.006 s or higher, at least one component loses its connection to another
one. The resulting computation time is 0.97 s. For this step size, the maximum position error
for the end positions of the components C, P, O, and B is 0.00042 m. In comparison, the
maximum position error for a step size of 0.001 s is 0.00031 m.

Now the Substitute Force Algorithm extended for manipulation is used instead of the AGPSA.
When using a step size of 0.005 s, all components lose their connection. There are two ways
of making the simulation feasible:

« Reduce the fixed step size for the Rkfix2 solver.
« Reduce the stiffness of the substitute contact forces in the model.

The results are as follows. In the first case, the procedure is to reduce the step size until
there are no more broken contacts. The step size must be reduced to 0.0007 s in order for the
simulation to produce feasible results. This increases the computation time to 3.98 s. The
corresponding maximum position error is 0.00130 m. The position error is generally larger
for the Substitute Force Algorithm extended for manipulation, because substitute contact
forces connected in parallel and substitute contact forces connected in series occur here (see
Figure 3.12).

In the second case, the stiffness is reduced in 1 % increments (in relation to the initial value).
The same procedure is then carried out for each step with the damping. The result is that the
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stiffness (translational spring constant) must be reduced by 59 % and the damping (transla-
tional damping constant) by 77 % for all component pairs in the process model. This reduces
the computation time to 0.76 s, but increases the position error by 297 % to 0.00386 m. An
overview of the results is given in Table 5.2.

This analysis shows that the Assembly Graph Partner Search Algorithm can significantly
improve the accuracy and computation time of a simulation, even with few Part components
and Part component pairs in the model. For the simulation with a step size of 0.0007 s, the
maximum position error is decreased from 0.00130 m to 0.00031 m (76 %). Additionally, the
computation time for a model with given parameters can be reduced significantly. With the
SFA extended for manipulation, the computation time is 3.98 s due to the step size limit. This
can be reduced to 0.97 s by using the AGPSA (76 %).

Another result of the comparison is that the SFA extended for manipulation requires less
computation time than the Assembly Graph Partner Search Algorithm for the same step
size. For example, the computation time for a simulation at LoD 1 with a step size of 0.0007 s
is 4.96 s when using the Assembly Graph Partner Search Algorithm and 3.98 s when using
the Substitute Force Algorithm extended for manipulation (see Table 5.2). The same applies
to a simulation at LoD 2 with a step size of 0.0002 s. Here, the computation times are 20.4 s
(AGPSA) and 17.1 s (SFA extended for manipulation) (16 % faster).

Table 5.2: A detailed comparison of the Substitute Force Algorithms for the Block Scenario
assembly simulation (see Section 3.1). Simulations are run at LoD 1 and 2 for both
the SFA based on the AGPSA and the SFA extended for manipulation.

LoD | Substitute Alg. | Stiffness k;, p | Step size Comp. time Error Ar,zy
1 AGPSA-based 98066 g 0.006 s | contact broken -
1 AGPSA-based 98066 gl 0.005 s 0.97 s 0.00042 m
1 AGPSA-based 98066 g 0.001 s 4.00 s 0.00031 m
1 AGPSA-based 98066 g 0.0007 s 4.96 s 0.00030 m
1 Extended SFA 98066 g 0.005s | contact broken -
1 Extended SFA 98066 g 0.0008 s | contact broken -
1 Extended SFA 98066 g 0.0007 s 3.98 s 0.00130 m
1 Extended SFA 40207 gl 0.005 s 0.76 s 0.00386 m
2 AGPSA-based 98066 g 0.0002 s 204 s 0.00022 m
2 Extended SFA 98066 g 0.0002 s 17.1s 0.00099 m
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5.2.4 Time analysis

In this section, the computation time for the assembly simulation of the Block Scenario exam-
ple (see Section 3.1) is analyzed. On the one hand, the effects of the Level of Detail (LoD) (see
Table 3.4), the optimization of the function calls (see Section 4.5) and the parallelization of
the Polygonal Contact Model (PCM) contact calculation (see Section 4.5) on the computation
time are considered. On the other hand, the share of the computation time required for the
evaluations in the External Environment (EE), including the evaluations of the Minkowski
Portal Refinement (MPR) and PCM algorithms, is analyzed.

The time analysis is performed using the Advanced.GenerateFunctionTimers function
in Dymola 2025x. Using this function results in slight overhead in the calculation, so the
computation times slightly differ from those in Section 5.1.2.

Table 5.3 shows a detailed overview of the results for the simulations at LoD 1 and LoD 2.
When looking at the simulations at LoD 1, it can be seen that the optimization of the function
calls does not significantly reduce the computation time. In this simulation, a Rkfix2 solver
with a step size of 0.001 s is used (see Table 5.1). The MPR evaluation for one pair is called
4.9 - 10° times without the optimization. When using the optimization, the MPR evaluation
is called 3.1-10° times and skipped 1.8 - 10° times. The computation time decreases from 4.6 s
(without optimization) to 4.2 s (with optimization) (9 % reduction).

For the simulations at LoD 2, the optimization of the function calls has a similar effect. There
are 24.1 - 10° component pair evaluations with the MPR algorithm without the optimization
and 14.6 - 10° evaluations and 9.5 - 10° skips when using the optimization. The respective
computation times are 23.4 s and 21.3 s (9 % reduction).

The situation is different for simulations at LoD 3. Here, the computation time can be sig-
nificantly reduced by the optimization of the function calls. If the parallelization of the PCM
calculation is used in addition, the computation time can be reduced even further. The simu-
lation is run with a DASSL solver and an Esdirk45a solver at 2 - 10~ tolerance. These solvers

Table 5.3: A detailed analysis of the computation time for the Block Scenario assembly simu-
lation (see Section 3.1) at LoD 1 and LoD 2 depending on the usage of the function
call optimization (parallelization is not used). The second part shows the time and
the share required for the evaluation in the EE and the time and the number of
evaluation function calls for the MPR algorithm.

LoD | Opt. | Par. | Comp. time EE time EE share | MPRtime | MPR calls
1 - - 4.6s 2.1s 45 % 1.6s 4.9-10°
1 X - 4.2 1.7s 40 % 135 3.1-10°
2 - - 2345 93s 40 % 7.7 s 24.1-10°
2 X - 21.3s 74s 35 % 6.1s 14.6 - 10°
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are chosen because the former uses an implicit multi-step method with variable step size and
order, while the latter uses an implicit single-step Runge-Kutta scheme with a variable step
size. Thus, both a multi-step and a single-step method are tested.

The results are shown in Table 5.4. In all cases, the evaluation in the EE requires between 92 %
and 98 % of the computation time. For the usage of the DASSL solver, the computation time is
1560 s for the simulation without the function call optimization and the parallelization. The
PCM evaluation is called 49.7 - 10° times. By using the parallelization of the PCM evaluation
function calls, this time is reduced by 47 % to 831 s. The optimization of the function calls
has an even greater impact. It decreases the computation time by 62 % to 597 s. The number
of PCM evaluation function calls is reduced to 16.9 - 10°.

However, a combination of both improvements is most effective. When both the paralleliza-
tion and optimization of the PCM evaluation function calls are used, the computation time
is reduced by three quarters from 1560 s to 409 s (74 % reduction).

Similar results were achieved using the Esdirk45a solver. Here, the computation time is 1273 s
for the simulation without improvements. The optimization of the function calls reduces the
number of function calls from 41.7-10° to 17.0-10° and the computation time by 55 % to 573 s.
A decrease in the computation time to 688 s is achieved by using the parallelization (46 %
reduction). A combination of both improvements works best here, too. The computation
time is reduced by 70 % to 384 s.

Table 5.4: A detailed analysis of the computation time for the Block Scenario assembly sim-
ulation (see Section 3.1) at LoD 3 depending on the usage of the function call op-
timization and the parallelization of the PCM evaluations. The second part shows
the time and the share required for the evaluation in the EE and the time and the
number of evaluation function calls for the PCM algorithm. The simulation is run
with a DASSL solver and an Esdirk45a solver at 2 - 107° tolerance.

Solv. Opt. | Par. | Comp. time | EE time | EE share | PCM time | PCM calls
DASSL - - 1560 s 1527 s 98 % 1524 s 49.7 - 10°
DASSL - X 831s 796 s 96 % 792's 49.7 - 10°
DASSL X - 597 s 566 s 95 % 564 s 16.9 - 10°
DASSL X X 408 s 379 s 93 % 377 s 16.9 - 10°

Esdirk45a | - - 1273 s 1242's 98 % 1240 s 41.7 - 10°
Esdirk45a - X 688 s 654 s 95 % 651s 41.7 - 10°
Esdirk45a | x - 573 s 546 s 95 % 544 s 17.0 - 10°
Esdirk45a X X 384 s 354 s 92 % 352s 17.0 - 10°
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5.3 Simulation of the block scenario example using
detailed drivetrain models

The block scenario assembly process is simulated here using other robots, with detailed mod-
els of the drivetrain. The scenario shows how the developed solution presented in Chapter 3
enables detailed, multi-domain system simulations of assembly processes.

5.3.1 Overview of the models used

The Block Scenario example is introduced in Section 3.1 and simulated in Section 5.1. The
process is simulated again, but with different robots. Two KUKA KR16 C2 robots are used
because detailed models of the drivetrain are available for them (Reiner 2011). The remain-
ing parts of the robot models are again part of the DLR Robots library and the visualization
is based on the DLR Visualization 2 Library. The visualization of the modified scenario is
presented in Figure 5.9.

Because the workspace of the KUKA KR16 C2 robots is smaller, Robot1 must be moved 50 cm
in the y-direction (see Figure 5.3 and Figure 5.9). The program for Robot1 is modified ac-
cordingly. Models of the drivetrain include the control, the electric motors with friction, and
gears with friction. They are based on the work of Reiner (2011).

Figure 5.9: Visualization of the modified Block Scenario examples with KUKA KR16 C2 robots
and detailed drivetrain models. The image shows the assembly process at time
9.8 s from the simulation at LoD 3 with contact forces (represented by red arrows).
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5.3.2 Resulting torque curves from the simulation

The simulation ran successfully at all Levels of Detail. For LoD 1, a Rkfix2 solver with a
fixed step size of 0.001 s was used and the computation time was 4.09 s (average real-time
factor 0.097). The simulation at LoD 2 can be run with a Rkfix2 solver with 0.0002 s step
size. The computation time is 21.2 s (average real-time factor 0.50). It is also possible to run
the simulation at LoD 2 with a variable-step solver such as DASSL (computation time 9.39 s
for 1-107° tolerance). Simulations of the scenario at LoD 3 are not real-time capable. The
comptation times are 1292 s (DASSL solver), 277 s (Cvode solver), and 905 s (Esdirk45a solver)
for a tolerance of 1-107¢. The resulting torque curves (normalized to the maximum torque
for each axis) for all axes of Robot1 are shown in Figure 5.10.

This application shows how the solution developed in Chapter 3 enables detailed simulations
of assembly processes. By combining the developed component models with additional Mod-
elica libraries, multi-domain system simulations become possible.

—t —tb —t —t —t —its

0.3

0.2+

0.1

0.0+ -

-

-0.2+

_0.3 T T T T T T T T T T T T T T T T T T T T
0 10 20 30 40

Time in s

Figure 5.10: Torque curves for all axes of Robot1 (type KUKA KR16 C2) for the simulation
at LoD 3 with contact forces. The torques are normalized to the maximum for
each axis. Here, detailed models of the drivetrain are used, including the control,
electric motors with friction, and gears with friction.
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5.4 Assembly of a motor in a chainsaw housing

The second application involves the assembly of an electric motor into the housing of a
chainsaw and is part of the German Aerospace Center (DLR) project Factory of the Future
(FoF)! First, an overview is given and the process models are shown. Finally, the simulation
results are presented.

5.4.1 Overview of the process

In this process, an electric motor is assembled into the housing of a chainsaw. Figure 5.11
shows the related simulation visualization. The scenario consists of a table, the chainsaw
housing attached to a mount, a box containing the electric motor, and the DLR SARA Robot
(Iskandar et al. 2021) with a gripper. The box is on the table, and the motor is inside the box.
The chainsaw housing and its mount are considered a single component on the table.

First, the motor is picked from the box. The motor must be removed from the box perpendic-
ular to the table and at a low velocity, because it will get stuck otherwise and the box will be

https://www.dlr.de/en/rm/research/projects/completed-projects/fof-x

Figure 5.11: Visualization of the assembly simulation of an electric motor into the housing of
an electric chainsaw. The geometry of the housing is complex and non-convex.
Contact forces and dynamics models for the robot are used for the simulation
(LoD 3). The arrows represent the contact forces for the gripper jaws.
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lifted as well. Then, the motor is moved to a position above the housing. Finally, the motor
is moved into the housing, rotated, and assembled.

The process model is built in Modelica using component models developed in this work in
combination with other existing Modelica libraries. This demonstrates the flexibility of the
Modelica environment. The corresponding object diagram is shown in Figure 5.12. The com-
ponent models presented in Chapter 3 are used for the interaction between the components
box, motor, mountHousing, gripper, and table. The manipulationWorld object is used for
global settings regarding manipulation and assembly. In addition, the DLR Robots library is
used for the robot and its controller and the DLR Visualization 2 Library for the visualization
(including freeCamera, visualizationSetup, and skyBoxEnvironment). A simplified model of
the drivetrain and the control is used for the robot. The remaining parts use multibody com-
ponents from the MSL (including body and world).

The masses for box, motor, and mountHousing are as follows: mpoy/ir = 0.5 kg and myso10r =
0.3 kg. As in the Block Scenario example, a maximum position error of Az, = 0.0001 m is
specified. This leads to the following translational spring and damping constants for the SFA:
Ker, Box/ma = 49033 X, dyy pox/mm = 1.2 314 52, Ky proror = 29420 N, dyy pporor = 1.2 - 188 22,

fixedCam freeCamera visualizationSetup skyBoxEnvironment manipulationVWorld
|
: i
: g
W - : ) 1
: -
' updateRate: 25 Hz [C] [opt]
r={-0.2,0-0.3}
controller robot gripper box

bodyBox

motor
m=0.3 kg

fixedRobot

bodyMotor

world floor fixedTable table mountHousing
m=0.5kg
<
I ]
 J
bodyMountHousing
X r={0,0,-1.065}

Figure 5.12: Object diagram of the process model in Dymola for the assembly process of an
electric motor into the housing of a chainsaw. The diagram consists of compo-
nent models from this work for the object interaction and components from the
DLR Robots library, the DLR Visualization 2 Library, and the MSL.
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They are specified by the user in the same way as in the Block Scenario example in Section 5.1.
The damping constants are increased by 20 % to make the model more numerically stable.
For the PCM algorithm used as contact force model, the following parameters are used:
Young’s modulus E = 3-107 Pa, Poisson’s ratio v = 0.3, coefficient of friction p = 0.5, friction
regularization velocity v. = 0.001 %, and layer thickness d = 0.002 m. The coefficient of
friction differs for the gripper: ygipper = 0.90.

For both the substitute force models and the contact force models, the 3D models are mod-
ified. All components in the scenario are non-convex geometries. Since the MPR collision
detection algorithm used for the SFA is limited to convex geometries, decomposing the 3D
models is necessary. Without convex decomposition, errors would occur, such as grasping
the box when the motor is picked up from the box, because the convex hull of the box would
be used. The convex decompositions for the components box and mountHousing are per-
formed using the open source library V-HACD (Mammou 2016) (see Section 2.1.1). The box
is decomposed into 24 convex parts and the mountHousing component into 40 convex parts.
The resulting geometries are shown in Figure 5.13.

The 3D models must also be modified for the PCM algorithm. In some areas, the resolution
of the polygonal mesh of the components is changed. Specifically, the resolution is increased

Figure 5.13: Visualization of the convex decompositions for the components mountHousing
and box. The former is decomposed into 40 and the latter into 24 convex parts.
These geometries are used for collision detection in the substitute contact force
calculation. For the motor, a rebuild is used both for the substitute models and
the contact force models.
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in the contact areas between the motor and the box, as well as between the motor and the
housing. For the press fit between motor and housing, the geometry influences the force
during the assembly process and is therefore manually adjusted. Furthermore, chamfering
is applied to the contact areas of all components because sharp edges can cause the PCM
algorithm to behave in an unphysical manner (Hippmann 2024).

For the motor component, a rebuild is created that does not have the sharp cooling fins. One
advantage of the rebuild is that convex decomposition is unnecessary. The five convex shapes
of the rebuilt motor can be used directly for collision detection instead. For the PCM algo-
rithm, these shapes are joined into one and given a detailed mesh with 4038 triangles. The
box is described by 14728 triangles and the mountHousing by 158572 triangles. Additionally,
the gripper jaws are described by 1224 triangles. The meshes of the motor, the gripper jaws,
and the housing are shown in Figure 5.14.

The application shows the advantages of using the PCM algorithm as the contact force model.
The geometries in this application are complex and non-convex. As previously demonstrated,
collision algorithms that are limited to convex bodies require a convex decomposition. This
can result in unphysical behavior such as sudden changes in the contact force at the tran-
sitions between the convex parts of a body. The PCM algorithm, however, is suitable for
non-convex geometries and calculates contact forces across the entire contact surface.
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Figure 5.14: Visualization of the meshes of the components motor (4038 triangles), housing
with mount (158572 triangles), and gripper jaws (1224 triangles). These polygo-
nal representations of the components are the basis for the PCM algorithm.
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5.4.2 Results and analysis

The simulation time for the assembly process is 30 s. The simulation was run successfully
with a computation time of 6.78 s at LoD 1 and 359 s at LoD 3. A Rkfix2 solver with a fixed
step size of 0.001 s was used for the simulation at LoD 1 based on substitute contact forces.
The simulation with contact forces at LoD 3 was run with the variable-step solver DASSL
using a tolerance of 5- 1077, The model also runs successfully with the same tolerance using
the Cvode solver (computation time 115 s) or the Esdirk45a solver (computation time 256 s).
The torque curves for all robot axes are shown in Figure 5.15. They are normalized to the
maximum torque for each axis and based on the simulation at LoD 3. At time 23.8 s, the
motor is assembled into the housing. This results in contact forces from the press fit and
creates peaks in the torque curves, especially for axes 2 and 4. Since the robot in this model
is position-controlled, small positional deviations can lead to high contact forces. This can
be tested in the simulation and allows high contact forces to be identified in advance.

In addition, the simulation at LoD 2 was run with a computation time of 35.8 s with a Rkfix2
solver with a fixed step size of 0.0002 s. This simulation is nearly real-time, but only on
average. However, the simulation at LoD 2 is also beneficial for the development when using
variable-step solvers and without real-time capability. For collaborative robots like the one
used in this scenario, load is a more relevant factor than it is for industrial robots, even
without contact forces. This is because collaborative robots typically have a significantly
smaller payload capacity of about 5 to 10 kg. Even though there are only three components
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Figure 5.15: Torque curves for all robot axes (normalized to the maximum torque for each
axis) during the assembly of the electric motor into the chainsaw housing. Con-
tact forces resulting from the assembly process create torque peaks at time 23.8 s,
particularly for axes 2 and 4.
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in this example, the computation time for simulations at LoD 1 and LoD 2 is relatively high.
This is due to the convex decompositions used for collision detection. For each component
pair, all combinations of convex parts must be analyzed. This is time consuming. However,
the simulation at LoD 1 is real-time capable (average real-time factor 0.23).

A detailed overview of computation times from different solvers is shown in Table 5.5. The
results show that increasing the tolerance does not necessarily lead to a reduction in com-
puting time with multi-step methods with variable step sizes, such as DASSL or Cvode. In
contrast, the computing time for solvers such as Esdirk45a is reduced at higher tolerances be-
cause it is a single-step method with a variable step size and an implicit Runge-Kutta scheme.
In both cases, computation time increases when step sizes are too large because then longer
iterations are required to achieve convergence.

Table 5.5: Computation times for selected solvers and step sizes or tolerances for the motor
housing assembly simulation at multiple LsoD. The visualization is disabled, so the
results differ slightly from the previous ones. The superscript indicates: ' position
error (i.e. the final positions of the components differ by more than 1 mm).

Computation time depending on the LoD

Solver Step size / LoD 1 LoD 2 LoD 3
tolerance (kinematics) (dynamics) | (dyn. contacts)

Rkfix2 2-107%s 105 min 108 min (8 h)!
Rkfix2 1-107°s 21 min 21 min instable
Rkfix2 0.0002 s 32.7 s 29.2s instable
Rkfix2 0.001 s 6.4s instable instable
Rkfix2 0.01s (0.14 s)? instable instable
DASSL 1-1077 22.3's 14.7 s 734 s
DASSL 5-1077 12.8 s 14.4s 334's
DASSL 1-107° 1155 12.7 s 225 s
Cvode 1-1077 9.6s 9.0s 154 s
Cvode 5-1077 8.2s 8.8s 112's
Cvode 1-107° 7.6s 9.7 s 104 s
Esdirk45a 1-1077 154 15.1s 370's
Esdirk45a 5-1077 13.7 s 14.0s 236 s
Esdirk45a 1-107° 1155 12.2s 197 s
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5.5 Multi-domain simulation of the disassembly of an
electric motor

In this application, the disassembly process of an electric motor (used in Battery Electric
Vehicles (BEVs)) is analyzed. The use case is part of the DLR project MaTiC-M (Methods and
Technologies for an intelligent Circularity of Materials)*. First, a motivation and overview of
the application is given. Then, the multi-domain simulation models are shown. Finally, the
results are presented and the insights are discussed.

5.5.1 Motivation and overview

In this use case, the recycling of an electric motor used in BEVs is analyzed (Wachter 2023).
The aim is to establish whether there are advantages to recycling in terms of criteria such as
energy consumption and resource usage.

However, in this section the focus is on the disassembly process and its modeling and simu-
lation. Figure 5.16 shows the components of the motor in multiple steps of the disassembly
process. In this work, only a part of the disassembly process is considered for simulation.
Therefore, the focus is on the rotor of the motor, excluding the shaft. The aim is to retrieve
the magnets via a robotic disassembly process.

2https://www.dlr.de/en/rm/research/projects/matic-m

Rotor Rotor steel core with magnets

\ \

/
/ /

Full motor Rotor without shaft Magnets

Figure 5.16: The electric motor in multiple steps during the assembly process. The full motor
is shown on the left. Then, everything except the rotor is removed. The rotor
without the shaft, the steel core with magnets, and the magnets themselves are
marked in red. This marked part of the disassembly process is considered for
modeling and simulation below. The 3D models are based on Wachter (2023).
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The following steps are necessary in order to disassemble the magnets from the rotor core:
1. Disassembly of the rotor cover from the rotor steel core.
2. Heating of the rotor steel core to loosen the adhesive on the magnets.
3. Pressing out the magnets from the rotor steel core.

This application effectively demonstrates how the component models developed in Chapter 3
enable detailed multi-domain system simulations of assembly processes. For the first step,
a disassembly process including screws must be modeled. Thermodynamic models, in the
form of heat transfer models, are necessary for the second step. And a contact force model
is required to model the third step.

A concept study will examine the power and energy required by each device in this process,
as well as how the processes can be combined in terms of timing. For this purpose, a simula-
tion model will be developed. The related visualization is illustrated in Figure 5.17. It should
be noted that conceptual models are used, for example for the furnaces and the press.

Figure 5.17: Visualization of the concept study of the disassembly process based on a multi-
domain system simulation. The rotor cover is disassembled in the front. Then,
the rotor steel core is heated in one of the furnaces in the back. Finally, the
magnets are pressed out by a stamping press (on the left). A red arrow represents
the contact force acting on the stamping press.
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5.5.2 Multi-domain models

Component models from multiple domains are necessary to build the model for the dis-
assembly process mentioned in Section 5.5.1: mechanics, thermodynamics, and electrical.
The manipulation and assembly part is modeled using the component models developed in
Chapter 3. As with the other applications, the robots are built with components from the
DLR Robots library and the visualization is based on the DLR Visualization 2 Library. The
remaining mechanical parts are multibody components from the MSL (including body and
world). Additionally, the process of warming up the rotor steel core in the furnace is modeled
using components from the thermal part of the MSL.

Because Modelica is an object-oriented modeling language for system simulations, it is pos-
sible to create a multi-domain model that covers all aspects of the process. Thus, components
from the aforementioned libraries are combined into a single multi-domain model.

The thermal model of the furnace heating process is shown in Figure 5.18. It consists of
heat capacities for the furnace, the rotor steel core (abbreviated as “rotor”), and the air inside
of the furnace. The latter is used to map air exchange when the furnace door is opened.
The furnace is heated by a heat flow, controlled by a PI controller. Heat transfer based on
convection and radiation is assumed between the furnace and the rotor. For the heat transfer
between the furnace and the air as well as between the furnace and the environment (heat
loss), only convection is considered.

Since this is a concept study, the following parameters are only approximate. However, it is
important that the values are within the correct order of magnitude. The following boundary
conditions apply. It is assumed that the furnace is lined with stone on the inside and that
heat conduction between the furnace and the rotor is negligible. Therefore, convection and
radiation predominate between the furnace and the rotor. For other furnace models, the
heat conduction between the furnace and the component may also need to be considered
(depending on whether the component is placed directly on the furnace floor or on a wire
rack). Radiation is only considered between the furnace and the rotor.

The furnace temperature is 300 °C and the environment temperature is 20 °C. The furnace is
a cube with 0.70 m edges and a mass of 200 kg. The rotor is a cylinder with 0.10 m radius and
0.20 m height and a mass of 30 kg. The heat transfer coefficient from the furnace to the rotor
and to the air is 15 %, similar to the furnace heating example in Scherf (2011, p. 85). For
the heat transfer from the furnace to the environment (heat loss), a heat transfer coefficient
of 0.80 m‘?{K is assumed. An emissivity of 0.65 is used for the radiation between the furnace
and the rotor.

The furnace heating model is initialized when the furnace and air are already at 300 °C. When
the furnace door is opened to add or remove the rotor, the temperature of the air inside the
furnace is reinitialized to 20 °C. This is because it is assumed that air is fully exchanged with
the environment. In Modelica, the reinit () command is used for this. Both opening times
are predefined in the model by the user. For the rotor, the HeatCapacitor component from
thermal part of the MSL is modified so that its capacity can be changed during runtime. The
capacity of the rotor is based on its mass. The mass is 30 kg when the rotor is inside the
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Figure 5.18: Object diagram of the furnace heating process model in Dymola for the electric
motor disassembly use case. The model is based on components of the thermal
part of the MSL. The furnace is modeled with a PI controller and heat losses to
the environment. Heat transfer via convection and radiation is considered for
the rotor, while for the air, only convection is considered.

furnace and almost zero otherwise. This is also predefined by the user. In addition, the rotor
temperature is reinitialized when it is added to the furnace.

Figure 5.19 shows the temperature curves for a simulation time of 10000 s. In this simulation,
the rotor is added to the furnace at time 1000 s and removed at time 8200 s. During its two
hours inside the furnace, the rotor reaches a temperature of approximately 280 °C. The air
temperature drops to 20 °C when the rotor is added and removed.

The corresponding power consumption of the furnace is presented in Figure 5.20. It takes
approximately 660 W of power to maintain a temperature of 300 °C in the furnace. This is
due to heat loss from the furnace to the surrounding environment.
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Figure 5.19: Temperature curves in the furnace heating process for the furnace, the rotor,
and the air in the furnace. The rotor is added to the furnace at time 1000 s
and removed at time 8200 s. After two hours, the rotor temperature reaches
approximately 280 °C. The air temperature drops when the door is opened.

The electrical model of the power consumption for the robot is another aspect of the
multi-domain model. According to Eggers (2019, p. 39), the idle power consumption of an
industrial robot can be assumed to be 200 W. In this context, “idle” means the robot is not
moving and the brakes are closed. The torque required to hold the axis in place (holding
torque) is neglected. For the power consumption during the robot movement, a simplified
model based on the mechanical power of each axis multiplied with a loss factor is used:

Probot, electrical — kloss : Probot, mechanical (524)
= Probot, electrical = Kioss - t - @ (5.25)

with kj, s being the loss factor, ¢ being the torque, and w being the angular velocity of the
axis. The power consumption of the robot is then the sum of the power consumption of all
axes. This model does not take recuperation and other energy-saving effects into account.
For the present application, a loss factor of kj,s; = 1.3 is assumed. The amount of electrical
power required by the furnace is determined by the heat flow input. As a boundary condition,
it is assumed that electric power is converted into heat flow at 100 % efficiency.

The mechanical models of the robots are developed in the same way as those for the other
applications in this work. The same type of gripper that is mounted to the robot serves as the
mount for the stamping press. A PI controller is used for the position control of the stamp.
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Figure 5.20: Furnace power consumption curve for the furnace heating process. The first
peak in power is when the rotor is added to the furnace. The second peak results
from the exchange of air in the furnace when the rotor is removed.

The start time of the stamp is set by the user. However, the 3D models must be modified
for the contacts between the magnets and the rotor steel core. In contrast to the press fit
between the motor and housing in Section 5.4, the magnets are attached to the rotor with an
adhesive in a clearance fit. Because the PCM is a compliant contact model, it is not possible
to attach the magnets in their original geometry because there is no intersection. Without
an intersection, there is no contact force. The dimensions of the magnets can be increased
slightly, though. Together with appropriate parameterization, this results in a holding force
similar to that of the adhesive. This holding force is parameterized to correspond to the
adhesive that has already been heated in the furnace. Simplified models are used for the
screws. They are assembled to the assembly in the same way as the other components.

The masses are 30 kg for the rotor steel core, 1 kg for the rotor cover, and 0.1 kg for the
magnets and screws. The dimension of the magnets is increased by the factor 1.0016. For
the SFA, the translational spring constants are 6 - 10° X for the rotor steel cores, 1-10° X for
the rotor cover, and 1 - 10* g for the screws and magnets. The corresponding translational
damping constants are 10000 %, 700 %, and 70 % The following parameters are used for
the PCM algorithm used for the contact between the magnet, the rotor steel core, and the
stamping press: Young’s modulus E = 1-10° Pa, Poisson’s ratio v = 0.3, coefficient of friction
p = 0.6, friction regularization velocity v. = 0.001 7, and layer thickness d = 0.001 m.

The object diagram of the overall multi-domain model in Modelica is shown in Fig-
ure 5.21. It incorporates models from three different domains.
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Figure 5.21: Object diagram of the multi-domain model in Dymola for the electric motor dis-
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magnet). In addition, there are heat transfer models for the furnace heating pro-
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The mechanical part consists of kinematics and dynamics models of the robots. For the
collaborative robot (robot2), a kinematics model is used. The industrial robot (robot1) is
described with a rigid body dynamics model, including a simplified model of the drivetrain
and control. The interaction between components in terms of manipulation and assembly is
modeled by both fast substitute models and detailed contact force models. The multi-domain
model is therefore a hybrid model as described in Section 3.6.3. In the present model, the
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contact forces are only relevant for the contacts in the stamping press (between the magnet,
the stamping press, the rotor steel core, and the mount). Therefore, using all LsoD in the
model results in faster computation times. Additionally, both substitute and contact forces
are used for the component core4. The former are used for picking the component from
furnace3 and placing it in the stamping press by robot1 and the latter are used for fixing and
pressing out the magnet in the stamping press. Another advantage of hybrid models is that
they can be created even if not all models are available. For instance, the present model does
not require a dynamics model for robot2.

The model also includes a heat transfer part. The furnace heating process model (see Fig-
ure 5.18) represents the heating process of the rotor steel core in the furnace. It is part of
the components furnacel, furnace2, and furnace3. The opening and closing times for all fur-
naces are set by the user. The same applies to the time when the rotor is added to or removed
from a furnace. This is because the heat transfer model does not offer structural variability.
However, these times can also be derived automatically from the robot program.

In addition, the model includes an electrical part that describes the power consumption of
the industrial robot (robot1) and the three furnaces. The models for the power consumption
are parts of the related component models.

Modeling all domains in one model has advantages. The resulting model is more flexible for
changes and there is less work for integration.
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5.5.3 Results from the simulation

A conceptual disassembly process is described in the following. A visualization of multiple
steps in the disassembly process is shown in Figure 5.22. First, robot2 removes the screws
from the rotor with cover on the front table (15 s). Then, robot1 picks a rotor from the right
table and places it in furnacel (35 s). Furthermore, robot1 removes a rotor that has already
been heated from furnace3 and places it in the stamp press (56 s). Here, the magnet is pressed
out using a contact force (66 s to 71 s). Finally, robot1 removes the rotor cover from the rotor
on the front table (82 s). The multi-domain simulation for this process has a simulation time
of 90 s and is based on the model presented in Figure 5.21 and Figure 5.18.

The simulation was successfully run for both LoD 1 and LoD 3. A Rkfix2 solver with a fixed
step size of 0.002 s was used for the former and a Cvode solver with 1 - 107 tolerance for
the latter. The computation times are 41.1 s for the simulation at LoD 1 and 1099 s for the

Figure 5.22: Visualization of the simulation of the electric motor disassembly process for
multiple steps. The simulation is a concept study and based on a multi-domain
model, including mechanics, thermodynamics, and electrical.
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simulation at LoD 3. Additionally, the simulation at LoD 2 was run with a computation time
of 77.6 s (same settings as the simulation at LoD 3). The simulations at LoD 2 and at LoD 3
can be used to determine the power consumption of the industrial robot and the furnaces.
With the simulation at LoD 3, the force acting on the stamping press for pressing out the
magnet can be calculated in addition.

The power consumption curves for the industrial robot (robot1), furnacel, and furnace3 are
presented in Figure 5.23. More power is required for furnace 1 because a rotor steel core at
room temperature is placed inside it during the simulation. In contrast, furnace 3 only needs
to heat the replaced air because a preheated rotor steel core is removed from it.
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Figure 5.23: Power consumption for the industrial robot and two furnaces in the simulation
of the disassembly process of an electric motor. This simulation is based on
a multi-domain model and serves as a concept study. For furnacel, the peak in
power consumption occurs when the cold rotor steel core is added to the furnace.
In contrast, a rotor that has already been heated is removed from furnace3, and
only the air is exchanged there.
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6 Conclusion and outlook

In this final chapter, the work is summed up and a conclusion is given. In addition, an outlook
is provided in the form of potential future developments.

6.1 Conclusion

This work is a contribution to the field of the simulation of assembly and disassembly pro-
cesses at the system level. Detailed simulations require the consideration of several do-
mains, such as models of the robot drivetrains, including the electric motors and their energy
consumption. Multidomain models are particularly relevant for automatic disassembly pro-
cesses, as in some cases parts must be heated in order to be disassembled.

An analysis of the state of the art revealed that there are many simulation tools available
for various tasks in robotic assembly simulation. However, most of these robot simulation
tools are limited to the mechanical domain and use physics engines with non-smooth con-
tact models and specialized solvers based, for example, on time-stepping methods. These
approaches are not well suited for stiff components in multi-domain models, such as those
found in detailed drivetrain models. For detailed simulations of assembly and disassembly
processes with multiple domains, system simulation tools such as Modelica environments
or Simscape are required. These tools are based on object-oriented modeling languages and
event-based solvers. However, system simulation tools are typically structure-invariant and
do not support dynamic structural changes of physical components during runtime. How-
ever, this capability is required for assembly and disassembly. In addition, these tools usually
do not support the modeling of contacts between complex, non-convex, rigid bodies.

In this work, a novel solution for the modeling and simulation of manipulation and assembly
processes in system simulation tools was developed. The objective is to enable detailed,
multi-domain simulations of these processes at the system level in a stable, efficient, and
highly-flexible manner. The solution must be able to handle complex, non-convex geometries
and should require minimal modeling effort.

The developed solution is based on compliant contact models and the automatic generation
and management of component pairs. It extends the object-oriented modeling language of a
system simulation tool with specialized models for assembly and disassembly at two Levels of
Detail: fast substitute models and detailed contact force models. Both models are integrated
into reusable component models, reducing the effort required for modeling assembly and
disassembly processes. Additionally, the developed extended modeling framework provides
an intuitive description of assembly processes and assembly hierarchies, eliminating the need
to manually model all potential contact pairs.

Several contributions were presented in this work to enable the stable and efficient simu-
lation of manipulation and assembly processes in system simulation tools. First, a general
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concept was developed and component types and their interactions were defined. The Block
Scenario example was introduced as a basis to describe the developed algorithms and mod-
els. Moreover, the Polygonal Contact Model was selected as the most suitable contact force
algorithm for the simulation of manipulation and assembly processes in system simulation
tools. It is based on compliant, discretized contact surfaces.

Then, the main contributions were presented. The Algorithm for Component Interaction
serves as the basis for the interactions between components in manipulation and assembly
processes. It is used for both the substitute models and the contact force models. The Sub-
stitute Force Algorithm was developed to overcome the limitations of structure-invariant
environments. This algorithm allows physical components to be connected or disconnected
during runtime and is based on contact forces that hold the components in place.

The Substitute Force Algorithm is sufficient for individual connections between components.
However, in order to simulate assembly processes, the algorithm had to be extended to in-
clude hierarchy levels and connection prioritization. Even with an extension for manipula-
tion and assembly, the algorithm was insufficient for simulating complex assemblies. There-
fore, an additional algorithm for the robust handling of hierarchical contacts was developed.
The Assembly Graph Partner Search Algorithm enables the stable simulation of assemblies.
Using the Substitute Force Algorithm in assemblies can result in contact forces connected
in series or contact forces connected in parallel. In contrast, the Assembly Graph Partner
Search Algorithm searches for the related gripper or table for each component of an assem-
bly and applies a single (virtual) contact force to that component approximating the various
contact forces present in the assembly.

To reduce the effort generally required to create new models, both the fast substitute models
and the detailed contact models were combined into component models. This way, a model
of a specific assembly process needs to be created only once using these components. The so
built process model can then be used for multiple tasks, including Virtual Commissioning in
real-time and process optimization with detailed contact forces. This significantly reduces
the modeling effort. Multiple Levels of Detail were defined for this purpose.

Moreover, the developed solution was realized in Modelica and C++. The object-oriented,
multi-domain modeling language Modelica is used in the system simulation environment
Dymola because its acausal component models offer a high degree of flexibility with full ac-
cess to the equations describing the physical behavior. The solution developed in this work
is provided as Modelica component models extended by an External Environment contain-
ing the presented algorithms. Additional software packages, such as libced for the collision
detection required by the Substitute Force Algorithm, and the Polygonal Contact Model,
were integrated into the External Environment as well. The correct interaction between the
Modelica model and the External Environment was ensured so that the algorithms are only
evaluated once the positions and orientations have been updated for all components. Addi-
tionally, optimizations were made to reduce the computation time.

The developed solution has been successfully applied to several applications. First, the Block
Scenario example was successfully simulated at all Levels of Detail using multiple fixed-step
and variable-step solvers. Using this example, the suitability of the method for simulating
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disassembly processes was also demonstrated.

Then, a comprehensive analysis was performed based on the Block Scenario example. A com-
parison between the fast substitute models and the contact models showed that the former
reduced the calculation time in this example by 95 % while resulting in a position error of
less than 0.00025 m. In another comparison, the advantages of the Assembly Graph Part-
ner Search Algorithm over the Substitute Force Algorithm were demonstrated. Using the
former can either reduce the position error by 76 % with the same step size or reduce the
computation time by 76 % with an increased step size, which is impossible with the latter.
The analysis also showed that the optimizations significantly reduced computation time. Us-
ing the parallelization of the Polygonal Contact Model evaluation function calls reduced the
computation time by 47 %. Reducing the number of function calls reduced the computation
time by 62 %. Both optimizations combined reduced the computation time by 74 %.
Additionally, the Block Scenario example was successfully simulated using two KUKA KR16
robots. Here, detailed drivetrain models were used, including controls, gears with friction,
and electric motors. This application showed that the models developed in this work can be
combined with detailed multi-domain models such as those of the robot drivetrain.
Furthermore, the process of assembling an electric motor into a chainsaw housing was suc-
cessfully simulated. This application involves complex geometries, such as those of the hous-
ing and box. The meshes had to be modified slightly for the contact model and convex de-
compositions had to be generated for collision detection.

Finally, the component models were applied to a comprehensive multi-domain model. For
this, a concept study of the disassembly process of an electric motor from a Battery Electric
Vehicle was used. This study aims to investigate the recycling of electric motors. Part of this
process involves removing the magnets from the rotor. In order to disassemble the magnets,
the rotor must first be heated in a furnace to weaken the adhesive. Therefore, the overall
model contains a thermodynamic model describing the furnace heating process. In addition,
the power consumption of the robot and furnaces is modeled with additional electrical mod-
els. The resulting multi-domain model covers the manipulation and assembly processes at
two Levels of Detail as well as the furnace heating process and the power consumption of
the involved machines. The model can be used to estimate the overall power consumption
and process times of the combined disassembly and heating processes.

These applications have demonstrated the suitability of the developed solution for simulation
of manipulation and assembly processes in detail at the system level across multiple domains.

6.2 Future work

The Substitute Force Algorithm uses the Minkowski Portal Refinement collision detection
algorithm. The computation time of the latter could be reduced by using Bounding Volume
Hierarchies, similar to those used in the Polygonal Contact Model. This would significantly
reduce the computing time, especially for complex geometries. When using convex decom-
position, it may also be helpful to preselect which convex parts could collide.
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In addition, for each component pair, a Minkowski Portal Refinement collision detection
evaluation is performed. These evaluations could be calculated in parallel, similar to the par-
allelization of the Polygonal Contact Model contact evaluations. This would further reduce
the computing time. This is especially relevant when using convex decompositions because
all combinations of convex parts must be evaluated for each component pair.

In the Polygonal Contact Model algorithm, the geometric description of one component is
converted into the frame of the other component for each component pair. For alarge number
of components and therefore a large number of component pairs, it could be more efficient
to convert the geometric descriptions of all components into the world frame.

Finally, the Pressure Field Contact model could be investigated as an alternative to the Polyg-
onal Contact Model and a (semi) automatic generation of the process models from existing
CAD models could reduce the modeling effort even further.
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A Appendix

A.1 Fundamentals

In this section, the fundamentals for this work are introduced. This includes known notations
from the literature and custom definitions used for this work.

A.1.1 Graph theory

A graph is defined as the following pair (E. A. Bender and Williamson 2010, p. 148), (Cormen
et al. 2022, p. 549):

G =(V, E) (A1)

with V being a finite set of vertices and E being a set of edges. In the scope of this work,
graphs are always simple graphs (multiple edges between two vertices are not allowed).

A path in a graph G is defined as a sequence of edges in E whereby the related set of vertices
in V is distinct (E. A. Bender and Williamson 2010, p. 162):

path = (els €2, o) en—l) (A2)
The corresponding sequence of vertices is referred to as Path Vertices Sequence (PVS):

PVS = (vy, vy, ..., Uy) (A.3)

A.1.2 Forces

The weight force of a component A with the mass m, is given by:

foa=ma-g (A4)
The translational spring force of a component A is calculated by:

foa=k-Asy (A.5)

with As, being the difference in length in relation to the length of the not stretched spring
and k being the spring stiffness. In general, the stiffness of a spring between the components
A and B is referred to as k3.

The translational damping force of a component A is given by:

faa=d- 34 (A.6)

with the velocity $, and the damping factor d.
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A.1.3 Damped free oscillations

A damped spring-mass oscillator moving in the x-direction has the following equation of
motion (Gross et al. 2015, p. 242):

m-Xx+d-x+k-x=0 (A.7)
It can be transformed into the following form (Gross et al. 2015, p. 242):

¥+2-6-x+wi-x=0 (A.8)
= i4+2-D-wy-X+w,-x=0 (A.9)

where o is the eigenfrequency of the undamped oscillation, § the decay coefficient, and D
the damping ratio (Lehr’s damping ratio) (Gross et al. 2015, p. 242-243):

k
Wy = — (AlO)
m
2:0 = i (A.11)
m
0 d
D= —=__ - A.12
wy 2-m-k ( )

The oscillator is strongly damped for D > 1 (no oscillation) and weakly damped for D < 1
(with oscillation). Critical damping is defined by D = 1. In this case, the resting position is
reached fastest when no oscillation is allowed (Gross et al. 2015, p. 243-244).

A.1.4 Notation

Vectors are represented with lowercase bold letters:

a
v=|b (A.13)
c
And matrices with uppercase bold letters:
a b c
M=|d e f (A.14)
g hJ

A possible Path Vertices Sequence from component A to T is represented with:
PVSsr=(A, .., T) (A.15)

The sequence starts with component A and ends with component T. There can be n compo-
nents in between (with n € INy).
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A.2 Modelica

In this section, the Modelica language is introduced. First, an overview of the language is
given and then common Modelica libraries, including those used in this work, are presented.

A.2.1 Overview of the language

Modelica is an object-oriented modeling language. It offers the ability to create multi-domain
models of complex systems such as cyber-physical systems based on component models.
Therefore, Modelica can be classified as a system simulation environment. The modeling
is done in an acausal manner (declarative language). In Modelica, the physical behavior of
a component is primarily described by equations. Full access to these equations provides
a high degree of flexibility. The free language is developed by the non-profit organization
Modelica Association (Modelica Association 2017).

The Modelica environment offers a large number of open and commercial libraries that can
be used to create models. Common libraries are presented in Section A.2.2. In contrast to
tools such as MATLAB/Simulink, in Modelica the tools are independent of the language. There
are commercial tools such as Dymola (Dassault Systémes 2025) and SimulationX (ESI Group
2024). In addition, there is the open source software OpenModelica (Fritzson et al. 2020).
Models in Modelica can be created by combining components from component libraries using
the graphical editor. Additionally, equations and algorithms can be defined in the text layer
of the tool. To simulate a Modelica model, the tool creates an equation system containing all
the equations from the components and connections. This equation system is converted into
the state form. Then, C code is compiled and executed. (Otter and Brembeck 2022)
Depending on the tool, multiple solvers can be used to simulate a Modelica model. There are
variable-step solvers such as DASSL (Petzold 1982) and Cvode (Hindmarsh et al. 2005). Both
solvers are implicit, multi-step, and variable order. Another variable-step solver is Esdirk
(Kennedy and Carpenter 2019). This solver is implicit, single step, and fixed order. Further-
more, there are fixed-step solvers such as Euler and Runge-Kutta (Otter and Brembeck 2022).
Both of them are explicit solvers. For real-time simulations there are additional features such
as inline integration (Elmqvist et al. 1995).

Modelica models can be exported using the Functional Mockup Interface (FMI)! standard
(Blochwitz et al. 2011). In order to do this, the models must contain inputs and outputs. It
allows the exchange of simulation models across multiple tools and is supported by most
Modelica tools and other tools such as MarLaB/Simulink. This allows, for example, to create
detailed models with the dynamical behavior of a system in Modelica and develop the control
in MAaTLAB/Simulink (Software in the Loop (SiL) simulation). The FMI standard is also devel-
oped by the non-profit organization Modelica Association. FMI 2.0 (Blochwitz et al. 2012) and
FMI 3.0 (Junghanns et al. 2021) are the latest developments.

"https://fmi-standard.org/
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A.2.2 Modelica libraries

The following Modelica libraries are used in this work:

« Modelica Standard Library (MSL)* (Modelica Association 2020)
A free and open source library containing components from multiple domains, includ-
ing thermal, electrical, and mechanical multibody elements.

« DLR Robots library (Bellmann et al. 2020)
A library for the modeling and simulation of robot systems based on replaceable pack-
ages. The library is used internally at the DLR.

« DLR Visualization 2 Library (Kumper et al. 2021)
A commercial library for the real-time visualization of simulation models. The library
provides components that can be integrated into Modelica models.

« Modelica Lua Library (Buse and Bellmann 2021)
A library that integrates a Lua interpreter into Modelica models. This interpreter is
used in the robot controller. The library is used internally at the DLR.

« DLR Optimization Library (A. Pfeiffer 2012)
A commercial library for multi-criteria optimization tasks. This library is used for the
development of controllers for the robot dynamics models in this work.

Other common Modelica libraries are:

« Modelica_DeviceDrivers library® (Thiele et al. 2017)
An open source library that provides hardware drivers for Modelica models. It can be
used for tasks such as Hardware in the Loop (HiL) simulations.

« DLR Thermofluid Stream Library* (Zimmer et al. 2021)
An open source library for the robust modeling and simulation of thermofluid archi-
tectures. It can be used for use cases such as the thermal management of cars or plants.

« DLR FlexibleBodies library (Heckmann et al. 2006)
A commercial library for the modeling of flexible bodies and large beam motions. It is
based on object-oriented multibody components.

An overview of most libraries can be found on the Modelica website.

2https ://github.com/modelica/ModelicaStandardLibrary
Shttps://github.com/modelica-3rdparty/Modelica_DeviceDrivers
*https://github.com/DLR-SR/ThermofluidStream
*https://modelica.org/libraries/
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