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1. Introduction

This Special Issue reports on the current status of research concerning vehicle design
processes. Designing vehicles is one of the most challenging tasks in engineering for several
reasons. Considerable consumer expectations and intense global competition complicate
vehicle design. Currently, dramatic changes are influencing vehicle design, mainly caused
by the transition to electric drive systems and new vehicle application scenarios, especially
in the Asian market. Cost-driven design is a necessity, and vehicles must be economical in
terms of production, operation, and recycling. Sustainable design is also imperative in order
to achieve ecological vehicles. The dynamics of vehicles must be considered in the design of
all components, and lightweight design is of fundamental importance. Consumers expect
convincing functional performance, high product quality, an appealing appearance, high
reliability, interconnected functionality, and comprehensible and appealing user interfaces.
Vehicles are expected to provide more and more additional services, also in connection
with external service providers. These colossal requirements lead to complex multi-domain
vehicle design processes because most of the important decisions are made in the design
phase. Production optimization and intelligent operation are important topics, but flaws
and insufficiencies in the design stage lead to considerable expenditure in later stages and
suboptimal products. The design processes of vehicles involve thousands of engineers, who
are spread out across the globe and need to consider multiple product versions and variants
as well as multi-company product platforms. Testing necessities and legal issues frequently
play an important role in these processes, and the economic and ecological quality of a
product must be monitored throughout these processes. Vehicle safety and ergonomic
quality must be considered even in the early stages. Naturally, only digital support makes
these processes feasible. For all domains, powerful computer tools for synthesis, analysis,
evaluation, and optimization have been created, and numerous attempts have been made to
sensibly link the data used in all these tools. However, the multitude of domain-specific and
generic data formats and the sheer size of the data still cause serious problems. Importantly,
design is also connected with scheduling and project management because certain design
decisions can lead to long-term testing and production preparation processes.

In recent years, research teams worldwide have proposed novel, expanded, and
improved approaches, which may support, enhance, and streamline vehicle design
processes. The promising approaches concentrate on the abstract levels of product
modelling—especially the function level [1] and the level of abstract physics [2]. Leading
companies in the field of vehicle development and production have made a shift from
document-based process management to model-based systems engineering (MBSE), and
several research groups have contributed to this transition [3-5]. A central scientific field in
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this context is the automation of design processes. Graph-based design languages (GBDLs)
constitute an important example; they have led to a paradigm shift in design processes,
enabling the integration of data, information, and knowledge into product and systems
models and fostering design automation [6-8]. Another central scientific field empha-
sizes the expansion of the established design-for-X guidelines. Important examples are
fault-tolerant design (FTD) [9], design for sustainability [10], and design for resilience [11].
Another promising field is the integration of control and diagnosis capabilities in ve-
hicle components, focusing on smoother, more efficient operation and increased fault
tolerance [12]. Several research groups have focused on the establishment of a full-scope
digital twin of a vehicle that allows bi-directional interaction in real time and covers all
the life-cycle stages of a vehicle [13]. Another set of approaches aims at the integration of
artificial intelligence (AI) in design, assembly, and production processes [14,15].

The listed challenges and the multitude of approaches concerning the multi-domain
design processes of vehicles have led to a prominent need for research aimed at supporting
design engineers in this endeavor. This Special Issue presents a collection of research in
this area.

2. A Detailed Summary of the Contents of This Special Issue

The level of product modelling concerning abstract physics is receiving increasing
attention. Stetter [16] proposed an integrated framework for abstract physics model-
ing (IF4APM) suited for innovative vehicle design processes. In a connected study,
Schuchter et al. [17] applied graph-based design languages (GBDLs) to digital integrated
design and assembly-planning processes for sports vehicles. The application of the pro-
posed framework led to two machine-executable V-models for product and assembly
system development in the scope of model-based systems engineering (MBSE). It is impor-
tant to note that both approaches are universal and can be used in the development and
production of components for the automotive industry, their assemblies, and entire vehicles.
Mieth and Gauterin [18] proposed a concise set of methods that serves as a methodological
framework for the evaluation of vehicle drive systems. Their procedure involves evaluating
different drive concepts based on defined criteria and comparing these evaluations with
one another. To cope with the diversity of requirements in the automotive development
landscape, Kexel et al. [19] developed a generic and holistic methodical systems engineer-
ing approach for virtual plug-in hybrid concept development and optimization under
real-world boundary conditions. Weitz et al. [20] described the design of a lifting actuator
for modular vehicles with autonomous capsule-changing capabilities and comprehensively
demonstrated the dimensioning of all main components according to the boundary condi-
tions. The development of a new plastic-intensive medium-pressure plate (MPP), forming
part of a fuel-cell system, together with a steel plate meeting all mechanical and chemical re-
quirements, was the focus of the extensive study reported by Anand et al. [21]. Elsewhere,
Keil et al. [22] aimed to evaluate and optimize the effectiveness of software-in-the-loop
(SiL) simulations in the vehicle software testing process. They focused on supporting
the testing process by shifting specific test cases from hardware-in-the-loop (HiL) test
benches to SiL-based simulations. Sun and Lee [23] aimed to explore the impact of product
design dimensions on electric vehicle (EV) purchase intentions to provide a theoretical
basis for companies’ differentiation strategies and reflect the impact of product design on
purchase intention. The emergence of multimodal large language models (MLLMs) has
led to a novel approach to safety event analysis consisting of integrating textual, visual,
and audio modalities. Accordingly, the framework proposed by Abu Tami et al. [24] lever-
ages the logical and visual reasoning power of MLLMs, directing their output through
object-level question—-answer (QA) prompts to ensure accurate, reliable, and actionable
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insights for investigating safety-critical event detection and analysis. Vecchiato et al. [25]
described the conceptualization, design, topology optimization, manufacturing, and val-
idation of a hydraulic brake caliper for Formula SAE race cars made of Scalmalloy®, an
innovative Al-Mg-Sc alloy that had never before been adopted to manufacture a brake
caliper. Panchenko et al. [26] focused on the prediction of the residual wear resources of
the composite brake pads of a modernized brake system used in freight wagons. Design for
Additive Manufacturing (DfAM) encompasses two primary strategies: adapting traditional
designs for 3D printing and developing designs specifically optimized for additive man-
ufacturing. In this vein, the concise review compiled by Hamza et al. [27] focuses on the
automotive sector, systematically examining DfFAM’s potential to redefine vehicle design,
production processes, and industry standards.
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Abstract: In industrial vehicle design processes, most companies have implemented model-based
systems engineering (MBSE). As a consequence, design processes are nowadays not driven by
documents, but by digital models of the vehicle to be developed and its components. These models
exist on different levels of abstraction. The models on the requirements level are already well defined
as well as the models of the defined product behavior and product properties. In recent years,
the specification of models on the level of product functions was largely clarified, and elaborate
frameworks already exist. However, this is not yet true for the level between functions and definite
properties; this level can be referred to as "abstract physics". The enormous importance of this level,
which, amongst others, can represent the physical effect chains which allow a vehicle component to
function, is expressed by several researchers. Several research works aim at specifying models on this
level, but, until now, no general consensus can be identified, and the existing model specifications are
less appropriate for the early stages of vehicle design. This paper explains an Integrated Framework
for Abstract Physics Modeling (IF4APM), which incorporates different perspectives of abstract
physics and is suited for the early phases. The explanation is based on typical components of several
kinds of vehicles. The main advantages of the proposed approach are the consistent interconnection
of abstract product models, the clearness and understandability of the resulting matrices, and the
aptitude to be used in the early phases of a vehicle design process.

Keywords: vehicle development; abstract physics; design models; model based design

1. Introduction

In today’s vehicle design processes, a gap can be observed between the rather clearly
and concisely described functionality of the vehicle and its modules and the defined behav-
ior and properties of them. This gap is caused by a lack of information that describes which
physical phenomena realize the functions by which as well as how and to what extend these
phenomena are acting. In recent years, the complexity of vehicle development is further
increasing because of a growing share of intelligent components, because of increasing
technical complexity of vehicles and their modules, and because of steadily increasing
model ranges and product families [1]. Current advancements in production technologies,
growing ecological constraints, and globally diversified customers require early design
methods which allow designers to explore the available design space systematically [2].
Systematic design methods need to be based on concise and reliable products, production
processes, and production system information on all levels of abstraction. Concerning
the virtual models of technical systems (such as vehicles and their components), a wide
consensus that four levels of abstraction can be distinguished can be observed (compare
e.g., [3-6]). It is the current consensus in design science that these levels are not appropriate
to be the basis for a general project planning of design, but that all levels may be used in
all phases of design processes with changing intensity. The project definition and concept
phases are usually characterized by a strong emphasis on requirements, functions, and
abstract physics, while the detail design and production preparation phases mainly employ
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detailed descriptions of geometry, material, and structure. Still, changing customer expec-
tations and unexpected testing outcomes can always lead to changed requirements and
can require a revisit to other more abstract levels. The four levels of abstraction of product
models are shown in Figure 1.

Requirement level:
« system properties and behavior to be achieved

\ / I Functional level:

functions realize functional requirements

product
models
°n|::,f§sre :ft Abstract physical level:
abstraction | | © Which physical phenomena realize the functions?

« how and to what extend are physical phenomena acting?

u (Macro- and micro-) geometry, material,
defined product structure and properties

Figure 1. Vehicle product models on different levels of abstraction.

As visible in Figure 1, the most abstract level of systems models contains the require-
ments, i.e., the intended system properties and system behavior, in order to fulfill the
customer expectations. The integration of the entities on this level of abstraction—the
requirements—into engineering frameworks has been the focus of research projects for
several years [7-9]; detailed specifications of model structures and contents are established.
The so-called Requirements Interchange Format (ReqlF), for instance, defines a file format,
which may be used for the exchange of requirements with metadata [10]. A part of these re-
quirements will lead to functions that allow the realization of these functional requirements
(second level of abstraction). For this level, detailed frameworks have been developed in
the last decade [11-16]). The main focus of this paper is the third level—abstract physics.
As stated above, the main content of this level is information, where physical phenomena
realize the functions, as well as how and to what extend these phenomena are acting.
For an analysis and understanding on the micro-level, working surfaces can also be of great
interest on this level of abstraction. The least abstract level (in many publications, thhis is
also described as the most “concrete” level; however, in this paper, this adjective is avoided
in order to prevent confusion with a prominent building material) concerns the macro-
and micro-geometry, material, product structure, and product properties. This abundant
amount of information is stored in established data formats such as computer aided design
(CAD) files, and the model specifications are well documented.

One may ask, why the gap between the second and the fourth level presents a real
challenge for innovative vehicle design processes. Albers et al. [17] report a prominent
problem for engineers to embody functional ideas in sub-systems and to localize these
functions in mechanisms and their interfaces. Drave et al. [14] point out that technical
systems fulfill certain functions through physical effects acting between components and
emphasize a strong correlation between these physical effects and the architecture of the
system. In connected research, Hoepfner et al. [18] report a lack of emphasis on this abstrac-
tion level, and that current model-based systems engineering (MBSE) frameworks do not
integrate formal models for modeling the physical behavior in order to allow a seamless
link to digital system models. Additionally, Zerwas et al. [19] point out that principle
solutions are essential because they can efficiently describe possible solutions by specifying
effects as well as active surfaces and material(s) without losing a functional orientation.
The early phases are decisive because so-called breakthrough products (extremely success-
ful products which completely replace prior products, such as fuel injection systems instead
of carburetors) are usually characterized by a major change in the physical structure [20].
Especially in the early phases, it is important to note that not all aspects of a technical sys-
tem can be represented with concrete parameters. In industrial companies, often so-called
“engineering samples” are used to represent the intended realization of certain compo-
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nents, especially if their appearance is decisive for customer satisfaction [21]. In industrial
vehicle development processes, mature V-model-based development architectures can be
observed, especially in the field of software and control development [22]. However, in the
scope of mechanical and mechatronic engineering, certain levels of abstraction are not yet
covered [18]. Generally, models on all level of abstraction and during all phases of product
development are desirable because the employment of models as the primary artifacts can
lead to an improved semantic integration of digital assets and robust early analysis [23].
Consequently, the proposed approach aims to close the gap between the second and the
fourth level visible in Figure 1. On the given abstraction level of product models, detailed
information concerning material selection or manufacturing processes and necessities are
consciously omitted in order to reduce complexity and to enhance transparency. It can
be concluded that intensified and detailed scientific activity on this level of abstraction
may lead to more efficient design processes, better knowledge reuse, and seamless digital
processes in the early phases of design. This also leads to the formulation of the following
research question:

How can different perspectives of abstract physics be combined in a manner that allows
integration in engineering frameworks for the design of vehicles?

This research question is analyzed using several vehicle design processes focusing on
remote controlled vehicles and lifting devices for vehicles (Figure 2).

remote controlled vehicles lifting devices for vehicles

Figure 2. Vehicle and vehicle component development processes.

These vehicle design processes consider remote-controlled vehicles for purposes such
as snow plowing or lawn mowing [24] (Figure 2 left side) and lifting systems in the area
of agricultural technology—Ilifting masts for tractors [25] and power lifts for universal
agricultural vehicles [26] (Figure 2 right side). As stated above, the levels of abstraction of
product models are not appropriate to be the basis for a general project planning of design,
but explicit project schedules need to be developed. A simplified timeline of vehicle design
processes is visible in Figure 3.

In Figure 3, two main process flows are represented; the project-independent technol-
ogy development flow as well as the project-oriented flow, which may be sensibly divided
into the concept phase and vehicle development phase. For the project-oriented flow, typi-
cal mile-stones of a vehicle development process are given (compare [1,27] ). An early phase
concerns the concept development. In this phase, the important vehicle characteristics are
derived, employing methods such as market research and benchmarking. The important
product specifications are developed and important concept decisions are made. For a
given project, product models on all levels of product concretization are employed and a
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consideration of abstract physics is possible. However, the development of products compo-
nents, which employ novel physical effect chains, very often is carried out outside the scope
of a single vehicle development process, and can be understood as an independent ongoing
technology development process. After the concept definition, the vehicle development
process in the close sense takes place. On the basis of the product specification, a detailed
system description is elaborated together with the preparation of all manufacturing and
assembly processes. Still, changes of specifications are frequent, and, in some cases, the
physical effect chains also need to be altered in this phase. However, the main area of
interest concerning abstract physics are the technology development and the earlier phases
of project oriented design. It is important to point out that the process planning and control
in vehicle design processes is usually realized employing model-based system engineering
(MBSE) [28-30]. In MBSE, product models on the different levels of abstraction are the
primary process management objects and take over the role of other documents which are
not directly product-related. The fact that models, which are generally agreed upon, are
not yet available on the level of abstract physics can lead to mistakes, inefficient knowledge
management, double work, and misunderstandings. Several research groups worldwide
have started to address this issue; their main contributions will be described in Section 2
and form the state of the art. Based on this, the integrated framework is presented in
Section 3. The vehicle design processes, which are analyzed in the ongoing research and
serve for explaining the integrated frameworks, are characterized in Section 4, together
with elements of the integrated framework. A final section (Section 5) concludes the paper
and delivers an outlook on further research perspectives.

> Technology Development >
> Concept >> Vehicle Development Phase >
Detail
Project Concept Design Release Start of
Start Definition Release Testing Production
Definition Embodiment Production Final
Specification Design Tooling Product
Release Release Release

¢ typical mile-stones in a vehicle development process

[]
]

Figure 3. Timeline of vehicle design processes.

emphasis on all levels of product concretization
process flows «[ . . .
emphasis on detail geometry, material and structure

2. Perspectives of Abstract Physics

In earlier research [31], the different perspectives of abstract physics were analyzed
based on the design processes of wind turbines. An overview of those perspectives is given
in Figure 4.

In general, five perspectives can be distinguished as follows:

e aphenomenon-oriented perspective which consists of physical effects, effect chains,
and effect networks and supports the understanding of physics and innovative sys-
tem concepts;

®  acontrol-oriented perspective which focuses on the elements of a control cycle (actor,
process, and senor) and supports the synthesis of intelligent controlled systems [5];

e abehavior-oriented perspective which employs mathematical models such as differ-
ential equations in order to allow simulation and optimization;
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* an interface-oriented perspective which focuses on interacting surfaces as part of a
physical effect chains and allows a detailed analysis of these surfaces and their role in
realizing the effect chain;

e alogic-oriented perspective which employs certain methods such as fault-tree analysis
in order to analyze reliability and safety. These analyses frequently cover detailed
phases of project-oriented design (compare Figure 3) and are therefore not included in
the current state of the IFAAPM.

phenomenon oriented
« physical effects, effect chains, effect networks

‘ requirements
» supports understanding and innovation

control oriented )
+ actor — process — sensor,  perspectives of

* enables development abstract physics

I functions ‘

‘ abstract physics of control system
behaviour oriented interface oriented
K + linear and non-linear equations, « contact and connector approach
geometry and material; differential equations (C&C?)
defined product + enables mathematical description « allows detailed analysis of
structure and properties + allows simulation and optimization effect surfaces, etc.

Figure 4. Perspectives of abstract physics.

2.1. Phenomenon-Oriented Perspective

The important entities of the phenomenon-oriented perspective are visible in Figure 5.

F, ry
2 , |
2 F2 F2
L STATE OF EFFECT STATE OF
description of _ |ISEEE R (PROCESS) OPERAND
the operand
Sa force —>| law of the lever > force
relevant | — & Fa= /) Frg &
parameters/ /
name of relevant
s OIS the relevant lever  equation(s)
——» matier effect(s)
------ > information actor/subject (optional)

Figure 5. Entities of the phenomenon-oriented perspective.

The inputs of a physical effect (i.e., a distinct physical phenomenon which can realize
an operation within a technical system [3,32]) are the states of operands (operands are the
entities that are processed). The effect itself is often a transformation of energy, matter,
or signal, which is based on a physical phenomenon. Common examples for physical
phenomena range from statics and dynamics, over elasticity, vibration, molecular forces to
thermal effects, etc. [4,33]. Additionally, interaction processes are possible (e.g., processes
of actors which are within the system with actors which are outside of the system) [11].
The output(s) of the process are again states of operands. The subject—the actor—realizes
the process. In the early stages of design processes, the effect might already be clear and
decided, but the definite actor might still be an element of discussion.

2.2. Control-Oriented Perspective

A complementary perspective is control-oriented. In contrast to the phenomenon-
oriented perspective, which is mainly focused on the actors, important aspects of this
perspective are also the sensors and the application of their measurements for stabilizing
the behavior of the system. The main entities of this perspective are shown in Figure 6.
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Figure 6. Entities of the control-oriented perspective.

The main element of this perspective are the control loops, consisting of actor, process,
sensor, and controller. These control loops enable the use of feedback from sensor measure-
ments for the control of the system with the goal to stabilize the behavior of the system
or to follow a given trajectory [34]. Modern control systems also allow us to compensate
disturbances and to detect and accommodate faults of actors, processes, and sensors [35,36].
In vehicle applications, complex control systems are present. A promising approach to
tackle this enormous complexity are modularization and distribution approaches. Current
research work concerning advanced vehicular mechatronic systems has led to the pro-
posal of multi-agent systems in the control domain [37-39], including game-based control
frameworks [40].

2.3. Interface-Oriented Perspective

Both the phenomenon-oriented and the control-oriented perspectives concentrate
on the macro effects which realize the functionality and stability of a technical system.
In contrast, the interface-oriented perspective focuses on the micro effects; the main entities
are displayed and explained in Figure 7.

Connector C1 | WSP 1 Ccss WSP2 Connector C2 i
{bearing ball} | {ball/oil} {oil} {oiliring} {bearing ring} ‘\
External Force Force Force External [} W
effects: transfer transmission | transfer effects: /
Energy
Mechanical | Internal Internal Internal * Mechanical
* Electrical properties: properties: properties: « Electrical
*  Thermal + Size, *  Volume, « Size, *  Thermal
* Chemical * Shape, « Position, « Shape, « Chemical
Tolerance, | = Strength, |+ Tolerance,
+ Friction, « Stiffness, |+ Friction, bearing
wspd

wspz, 3 CSS

WSP: Working Surface Pair
[c2

CSS: Channel and Support Structures

oil
bearing ring
Figure 7. Entities of the interface-oriented perspective.

This perspective, which is referred to as the Contact and Channel Model (C&CM) and
was introduced by Albers and Matthiesen [41], describes Working Surface Pairs (WSPs)
that realize functions and Channel and Support Structures (CSSs) which connect the WSPs.
WSPs are interfaces between components, and interfaces can be between solid surfaces or
boundaries with the surfaces of liquids, gases, or fields, while CSSs are physical components
or volumes of liquids, gases, or spaces that connect two WSPs [17,42-45].
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2.4. Behavior-Oriented Perspective

Several researchers in engineering design science employ the function-behavior-structure
paradigm (compare, e.g., [46—49]) and point out that functions and the concrete structure
are connected by the behavior of the technical system. In some cases, this behavior can be
described by means of mathematical equations. In Figure 8, an example using an electrical
motor is given.

_ e —_— Par ters of input state
I:’electrical = G-l | |
induction, M. = U-Nao*
Biot-Savart- shart = (17 ) [ Functional Mock-Up (FMU) |

law

— . *
P mechanical ~ Mshaft 4 b
D
| Parameters of output state |
*) simplified, approximate calculation

Figure 8. Entities of the behavior-oriented perspective.

Obviously, the simplified approximate calculation in Figure 8 does not represent the
behavior of the electrical motor in detail. Usually, rather complex differential equations
and simulations are necessary for a sensible representation and prognosis of the actual
technical system. For several years, a modularization of simulation frameworks has
been in development; for instance, in order to reduce complexity. A promising approach
employs so-called functional mock-up (FMU) simulation components which are based on
the functional mock-up interface (FMI) standard [50-53]. Today, some research groups have
started to address the obvious gap between function and structure, and are employing more
than one perspective of abstract physics in this endeavor. Detailed requirements concerning
engineering frameworks that include abstract physics perspectives were formulated [21].
Ongoing research concerns a SysML-based modeling method that allows the mechanical
domain to represent links between its requirements, functions, and principle solutions; the
intended models not only contain elementary effects, but entire principle solutions with
behavior models and appropriate test workflows [14,15,18,19]. Further relevant research is
focusing on multi-domain matrices [54]. The IF4APM is employing the modeling intentions
and solutions of earlier research and is focusing on early stages of vehicle design, where
information and product structure are still unclear. It is a central intention to support
design engineers with their accustomed procedure styles in vehicle development.

3. Description of the Framework

The IF4APM intends to integrate different perspectives of abstracts physics; its main
entities are listed in Table 1 together with an explanation.

Table 1. Entities of the IF4APM.

Element Explanation

The operand is the entity that is processed by the technical
system, e.g., mechanical energy. Operands in a technical system
Operand appear in the general forms of matter, energy, and signal.
The operand can also be a consequence or a prerequisite of
energy, e.g., a force.

The state describes the condition of the operand e.g., the force on

State one side of a lever.

The process describes the transformation of the operand, e.g., an

Process enlargement of the force.

11
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Table 1. Cont.

Element Explanation

The actor is a component or sub-system of the technical system
Actor which is responsible for the realization of a process, e.g., a lever is
responsible for the enlargement of the force.

The effect represents a physical phenomenon that contributes to

Effect the realization of the process, e.g., law of the lever.

The behavior quantitatively represents the change in the elements
Behavior of the technical system to realize the process. Usually, the
alteration of certain parameters is the focus of the behavior.

The working surface is a part of an object of a system that is

Working Surface (WP) necessary for the realization of the process.

The WSP is the interface between objects that take part in

Working Surface Pair (WSP) the process

Channel and Support The CSS describes components or volumes of liquids, gases, or
Structure (CSS) spaces that connect WSPs in order to realize the process.

The relations between the entities of the IF4AAPM and their contribution to the abstract
physical structure of a technical system can be illustrated in a unified modeling language
(UML)-based class diagram (Figure 9).

: requirement level [:] abstract physics level System

|:| function level :’ defined property level

Requirement * Module
sub[1..¥] :\ sub [1]
H *
— function[1..*]
property[1..%] l useCase[1..*] L
inputState[1..*] UseCase
State outputState[1..*] ;:x{";?,f‘rg sub [1]
id: Integer
s ws WsP css | includes
WSP[1] Css[1] [1..% useCase[1..*¥]
state[1..*] hasWs[1..*] Ws[2] WSP[1] ProcessOfUseCase[1..*]
actor[1..*] P l Process previousProcess[1..*]
q i operand[1..*] id: Int
Object | iherobject[1..*] Effect | | OP=ran™l>- ;| Operand text Sirng nextProcess[1..¥]
L] 0 erand[1] type: ProcessType
otherObject[1..%] W L Jsub[1]
sub[1..*] T =
. ransformationProcess
A T affecting[1..*] Paffecting[1..*] AL‘ I
‘ supporting[1..*] Psupporting[1..*] InteractionProcess |
I " . 1T
Stakeholder | .\ \i.ri + | Environment |environmentil-"] [TechnicalSystem| | ws: Working Surface
- = technicalSystem (actor) WSP: Working Surface Pair
environment[1..*] [1.%] €SS: Channel & Support
Structure

Figure 9. Relations between the entities of the IF4APM.

This class diagram was developed based on class diagrams of the framework for
integrated function modeling (IFM) [13,55] and earlier research [21]. The different levels of
abstraction of the respective product model are indicated with colors. The yellow entities
Requirement (specific objectives of a system) and Use Case (scenarios of applying the technical
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system for a specific purpose) concern the most abstract level. The blue entities State and
Process are located on the function level, but also play an important role on the level of
abstract physics. On this level, the red entities Effect, Operand, Working Surface, Working
Surface Pair, and Channel Support Structure are employed in the IF4APM for describing the
physical effect chain. The green entities Systen, Module, Object, Stakeholder, Environment,
and Technical System concern the level of detail geometry and material. Similar to the well-
known IFM, the main representation of the IF4APM is a combination of modular matrices
because they enable a concise, structured representation [11]. Matrices are excellent tools for
managing complex dependencies in technical systems [54]. Such matrices are a relatively
intuitive means for modeling information in a structured manner. An overview of the
structure of the IF4APM is given in Figure 10.

Use Case: lftload

T [= »
= EFFECT prlEi=i
| AND 2B [BEHAVIOR
-~ |CONTROLL =& VIEW |

Fepla

mechanical
force F

: WORKING
| SURFACE AND
CHANNEL AND
SUPPORT
~ | STRUCTURE
— VIEW

piston r0d
mecharical
energy

Figure 10. Overview of the structure of the IF4APM.

Three views can be distinguished as follows: the effect and control view, the behavior
view, and the working surface, channel, and supports structure view. These views are
explained in detail on the basis of a vehicle component example in the next section.

4. Application of the Framework

In this section, the different elements of the IF4APM are explained based on a sub-
system development for an agricultural vehicle. The sub-system concerns the actuation of
a lifting system (compare Figure 2), and a schematic diagram is given in Figure 11.

A hydraulic pump (which is driven by an electrical motor) is generating a certain
hydraulic pressure and, under certain conditions), a hydraulic flow. A so-called 4/3 way
(which is electrically actuated) valve is used for defining the motion direction of a double-
acting hydraulic cylinder with a piston (up/down/none). This hydraulic cylinder creates
motion which leads to the movement of devices on vehicles, e.g., lifting systems. The main
physical principles are represented in Figure 12.
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Figure 11. Sample vehicle component: lifting system.
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Figure 12. Main physical principles of the lifting system for vehicles.

The blue entities in Figure represent the states of operands, e.g., the electrical energy
for an electrical motor. The yellow entities represent the processes and the distinct physical
effects which enable these processes. For these processes, the actors, which are the function
carriers and allow the physical effects to take place, are also provided in this representation.
It is important to point out that it is not sensible in the early phases of design to define
these actors; this should be completed during the concretization of the system design. The
central view of the IFAAPM is the effect and control view; an example is given in Figure 13.
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Figure 13. Effect and control view.

The effect and control view alternates between states of operands and processes.
The initial state of the actor electrical motor is electrical energy; this motor transforms this
energy by applying the physical effects (distinct physical phenomena) biot-savart law
and electro-magnetism to mechanical energy, which is the final state of this first process.
The operand in this process is energy. Additional states are necessary if sub-processes
are necessary (this will be explained in detail at the end of this section). In the process
lines, the physical effects that enable the process are listed, thus allowing us to describe
the physical effect chain that realizes the respective functionality. The columns for actors
are intended to be filled in later stages; initially, a solution-independent description of the
main effects is possible in the columns for operands. The control column will be explained
in detail at the end of this section. It is important to note that the IFAAPM does not intend
to model all states, properties, aspects, and processes of a vehicle or vehicle component,
but only those which are relevant to a certain high level use case (see Figure 13, top line).
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In general, a use case describes an application of a technical system for achieving a certain
goal and may include different types of users and their activity in and relationship with
the system [56]. Use cases can be decomposed into “sub use cases” [57] and summarized
into “super use cases”. For the IF4AAPM, a concentration on high level use cases (such as
“lift load”) (compare Figure 13) is sensible. Use cases allow the creation of [IF4APM models
as aspect models with a limited size and complexity. It is also important to point out that
human beings can also act as actors in this system and can be represented in the [F4AAPM.
They can be part of the respective use case and they can perform certain processes.

The second view of the IF4APM captures the behavior-oriented perspective (Figure 14).

Use Case: lift load

electrical energy
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electrical
state (sub-process) energy
complex
relationship
process (FMU)
movement of
condition state valve
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energy
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process =Ehydr1
hydraulic | hydraulic
energy energy
E_hydr2 | E_hydr2
process F=p*a
mechanical
state force F
actuator of
electrical hydraulic hydraulic  hydraulic hydraulic
motor motor valve valve cylinder
Actors

Figure 14. Behavior view.

Similar to the effect and control view, the behavior view alternates between states
of operands and processes. The state electrical energy is expressed e.g., by means of an
energy quantity parameter E_el. The simplified calculation also used in Figure 8 allows us
to calculate the output parameter E_mech based on the energy efficiency parameter efa of
the motor. In the process lines, the behavior is described either by means of equations or
by links to external simulations (e.g., in form of FMUs compare Section 2). It is important
to note that links to other software packages, simulation platforms, and co-simulation
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electrical hydraulic

motor motor

electrical energy

frameworks, such as Matlab/Simulink [58], Modelica [59], and INTO-CPS [60], is also
possible. The behavior entities intend to describe the abstract physical behavior that
realizes the respective functionality. Only columns for actors are included because this
view can usually only be sensibly filled when many properties of the product (such as the
choice of actors) are already decided.

The structure of the third view of the IFAAPM—the working surface and the channel
and supports structure view—is different and is shown in Figure 15.
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Figure 15. Working surface and channel and supports structure view.

The working surface and the channel and supports structure view starts with working
surface pairs (WSPs) and then continues to distinct working surfaces (WSs), then listing
channel and support structures (CSS) and continuing again with working surfaces (WSs)
and working surface pairs. A WSP with an external source electrical energy brings this
energy to the WS input connector. The CSS is the wire winding that represents the abstract
physics of the electrical motor. The next WS is the output shaft which is connected to the WS
input shaft of the hydraulic motor via the WSP mechanical energy. The working surface and
the channel and supports structure view allow a step-wise and connected discussion of the
acting physics on a detailed micro level.

As pointed out above, the control aspect of the effect and control view has not yet
been discussed in detail. In order to explain the role of control functionalities in detail,
an example of a controlled system will be employed. An effect chain enabling the generation
of a controlled hydraulic pressure is shown in Figure 16.
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Figure 16. Physical effect chain for the generation of a controlled hydraulic pressure.

In this effect chain, the first actor is the controller of the control loop that compares
the actual pressure reading with the set value and controls the flow of electric energy to
an electrical motor (second actor). This motor drives an hydraulic motor which delivers
the intended hydraulic pressure. For a clear and sensible representation of control func-
tionalities, process and condition states can be employed. The connection types “condition
state” (C) and “process state” (P) can be used to connect the auxiliary flows of operands
to the main flow of operands [33,61]. The condition state is a prerequisite for the process
to take place (e.g., the controller can only regulate the electrical flow if it has information
concerning the current, actual pressure, and intended set value). A process state indicates
that the state of one operand in the process is used for a second purpose; this link type
allows us to assign diagnostic functions to flows of operands undergoing some kind of
operation. The use of such link types allows us to clarify complex connections in functional
models [61], but also in physical effect chains. The measured pressure is a process state
of the main flow. This same state is used in a sub-process as a condition state in order to
obtain an electrical voltage correlating with the pressure. This condition state can be used
by the controller together with a condition state set value in order to realize the intended
control loop. In Figure 17, how this control effect chain can be represented in the effects
and control view is shown.

The set value and the measured value can be indicated in the given fields, thus
representing and connecting the control effect chain. The condition states control: measured
value and control: set value are a prerequisite for the controller to carry out its intended
task control output pressure. One of the states control: measured value is also visible in the
last line of the effect and control view; this clarifies the cyclic nature of control. The effect
and control view allows an interlinked discussion of the acting physical effects and their
contribution to the establishment of control loops that can guarantee a stable behavior.
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Figure 17. Representation of a control effect chain in the effect and control view.

5. Summary and Outlook

In the center of this publication is the presentation and explanation of the integrated
framework for abstract physics modeling (IF4APM) in the scope of vehicle design. Current
engineers working in vehicle design do not dispose of appropriate means to connect the
function models of their vehicle components with the detailed geometry, material, and struc-
ture models. The lack of such possibilities can lead to misunderstandings, less-than-optimal
knowledge management, inconsistencies, as well as isolated and incomplete simulations of
the behavior of the vehicle. The presented research aims to provide engineers in vehicle
design with a framework which allows the description and investigation of the physical
effect chains linking functionality with detailed geometry, material, and structure. This
framework intends to increase the transparency of the inner processes of a vehicle design
and of the design decisions. The distinctive quality of the proposed approach is to consis-
tently connect the product models on the levels function and detailed geometry/material
in the scope of mechanical and mechatronic engineering; the specific realization of the
framework leads to the aptitude being used in the early stages of the product development
process, as well as to enhanced transparency and easy understandability. The knowledge
that is usually captured in the minds of the engineers can be represented and stored; it can
be available for further analysis, e.g., by means of big data analyses of artificial intelligence
(AI). The ultimate vision concerning the application of Al for vehicle design could be
that all models are available in a semantically rich representation (e.g., with all important
attributes, annotations, and relationships, as well as all requirements and environmental
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conditions) for an Al system to learn how vehicles are developed. From this vision, the
main road blocks become apparent. Future research needs to develop even richer and more
interconnected models of the technical systems in a form that is completely accessible to Al
The second road block is the development of Al approaches that are powerful enough to
deal with the resulting abundance of data. The third road block concerns the trustability
of the results; future Al approaches not only need to deliver the design, but also a concise
documentation how the design was derived and how high the levels of safety and reliability
are. The basis for the presented research are design processes of remote vehicles and vehicle
components; these processes also serve as a basis for the explanation of the framework.
Up to now, the framework was tested using several examples; the investigation of the
general applicability will be the focus of further research. One future research field is
the investigation of the possibility to include the logic perspective into this framework;
this could be fruitful for a better connection of reliability and safety analyses with the
physical effect chains present in the vehicle. A further promising research field is a sensible
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Abstract: The current product and assembly processes of system development in the
vehicle industry are characterised by a multitude of different model formats, a relatively
low level of data integration, and an unsatisfactory management of information. This article
presents an integrated design and assembly planning process which applies several model-
to-model (M2M) transformations in order to ensure a seamless transition from product
requirements to an assembly system layout and design. The digital process employs a
framework based on graph-based design languages (GBDLs) and achieves an integration in
a model-based systems engineering (MBSE) industrial context. The underlying hypothesis
that this seamless transition is possible is tested on the basis of the product and assembly
system development of a sports vehicle. In this article, a skateboard is used for detailing and
explaining the different modelling perspectives throughout the engineering and assembly
process of this product. Due to a conscious application of GBDLs in an MBSE framework,
it is possible to achieve a continuous sequence of M2M transformations which guarantees a
maximum level of information integrity. These two aspects are cornerstones for a future
integrated design automation of a product and its assembly system. It is important to note
that the presented approach is universal and can be used in the production of components
for the automotive industry, entire vehicles, and their assembly.

Keywords: graph-based design languages; assembly planning; layout planning; assembly
system development

1. Introduction

The design and the production of vehicles is currently characterised by enormous
challenges. Due to intensified competition and increasing customer demands a worldwide,
the product variety is escalating. Globally distributed manufacturing has further led to
increasingly complex supply chains where the management of heterogeneous and scattered
information has become a key issue [1]. This necessitates more flexible, integrated, and
intelligent product and assembly system development processes. These processes are
characterised by several product and assembly system modelling attempts which are
currently not connected at all or are only partly connected. Consequently, several data
or process entities such as product components, assembly processes, and resources are
represented many times in multiple digital models. This fact and other challenges in
assembly-oriented design such as a systematic digital process chain “from data to information
to knowledge” highlights the urgent need for a better digital interaction [2].

The main aim of this paper is to propose an integrated design and assembly planning
process that enables a better digital integration as well as a higher digital consistency
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https://doi.org/10.3390/ vehicles7010022
24



Vehicles 2025, 7, 22

product
requirements

functional
& logical

architecture %

‘

verification

physical
architecture

domain specific domain specific
development development

e :
product definition reqlrements assembly

development

/ assembly sequence deV%!?pment operation

between several product and process models ranging from early product development to
a concrete assembly system coupled with the necessary robot code. The proposed digital
design and assembly planning process applies several M2M transformations in order to
enable a seamless transition from initial product requirements to an assembly system
design and robot code. A sports vehicle—a skateboard—serves as a concrete example
for explanation. However, the proposed approach is universal and can be used in the
production of components for the vehicle industry, entire vehicles, and their assembly.

In order to explain the proposed design and assembly planning process, the main
information entities in the process are described here. Important results of the product
and assembly system development are the EBOMs (engineering bill of materials—product
parts, their quantity, and their assembly relation) from an engineering point of view) and
MBOMs (manufacturing bill of materials—production process, including the manufactur-
ing product structure) [1,3]. The bill of materials (BOMs) conveys key information that
guides development at different stages and is an attempt to manage heterogeneous and
scattered information [1,4]. A key step in the process of assembly planning is the generation
of a sensible assembly sequence; the automation of this generation has been researched for
decades but the solutions are computationally excessive, require many human operations,
or require the automatic generation of constraint rules [5].

Obviously, during an integrated product and assembly system development process,
an enormous amount of data in the form of different models is created and the management
of the abundance of models requires a holistic approach. Over the last several decades,
MBSE was found to be a versatile approach to address this challenge [6-8]. The processes
described in the scope of MBSE are based on the well-known V-model (see, e.g., VDI
guideline 2206 [9,10]). Figure 1 shows a V-model-based representation of the main elements
of an integrated product and assembly system development process.

assembly system
definition + realization

system

assembly

product
delivery

e 3
' resource M

selection verification

assembly
system
layout

product
operation

= 2 integration
integration

product
recycling

DIGITAL TWIN

Figure 1. Life-cycle with important elements in product and assembly system development.

It is important to note that both the development cycles of the product and the assem-
bly system are presented based on a V-model (Figure 1). The initial product model consists
of the requirements concerning the functionality and decisive properties of the product to
be assembled. The first cycle-product development-starts with the development of the
functional and logical architecture. This architecture is decisive for a sensible realisation of
the functionality and ultimately for the success of the product [11]. The next logical phase is
the determination of the function carriers concerning the acting physical relationships—the
physical architecture [12]. Further development is carried out in the different domains:
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mechanics (including hydraulics and pneumatics), electrics/electronics, and software. It is
an important quality of the V-model [9] that the integration of the domain-specific solutions
is explicitly included; this decisive step enables the realisation of coordinated multi-domain
systems, but requires intensive cross-domain communication. Depicted in the centre of
the first cycle is the verification at different levels, which finally leads to a validation with
the original product requirements. The first cycle leads to the complete set of models of
the product—the product definition. Connecting the two cycles is the assembly sequence,
which is the focus of this paper. In later sections of this paper, it will be shown that a
model-to-model transformation of the product model to the assembly sequence is possible
and that an intelligent product model can contain an implicit determination of the assembly
sequence. Together with the assembly requirements, the assembly sequence enables the
development cycle for the assembly system, which is essentially analogous to the first
cycle. It is important to note that the verification stage may include approaches such as
virtual commissioning [13] and pre-validation with virtual reality [14], with systems such
as Unreal Engine, Epic Games, Cary, NC, USA [15] or Unity, Unity Technologies, San
Francisco, CA, USA [16]. The second cycle culminates in the assembly system definition
and realisation. On this basis, the next stages of the life-cycle, i.e., assembly operation,
product delivery, product operation, and product recycling, are carried out.

As mentioned before, the two cycles are connected with the assembly sequence, which
is one of the main sources of information for assembly system development, but cannot be
generated without knowledge concerning the assembly system concept. It is also important
to note that in this representation, the development process progresses to the recycling stage
in order to be able to represent the complete scope of a digital twin (DT) (see Section 5).

Furthermore, the necessity of the continuous consideration of a circular economy
is emphasized. When focusing on the models that drive the MBSE process, it becomes
apparent that a shift from product information to assembly system information is just
logical and inevitable. A more detailed representation of the most important models in the
integrated product and assembly system development process in shown in Figure 2.

product assembly planning production planning
. processes
assemblies P+ enriched produst anipo
product resources and digital
parts joining | [ | model + > assembly assembly > twin
information assembly model system
sequence
- - -
—> M2M “ i
— MoT E-BOM priority assembly
graph layout

Knowledge graph

I:l Domain model + +

Figure 2. Model transformations in product and assembly system development.

On the very left, the items are shown, which are conventionally created and modified
with computer-aided design (CAD) systems and are stored using product data manage-
ment (PDM) or product life-cycle management (PLM) systems: the product parts and the
assemblies are resulting from a combination of these product parts. As it will be shown in
the later parts of this paper, an M2M transformation to the information entities” “joining
parts” and their respective “joining information” is possible. The result of a model-to-text
(M2T) transformation is the EBOM. The resulting enriched product model can be the basis

of another M2M transformation determining the joining (or assembly) “processes”, the nec-
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essary “resources” for the joining operations (e.g., robots), and the “assembly sequence”
(see Section 3). An M2T transformation leads to a priority graph and an MBOM. The result
is an even more enriched model of the product and its assembly. As it will be shown in
parts
transport” (i.e., the manner how parts and sub-assemblies are transported within the as-
sembly system from station to station) and a geometric and kinematic representation of the
“assembly system” is possible. An M2T transformation can result in the two-dimensional

7

the later parts of this paper, an M2M transformation to the information entities

assembly system layout (i.e., the assembly system floor-plan) and the robot code (i.e., the
different movement commands for all manipulators within the assembly system). The step-
wise enriched product and assembly model, together with the geometric and kinematic
information, can be the basis for a digital twin (see Section 5).

Production planning is an anticipation of the manufacturing and assembly operations
and systems for the purpose of initial development and optimisation; the production plan-
ning process in industrial companies involves various management levels and concerns
different planning horizons [17]. This important industrial field is influenced by several
current trends. For several years, digital twins (DTs) that provide a digital representation
of a real system; enable a bidirectional exchange of parameters, states, and other data; can
represent the whole system life-cycle and allow for elaborated monitoring, control, diag-
nosis, and optimisation processes [18-20] have been available. In this context, integrated
control frameworks, both in the product itself—the vehicle—and its assembly system, are
gaining importance [21,22] and their development is frequently supported by hardware in
the loop (HiL) experiments [23,24], especially in later development stages. The early stages
of production planning are highly influenced and altered by the widespread availability of
rapid prototyping technology [17]. Based on the same technology, additive manufacturing
is meanwhile applied in the production process itself—mainly for low-volume or rather
small product and assembly system components [25].

In this context, important research work concerns the design for manufacturing and
assembly (DFMA). A concise overview is given by Formentini et al. [26]. Bouissiere et al.
proposed methods for the assessment manufacturing and assembly aspects of product
architectures [27]. Conceptual design for assembly based on a mathematical framework
is also a topic of current research [28]. Some current research works focus on assembly
planning in the vehicle industry [29-31]. The context of sports vehicles is usually not
the focus of most research work. One example is a study by Arifin et al. who address
the design for manufacturing and assembly of sports equipment with the example of an
aerobic walker [32]. The modular design of sports vehicles, which also considers assembly
processes, is the focus of the work of Sali [33].

Obviously, an essential part of production planning is assembly planning. A com-
plete review of the state-of-the-art automated assembly sequence generation is beyond the
scope of this paper; some prominent results will be discussed below. Demoly et al. [2,34]
described a product-relationship management approach that enables concurrent product
design and assembly sequence planning. He et al. [1] proposed a unified bill of materi-
als (BOMs) model based on a single source of product data. A near-optimum assembly
sequence search algorithm employing an objective function (scoring assembling ability
as well as the efficiency of the assembly process) is presented by Enomoto et al. [5]. A
related study focuses on near-optimal assembly task sequencing for multi-arm robot sys-
tems [35]. The optimisation of task allocation for human-robotic assembly processes was
researched by Tram et al. [36]. The planning of optimal assembly sequences is addressed by
Culbertson et al. [37]. Liu et al. [38] applied deep reinforcement learning in order to enable
a physics-aware combinatorial assembly planning. The compatibility of different product
models was researched by Paehler and Matthiesen [39].
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REQUIREMENTS

Digital design process

Upon summarising the literature analysis concerning concurrent and integrated prod-
uct and assembly system development, it can be pointed out that promising approaches for
partial problems exist, but that a continuous M2M transformation-oriented approach is yet
to be developed. The following sections explain elements of this kind of approach. Section 2
focuses on the product stage of the integrated process. The stages that follow concern the
assembly and production planning and are addressed in Section 3 and Section 4, respec-
tively. The dynamic simulation of the assembly system can be employed as a digital twin
(DT); this is analysed and described in Section 5. This paper is concluded by a conclusion
and outlook (Section 6).

2. Product Modelling in Graph-Based Design Languages

In the proposed framework, the culmination point for product modelling and the
compilation of GBDLs is the so-called Design Cockpit 43° software environment [40],
which is based on the fundamental research activities of Rudolph [41] and many of his
co-workers (see [42,43] for two of the most recent contributions). The Design Cockpit 43"
software was developed, maintained, and further extended by IILS mbH (Trochtelfingen,
Germany) [40]. This software environment enables the storage of design information in the
form of ontologies, the coding of product and assembly system information as vocabulary,
as well the transformation of the coded knowledge into a unified central model—the design
graph. The digital design process with GBDLs is shown in Figure 3 (adapted from [41,44]).

Definition & programming

Compilation & execution

| Partial Sequence |i!| Design Design :
| 3 Vocabulary Structure (B h g & Results |i
‘| ontologies of) Rules [:i| compiler graph :
: i i
i abstract UML classes UML class UM.L activity ¥ '
! geometry diagram diagram " !
I abstract B ‘\_ @@E, i i
i hysi ‘ | '
: physics ‘ Prod}lﬂ —— e s h '
i attributes ] ﬁ -~ 1 '
i abstract ~ operations —— i E :
E assembly subclasses i :: |
! ; H i
i abstract i E E
! | digital factory ¥ ]
1 1

Project-specific requirements and optimization criteria

Figure 3. Digital design process with graph-based design languages (adapted from [41,44]).

In the integrated digital design process, two main phases can be distinguished. In the
definition and programming phases, the main focus is on project-independent data. Based
on partial ontologies, vocabulary, and structure, a sequence of rules is generated. The com-
pilation and execution phase focuses on project-specific, instantiated data. The data from
the project-independent phase are compiled leading to the design graph as a central model.
From the design graph, different kinds of domain-specific data models can be compiled
such as CAD files. The current research concentrates on Open Cascade, 7.8.0, Open Cas-
cade SAS, Guyancourt, France [45], and CATIA, Dassault Systemes, Vélizy-Villacoublay,
France [46], but other CAD systems can also be integrated. For finite element analyses,
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the software systems Ansys, Ansys, Inc., Canonsburg, PA, USA [47], or Abaqus FEA, Das-
sault Systemes, Vélizy-Villacoublay, France [48], are widely used in industry. BOMs can
be represented in Microsoft Excel, Microsoft Corporation, Redmond, WA, USA [49], but
professional CAD systems such as PTC Creo, 10.0, PTC Inc., Boston, MA, USA [50], can
also store BOMs.

The digital design process shown in Figure 3 has already been described in detail in
earlier publications [44,51]. It is important to note that the general procedure is applicable
to all M2M and M2T transformations in integrated product and assembly system develop-
ment. In the following, the architecture design and the underlying methodology, which
is illustrated in Figure 2, will be discussed using the product model of a skateboard (see
Figure 4).

Bearing
-—

Bearing

Truck

Bearing

.l

Skateboard Deck

Bearing

Bearing

Bearing

Bearing

Bearing
-—

Figure 4. Product model of the skateboard as a knowledge graph.

Figure 4 represents the product model and is intended to familiarise the reader with the
main structure of the product in order to ease the understanding of the assembly sequence.
The model is based on the “Skateboard” node, which reflects the basic model. The “Deck”
node refers to the top board of the skateboard and is therefore an essential component
of the model. Two so-called “Trucks” are connected to it and represent the axles of the
skateboard. Each axle is connected to two wheels, which in turn dispose of two bearings.
In the following, the model described in Figure 4 is supplemented with joining information.
This information describes the way in which two components are connected and contains
all the information that is relevant for describing the joining process. The underlying
product architecture is realised by means of three different assembly operations, which are
modelled as rules. Figure 5 presents the assembly of a bearing in a wheel.
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| add
Regel Press H
Connection

Bearing

Bearing

Figure 5. Assembly of bearings in wheels. (Top left) Knowledge graph before rule execution. (Bottom
left) Knowledge graph after rule execution. (Right) A 3D CAD model.

This assembly is represented by “PressConnection” (Figure 6). The assembly operation
modelled with this rule is implicitly visible on the right side of Figure 4; slightly further on
the left in Figure 4 is the assembly of the wheels on an axle of a truck (Figure 6).

adb P

4 A 4

Figure 6. Assembly of wheels. (Left) Knowledge graph. (Right) A 3D CAD model.

This assembly is represented by “SlideIntoEachOther” (Figure 6). The next assembly
step concerns the connection of each truck with the deck by means of screwing. This is
presented in Figure 7.

numberBolts = 4
thread = M8
length =40 [mm]

numberBolts = 4
thread = M8
length = 40 [mm]

Figure 7. Assembly of trucks. (Left) Knowledge graph. (Right) A 3D CAD model.
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Skateboard

This assembly is represented by “Screw” (Figure 7). Representing these assembly
operations, the product model of the skateboard shown in Figure 4 is supplemented with
joining information; the result is an enriched product model (see also Figure 2). This
enriched product model is shown in Figure 8.

Bearing

Bearing

numberBlts =4
thread =B
ength=40[mm]

Bearing

Bearing

Bearing

Bearing

Bearing

Bearing

Figure 8. Enriched product model of the skateboard as a knowledge graph.

The enriched product model can also be understood as an interface to the more
detailed steps of the assembly planning.

3. Assembly Planning

Assembly planning involves determining the sequence of assembly operations and
the resources needed to assemble a product from its modules and components. It describes
the process of organising the assembly, i.e., determining the order in which modules and
parts should be assembled (the assembly sequence) and the required resources for each
assembly operation. The generation of feasible assembly sequences remains a challenging
research problem due to the following reasons: the number of potential assembly sequences
exponentially grows, some sequences may not be physically executable due to unsatisfied
physical constraints, and the geometry of objects can be highly complex [52].

The optimal sequence can be determined using a number of different methods. It is
important to consider these methods because the number of possible sequences increases
exponentially with each additional combination. In the case of the skateboard, which
consists of p = 15 parts, this corresponds to a number of 1,307,674,368,000 sequences.
Even if we ignore all sequences that are the inverse of another sequence, there are still
653,837,184,000 sequences. It should be noted that the majority of these sequences would
not work or would only be feasible with great technical effort. Various methods have
been developed to reduce this number to a minimum and to filter out the most important
sequences [53-55].

In practice, the starting point is often the assembled module, which is then disassem-
bled. A feasible disassembly sequence always corresponds to a working assembly sequence
in reverse order. A common method is to first identify the mating surfaces between com-
ponents. This can be performed by collision detection, the distance between components,
or the structure of the model (as exemplified in Figure 8).The data may be processed to
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create an adjacency matrix. The resulting matrix depicts the interconnections between all
components. The generated adjacency matrix may be employed as a foundation for the
derivation of an interference matrix. The resulting matrix provides information regarding
the components that are in contact in terms of their joining direction during the assembly
process. Consequently, the assembly sequences can be derived [54]. It is likewise possible
to make use of machine learning methodologies [55].

In the case of assemblies comprising a limited number of components, it is feasi-
ble to construct a Petri net that maps all sequences directly from the adjacency matrix.
The corresponding sequences can be extracted from this using the enumeration algorithm,
for example. Furthermore, an assembly priority graph can be derived from the adjacency
matrix by enriching the boundary conditions. It is recommended that the assembly be
initially analysed at the assembly level, and subsequently, the assembly sequence for the
respective assemblies be determined. This is essential as the number of potential combina-
tions increases exponentially with the level of detail.

In order to determine the number of similar assemblies, a width-based search is
carried out in which the model is first simplified and then grouped. The width-based search
performed on the existing graph, which functions as an enriched product model, is carried
out depending on the requirements for fully and partially similar cases. A fully similar
case would be defined by identical components (in terms of geometric characteristics and
properties) with the same joining technique. Partially similar cases would be characterised
by components that are similar in many, but not all, properties and whose joining techniques
also have a large number of identical properties. As a result of this search, five assembly
sets (“AssemblySet”—a collection of parts that require similar assembly operations) are
identified, as shown in Figure 9.

level =0
number0fParts =1

> level =3

numberOfParts = 4
joiningTyp =Slidelnto
EachOther i H L

—
[rssembiyset] |

——>{ level=4
numberOfParts =8 /
joiningTyp = Press. \\ //
Connection S——

Figure 9. Assembly sets of the skateboard. (Left) Knowledge graph. (Right) A 3D CAD model.

The transformation of the product model into an assembly model is used to encapsu-
late the product and to transform it into a model suitable for assembly planning. Process
planning is performed consistently from the previously created model, using the assembly
sets as the starting point. The main processes, shown in Figure 10, are then derived from
the assembly sets.
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in wheel
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Figure 10. Process planning data model as a knowledge graph.

The main process is a set of sub-processes required to complete an assembly to the
point where another assembly sequence can be started. Depending on the components
used and the joining technology employed, the main processes are supplemented by
sub-processes and handling steps. An example is shown in Figure 11.

MainProcess|—

|
-—
Screw

Figure 11. Partial section of the process planning for mounting the axle on the deck as knowl-
edge graph.

The initial assembly sequence is derived from the structure of the data model, as shown
in Figure 4, and the resulting assembly sets. These comprise a level that reflects the levels
of the model. The assembly sequence begins with the lowest level, which, in the case of
the skateboard, represents the pressing in of the layer. The correctness of the assembly
sequence is validated by collision detection.

The formal description of the main and sub-processes delineates the full range of
handling and joining techniques. These describe the minimum steps that must be carried
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out in order for the assembly step to be completed successfully. Based on the aforemen-
tioned information, an initial estimation of the cycle time can be made. Subsequently,
the cycle time is estimated for each individual handling step and for each joining technique.
In this context, two distinct approaches are employed. In this approach, tabular values
derived from the “Methods-Time-Measurement” [56] method are employed. The present
analysis focuses on the temporal recording of handling steps. The analysis focuses on
handling steps employed in manual assembly, with some values applicable to automated
assembly. The determined value is multiplied by a correction factor, which serves as an
adjustment variable. This factor is adjusted iteratively by comparing the tabular value with
the subsequent actual value from the virtual commissioning and adjusting it accordingly.
For all other handling steps not included in the table, a simplified approach is used in
the calculation.

The calculation of ¢ for the handling steps take and place is described in Equation (1).
The product of the two factors ¢;(Ijax) and ¢, (m), the longest edge of the bounding box,
Iinax, and the average speed of the robot, v,yp, give the value of t:

t= Cl(lmax) . Cm(m) max - Uyobot (1)
N—— N —

length heuristic mass heuristic

It is assumed that the distance that the component has to cover can be described as a
function of its dimensions (see take and place). For this purpose, the factor ¢;(lyax) was
defined, the value of which is calculated according to the definition given in Equation (2):

cjp  f0mm <y <= 50 mm,
cillmax) = ¢ ¢ wheren € Ny, ¢, ER>0 (2)

[/ |

The factor ¢, (1) defined in Equation (3) represents a correction factor that takes the weight
of the component into account:

cmo  ifOkg <m <=0.1kg,
cm(m) =< : wheren € Ny, ¢y € R>0 (3)

Cpn if ...

The parameters ¢y, ..., ¢, and ¢y, ..., Cun Were freely selected at the start of the process.
Following the method described above, a virtual commissioning is carried out. Based on
the results obtained, the factors ¢;(ljusx) and ¢y (m) are adjusted iteratively. The aim of
this procedure is to ensure that the result of the early estimation continuously adapts to
the actual cycle time. However, verification using sufficient data is still required. If the
application of the present approach does not lead to the desired results, it is possible to train
a machine learning model with a sufficient database, which can then be used to predict the
cycle time.
The calculation of the total ¢, is described in Equation (4):

h
teyele = Z t; (with i number of handle and joining steps) whereh € N 4)
i=1
Based on this modelling, an initial estimate of the cycle time is possible, as shown in

Figure 12.
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Figure 12. Cycle time diagram of the main processes.

requirements. If the determined cycle time fulfils the specified requirements, production
planning can continue. If the specified cycle time is exceeded, the sequence is optimised.
For this purpose, the main processes are split up, for example, to parallelise processes.
As part of each optimisation, a check is carried out to determine whether the resulting
outcome meets the specified requirements. This applies in particular to the cycle time,
the available number of multi-axis robots, and the available space. The optimisation is
terminated as soon as all requirements or the termination criteria are met.

Based on the assembly sets, a sensible assembly sequence could be generated via M2M
transformation, which can serve as a basis for the further steps of the production planning.

4. Production Planning

In this paper, the term “production planning” is used to describe the steps following
the assembly planning, i.e., planning the concrete transport of parts in the assembly system,
generating the 2D assembly system layout, generating the geometry of the assembly system
with all non-human resources, and generating the movement path of resources (e.g., robot
code). In the given project, the descriptions of the assembly system could be generated by
taking into account the cycle time and the requirements. These describe the processes that
are carried out in a cell, as well as the resources required for this, such as robots, holding
devices, and conveyor belts. The above descriptions enable the derivation of a 2D layout,
which is shown in Figure 13.

In a final step, the 3D assembly system model is derived from the 2D layout (Figure 14).
A minimum configuration can be derived by considering the main and sub-processes.
The configuration encompasses all the resources indispensable for the comprehensive
execution of the principal process. Such equipment may include, for instance, multi-axis
robots, tables, and front conveyors. Subsequently, the principal processes are conveyed to
assembly systems, wherein the cycle time has been optimised and considered in advance.
In the subsequent phase, the previously identified systems are integrated with the resources
of the minimum configuration. The working area of the assembly system is defined on
the basis of the robot employed. It is imperative that, within the context of the current
configuration, all sub-processes are conducted within the specified workspace. This entails
the utilisation of the assigned resources. Moreover, a transport route must be established
between the workspaces to ensure the secure and efficient transportation of parts.
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Figure 13. Two-dimensional layout of the system.

Figure 14. Three-dimensional assembly system model.

In the initial stage of the process, all resources are positioned within the designated
workspace. Subsequently, an optimisation process utilising a packing algorithm is em-
ployed. Once the individual assembly systems have been generated, they are positioned
globally and connected to each other using transport systems. Subsequently, a delineating
structure, such as a fence, is erected around the assembly systems. The final result is a two-
dimensional representation of the assembly cell, as illustrated in Figure 13. The requisite
resources and layout dimensions are associated with each principal process.

In the final stage of the process, the 3D assembly system model is derived from the 2D
layout. In order to achieve this, the enriched line models depicted in Figure 13 are employed,
with due consideration given to the pertinent requirements. Such information was provided
during the automated generation process. For example, data regarding the height of the
fences were incorporated into the line model. The height of the fences is determined either
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by the requirements or, in the absence of a defined requirement, by the maximum height
of the workspace. Subsequently, the 3D geometry is generated automatically, taking into
account the aforementioned information and the 2D layout. The individual handling steps
and the respective positioning are employed to derive a robot code, which is then utilised
to assess the configuration. In the event that the assembly is not feasible, a return is made
to the 2D layout, and the configuration is re-optimised. Conversely, if the assembly can be
carried out as required, the automated design process is completed and the system can be
exported to the standardised AutomationML data format.

The proposed design architecture enables the generation of simulations (see [57]) and
of a digital twin of the assembly system.

5. Digital Twin

The culmination of the models created in an integrated product and assembly system
development process can be employed as a dynamic simulation of the assembly system
in the form of a digital twin. In general, a digital twin is understood as a virtual dynamic
representation of a physical system with automatic and bidirectional exchanged data [58].
It is important to note that a full-scale digital twin (in contrast to a digital shadow) contains
data of the complete product life-cycle [18]. The continuous flow of M2M transformations
described in this paper leads to a unified digital twin (see Figure 2). In Figure 15, the
architecture of employing this digital twin is shown.

For the given field of application, the Design Cockpit 43 [40] serves as a specialised
editor to design a semantic model of a product and its assembly system. This system
generates outputs in the form of ontologies and product and assembly system geometry,
structure, and behaviour. The coded information is transformed into a knowledge graph.
This knowledge graph can be enriched with performance data from an operating assembly
system (execution—past assembly runs) and can interact with artificial intelligence (AI) and
explainable artificial intelligence (XAI) [59] components in the digital twin framework [60].
The knowledge graph also allows for the execution of detailed simulations.

Design Cockpit 43
Ontology (Vocabulary, Rules, FMUs), Geometry

thology ’/Seometry

——> . Knowledge Graph

Execution/ Datd

Performance Data ML / XAl

Models, Explanations

lFMUS, ML-Models

Simulator

FMU <« FMU
-base -
| ML-based , I ML-based l

Figure 15. Digital twin architecture [60].

In order to allow for flexible simulations of the system behaviour, the behaviour is
divided into so-called functional mock-up units (FMUs) [61]. In this kind of co-simulation,
each FMU allows us to simulate an independent dynamic behaviour in the form of an
input-output relation [62]. In order to model this relation, systems of ordinary differential
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equations (ODEs) are usually employed [63]. However, in the given framework, machine
learning (ML)-based FMUs are also possible (see Figure 15 and also [64,65]). In this case,
the input-output relation (simulating the dynamic behaviour) of the FMUs can be deduced
from assembly system performance data.

As pointed out in Section 1, the step-wise enriched product and assembly model
together with the geometric and kinematic information can be the basis for a digital twin;
consequently, the different M2M transformations are essential steps in the digital twin
creation (see Figure 2).

6. Conclusions and Outlook

The scientific core of this paper is the proposal of a consistent digital framework for the
integration of product structure and geometry, assembly sequence, and assembly system
structure, geometry, and behaviour. This framework is based on the application of graph-
based design languages and allows for an automated design of a complete assembly system
for a given product. The application of this framework leads to two machine-executable V-
models for product development and assembly system development in the scope of MBSE.
Unlike traditional MBSE approaches that rely on document-based process management,
this framework uses abstract models, which can be automatically compiled into detailed
product models and assembly system models.

The advantage of this approach is the realisation of a central, multi-domain model
in the form of a knowledge graph, which can also be the basis for co-simulation based on
functional mock-up units (FMUs) and for certain forms of machine learning or explainable
artificial intelligence. A central element was the generation of a sensible assembly sequence;
several possibilities for the challenging endeavour were explored. The resulting sequence
is based on predefined assembly sets and takes into account the relevant necessities and
possibilities of the assembly process. The approach is universal and can be used in the
production of components for the automotive industry, their assemblies, and entire vehicles.
Future research work will be aimed at even more complex products and more diverse
assembly systems with human beings for certain assembly steps. Integration with Al
methods is a further promising field for further research.
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Abbreviations

The following abbreviations are used in this manuscript:

2D two-dimensional
3D three-dimensional
Al artificial intelligence

CAD computer-aided design
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DFEMA  design for manufacturing and assembly
DT digital twin
EBOMs  engineering bill of materials

FMU functional mock-up unit
GBDL graph-based design language
HiL hardware in the loop

M2M model-to-model

M2T model-to-text

MBOMs  manufacturing bill of materials
MBSE model-based systems engineering

ML machine learning

ODE ordinary differential equation
PDM product data management

PLM product life-cycle management
XAI explainable artificial intelligence
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Abstract: The development of vehicle drive systems targets different goals, which are partly con-
tradictory. While the focus is often on increasing efficiency and—depending on the type of drive
system—performance, the aim is to simultaneously reduce costs, weight, and volume as much as
possible. This goal generally presents a conflict of objectives; for example, a gain in efficiency usually
correlates with higher costs, or an increase in performance reduces the maximum achievable efficiency.
Therefore, each drive system represents a compromise among these goals, and depending on the
main focus, the development can be influenced. The methods presented in this work serve as a
methodological framework for the evaluation of vehicle drive systems. The procedure involves
evaluating different drive concepts based on defined criteria and comparing these evaluations with
one another. These criteria can be selected freely and weighted differently, depending on the individ-
ual focus. In the sense of a holistic assessment, a system evaluation factor ultimately serves as an
indicator, which is composed of the rating values of the individual criteria, taking into account their
specific weightings. With the help of the novel method presented in this paper, the complexity of
comparing differently designed powertrains is reduced, and a holistic assessment covering relevant
viewpoints is possible. Such an all-encompassing view is helpful in the early development phase and
is required as an evaluation basis for further, groundbreaking decisions in concept development.

Keywords: holistic evaluation of drive systems; technology-independent assessment; cost-benefit
analysis; pairwise comparison; weighted sum model

1. Introduction

The development of vehicle drive systems aims to achieve high customer benefits
while maximizing profits [1]. Such high customer benefits can be represented, for example,
by a high range, which depends on the size of the energy storage unit but is also influenced
by the efficiency of the drive system [2,3]. Furthermore, a high usable driving performance
also serves the customer benefit but is usually in conflict with high efficiency due to the
characteristics of drive systems [4]. At the same time, the development process strives to
minimize costs, both in terms of purchase prices from the customer and production costs
for the manufacturer. In addition, a compact and lightweight design of the power unit
is desirable.

To achieve these target criteria, a variety of different drive concepts can be considered.
Thus, the development of vehicle drive systems constantly involves new concepts that differ
from one another in terms of technology, design, execution, and more [5]. This results in an
almost unlimited variety of concept variants that require a suitable approach for processing.
While [6], for example, dealt with a simplified evaluation of costs and performances based
on scaled and optimized drive components, this work serves the holistic evaluation with
respect to initially defined criteria. The unique contributions of this study include the freely
selectable evaluation criteria and independence from specific drive technology.
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In order to evaluate these concepts, suitable methods are needed that reflect the
individual strengths and weaknesses of the concepts. The derivation of key indicators for
evaluation enables the selection of the best system based on defined evaluation criteria.
The methodological approaches of this work represent a framework for the evaluation
of vehicle drive systems, composed of key figures from relevant criteria. In doing so,
the evaluation method is defined in a universally valid way so that every type of drive
system can be compared with and evaluated holistically.

2. Methodological Approach

When considering the overall process of developing drive systems, the evaluation
methods presented in this paper are placed at the end. Once the specifications and require-
ments are defined, the design process for the drive components begins. The drive system is
then available in its entirety for a system evaluation.

As visualized in Figure 1, the methodological approach of this work begins with
the definitions of specific evaluation criteria, such as efficiency or costs. These defined
criteria are then weighted in relation to each other, and weighting factors are determined.
With the support of experts from internal departments, these criteria can be evaluated
for both a reference drive system and a sample drive system. For example, efficiency
can be determined using simulated cycle efficiencies, costs are made up of material and
manufacturing costs, and simulations of performance load spectra quantify the overall
performance of the drives. These investigations produce concrete results, e.g., how efficient
or expensive the drive systems are. In the fourth step, the calculated values, such as the
cycle efficiency and determined costs, are compared with the respective values of the
reference system, and rated. The final system evaluation is carried out together with the
weighting factors from Step 2. Comparing it with a reference drive establishes a uniform
basis for comparison.

o Definition of the Evaluation Criteria Reference Sample
System System
ienc; P
Efficiency erformance Nvy I_l_l
Vot . ° Evaluation of the Criteria
C e ight :
o8t Weigh by internal Departments/Experts
: Simulation of Weighted Cycle
a l ey Efficiency
Weighting of the Specific Criteria Expenses for Components,
Costs :
Manufacturing processes...
7| Criterion1  Criterion2  Criterion3 | Sum  Welghting
S Simulation of Performance Load
Criterion] . 0 7 033 Performance Spectra
Crierion2 | 0 7 1 017
Criterion3 | 2 W40 050

° Evaluation of the Drive Systems ° Rating of the Evaluated Criteria

w1
Weghimg. RV 3 3 cer RV ‘ @ | w | o R vs.
o 5 v | e T T Efficiency Reference 3
o o | oo Mesusie
5 % [ e

e I 7o [ [T Cosis €reference VS,

e 0 €Sample
-> Uniform Basis for System Evaluation vS.

Figure 1. Scheme of the methodological approach.

3. Criteria for the Evaluation

In order to assess different drive systems comparably, concrete criteria for the evalua-
tions must be defined. In this case, five criteria are chosen: efficiency, performance, cost,
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volume, and weight. However, these indicators can be freely chosen, and other techni-
cal aspects (such as thermal behavior and NVH) or even non-technical factors (such as
environmental impacts or customer acceptance) could also be taken into account.

The initial aim is to deliver the greatest possible and tangible benefit for the customer
in terms of efficiency and driving performance. High efficiency correlates with low con-
sumption and, thus, a long range. The performance, on the other hand, can be measured
by the maximum achievable power and torque of the powertrain.

At the same time, the weight and volume of the drive system need to be reduced
as much as possible. Also, costs—including both purchase prices for the customer and
production costs for the manufacturer—should be minimized. Since both high efficiency
and high performance tend to correlate with increases in weight, volume, and cost, there is
a conflict of objectives. This trade-off of opposing goals is visualized using a radar chart
in Figure 2. An ideal drive system would combine high efficiency and great performance
with the lowest possible costs, weight, and volume.

maximum
Efficiency I

low high
Weight l' Performance '

low low
VYolume l' Costs l’

Figure 2. Evaluation criteria and the conflict of goals.

To evaluate drive systems with regard to these criteria, all the required parameters
must be available in a comparable form. Comparing two drives of different maturity levels
may erroneously lead to wrong conclusions. In terms of efficiency, this means that the same
system boundaries and system losses must be considered. Performance, such as output
power, can be measured and, therefore, evaluated relatively easily. A level playing field
must also be created for costs, e.g., by ensuring that both raw material and manufacturing
costs, as well as expenses for tools, are taken into account.

The determination of these evaluation indicators is not discussed further in this work;
instead, the focus is on the evaluation method and its exemplary application.

4. Methods

The described conflict of opposing goals represents a multi-objective optimization
problem, which is addressed by established methods in the literature, e.g., [7] and [8]. Apart
from these or other well-known approaches mentioned in [9], this multi-criteria problem
requires a suitable method of analysis that leads to rational decision-making.

While simultaneously optimizing multiple objects increases the complexity in decision-
making, comparing only two criteria can reduce the complexity and, thus, facilitate the
decision [10]. This approach of comparing only two objects at a time is the basis of pairwise
comparisons. This process of mutual evaluation of the objects leads to prioritization and
ultimately to a hierarchy among the criteria. This priority can be interpreted as a weighting
of the specific criterion and used for a multi-criteria decision-making (MCDM) method.
In this context, [11] provides a good overview of existing MCDM methods in the literature.
Furthermore, [12] analyzes the characteristics and utilities of individual methodological
approaches. These utility analyses, such as the weighted sum model, divide an overall
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problem into smaller subproblems. This type of fragmentation allows the overall problem
to be captured holistically yet stated in a simplified manner, facilitating decision-making
on complex problems [13].

In decision theory, pairwise comparison and utility analysis are common methods.
Both are simple yet effective approaches, the combination of which is suitable for the given
optimization problem, serving as a methodological basis. Furthermore, this work builds a
framework for evaluating drive systems on the aforementioned methods.

4.1. Pairwise Comparison Method

A pairwise comparison (PWC) is a method of comparing entities or objects in order
to judge which one has the greater amount of a quantitative property. These objects
are contrasted and evaluated in pairs, with a rating score determining which of the two
entities is preferred [14]. The above-mentioned evaluation criteria can serve as such
objects. By juxtaposing the criteria, every criterion is assigned a priority. Based on this
prioritization, a weighting factor is determined for all criteria, representing the importance
of the individual criterion. Two tasks set up the approach: comparing all combinations
with respect to each criterion and computing the weights of the attributes [15].

According to Formula (1), this weighting factor for each criterion C corresponds to the
relative weighting ¢, (C), which is defined as the ratio of absolute weighting G, (C) to the
sum of weighting factors for N criteria.

Gn(C)
N
¥ Gu(C)

n=1

8n(C) = )

Figure 3 shows an example of a tabular pairwise comparison. First, all criteria, 1... N,
are listed in both vertical and horizontal directions. This is followed by comparing vertical
elements with horizontal objects and assigning a scalar between 0 and 2. For this value,
0 means less important, 2 means more important, and 1 represents equal importance.

to —

COTEEE] Criterion 1 Criterion 2 Criterion 3 Criterion N Sum ‘Weighting
Criterion 1 2 0 Cto Cy 2 0.33
Criterion 2 1 C,to Cy 1 0.17
Criterion 3 1 C;to Cy 3 0.50
Criterion N Cyto C, Cyto C, Cyto C; Y.Cy= GpC) FN (o)

Figure 3. Methodology of the pairwise comparison and weighting factor.

For example, Criterion 2 is less significant than Criterion 1, represented by the value
of 2, but just as important as Criterion 3, which is expressed by the value of 1. The sum of
these scalars gives the absolute weighting, G, (C), and the weighting factor, consequently,
represents the relative weighting, g, (C). The functionality of PWC is further explained and
visualized in [16].

This procedure enables the pairwise prioritization of criteria. By defining the im-
portance of objects among themselves, this comparison method is also well suited for
highlighting small differences. Subsequently, the weighting factor comes into play in the
weighted sum model.

4.2. Weighted Sum Model

The weighted sum model (WSM) is a proven method for utility analyses. The goal
is to compare multiple systems with respect to various criteria by evaluating individual
performance in that discipline. This assessment is represented by the rating value (RV).
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Moreover, each criterion can be weighted differently. Sticking with the weighting factors
mentioned above, Criterion 3 would have the greatest impact on the evaluation among
multiple systems.

Based on these weighting factors, a criterion evaluation factor (CEF) is calculated for
each system as well as each criterion according to Formula (2).

CEFsys(Cn) = gn(C) - RVsys(Ca) @)

Formula (3) sums the CEF value per criterion for each system, resulting in the system
evaluation factor (SEF).

N
SEFsys = ) CEFsys(Cy) (3)
n=1
This approach leads to an evaluation method that can be used, for example, to evaluate
differently designed drive systems. The evaluation is represented by a single scalar. Thereby,
the scale of rating values ranges from 0 (as the worst grade) to 10 (as the best grade). Figure 4
summarizes the methodical approach of the weighted sum model.

Reference System Sample System 1 Sample System 2 Sample System 3
Weighting RV CEF RV CEF RV CEF RV CEF
Criterion 1 0.33 5 1.65 RV, (C) | CEFg(C) | RVso(C) | CEFg,(C) | RVg3(C) | CEFg,35(Cy)
Criterion 2 0.17 5 0.85 RV,(Cy) | CEFgy(Cy) | RVs,5(Cy) | CEFg5(Cy) | RVg3(Cy) | CEFg,;3(Cy)
Criterion 3 0.50 S5 2.50 RV, (C3) | CEFg,(C3) | RVso(C3) | CEFg,(Cy) | RVi3(Cs) | CEF,5(Cs)
Criterion N anv(©) RVio(Cy) CEFps(Cy) | RVsy(Cy) | CEFg)(Cy) | RVgys(Cy) | CEF5,5(Cy) | RVi3(Cy) | CEFg,5(C)
System Evaluation Factor 5 SEFy,,; SEFg,,, SEFg,;

Figure 4. Methodology of the weighted sum model.

As shown, a reference drive system forms the basis for the evaluation of three sample
systems. The rating values of this reference drive system are all equal to 5 and, thus, define
the reference point. Consequently, the sum of all CEF values also results in a value of 5.
Depending on the chosen rating values for the sample systems, all CEF values (as well as
SEF values) can be calculated according to the above-mentioned formulas.

5. Results

In order to practically demonstrate the functionality of the presented methods of
PWC and WSM, this section deals with the comparison between three drive systems and a
reference drive system. First of all, all drive systems are introduced with regard to their
technical specifications. In order to reveal the results, two exemplary case studies with
different weightings are then considered.

5.1. Reference Drive and Sample Drive Systems

The reference drive system offers a good compromise among the criteria of efficiency,
performance, cost, volume, and weight. As mentioned, these criteria influence each other.
For example, efficiency and cost have an almost linear relationship, meaning that a gain
in efficiency is generally accompanied by an increase in costs. Likewise, an increase in
performance tends to lead to increases in costs, weight, and volume [17]. Amidst these
dependencies, the reference drive system is very well balanced, which is reflected by a
rating value of 5 for all criteria, according to Figure 5.
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Relative Delta - Rating Values
Reference  Low-Cost ngh_ LEAgie Reference  Low-Cost Hlfgh_ High-
System System Efficiency  Performance | AF —— Sy Efficiency  Performance
System. System System System
# |Weighted Cycle Efficiency —4% +7% —5% 3 9 3
_g Mean Cycle Consumption +3% ~7% +3% 1o 4 9 4
& [Mean System L osses +4% —8% +4% 3 9 3
M [Mean Efficiency —4% +7% —4% 3 9 3
& |Performance Load Spectra —19% —9% +42% 3 4 9
E |Drive Power -12% -3% +33% 4 5 8
; Drive Torque -16% —6% +34% 2 3 4 8
E Duration of Peak Performance —15% —4% +31% 4 5 8
A~ |Mean Performance -16% —6% +35% 3 4 9
P Material Costs —8% +6% +1% 9 2 5
& |Production Costs 6% +4% +0% 10 8 3 5
“ Mean Costs —7% +5% +1% 9 3 5
E Active Volume of Drive Unit -1% +9% —6% 5 3 7
%’ Installation Space with Periphery -1% +12% —6% 5 5 2 7
> |Mean Volume —1% +11% —6% 5 2 7
= |Weight of Drive Unit -6% +6% -3% 7 4 6
'%n Total Weight with Periphery —6% +9% —3% 5 7 3 6
F Mean Weight —6% +8% —3% 7 3 6

Figure 5. Derivation of rating values from relative deltas.

This table shows the evaluation criteria and their indicators, e.g., the expenses for
material and production as cost criteria. The chart also shows all relative deltas to the
reference drive system on the left-hand side, from which the rating values on the right-hand
side were derived.

For this derivation, empirically determined amplification factors (AFs) are used to
adjust the relative deltas to the rating value scale (0 to 10). These multipliers are necessary
because relative deltas of different rating criteria are not necessarily comparable. For ex-
ample, while an efficiency delta of 2% is relatively high, a performance delta of only 2% is
rather negligible. For this reason, the AF for efficiency (10) is five times greater than that for
performance (2). Ultimately, these amplification factors enable a comparative assessment
of the criteria.

It should also be noted that the sign of the relative deltas could have an opposite effect
on the rating value. For example, while the weighted cycle efficiency has a positive delta,
the mean cycle consumption is higher and is, therefore, represented by a negative delta.

The resulting rating values are visualized in Figure 6, where all drive systems are
compared with each other based on their already-known rating values.

This radar chart shows the comparison between all four drive systems and, thus,
highlights the different emphases of the three sample drive systems. Each one has a
specific purpose, which was consistently pursued during development. As the name
suggests, the low-cost system is primarily aimed at low system costs, with both efficiency
and performance dropping significantly compared to the reference drive system. This is
represented by an RV (Cst) value of 9, while both RV(Eff) and RV (Per) are equal to 3.
On the other hand, the active volumes of both drive systems are comparable, so RV (Vol) is
5 as well, and, notably, the weight is even slightly better than the reference drive system,
with an RV (Wgt) of 7, making the low-cost system only slightly inferior overall.

In contrast, the high-efficiency system achieves significantly higher overall efficiency
with an RV (Eff) of 9, but falls short of the reference drive system in all other disciplines.
Since high efficiency tends to correlate with high volume, costs, and weight, these criteria
are usually inversely related, which is why the ratings are so low with an RV (Vol) at 2 and
RV(Cst) and RV (Wgt) at 3 each. This is due to the strong anti-proportional dependence of
the size and cost on efficiency [18]. Ultimately, the RV (Per) is set to 4 but there is no clear
correlation between performance and efficiency.
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Efficiency
o)
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Weight Performance
o

Volume Costs
o—Reference o Low-Cost
o-High-Efficiency =o-High-Performance

Figure 6. Comparison between the reference drive and sample drive systems in a radar chart.

Finally, the high-performance system is basically the opposite of the high-efficiency
system. In particular, in the case of high performance with an RV (Per) of 9, efficiency
drops significantly to an RV (Eff) of 3, which is why high efficiency and high performance
together are two opposing targets [19]. Compared to the high-efficiency system, the focus
here is on increasing performance at the expense of a reduction in efficiency. This shift
in focus makes the costs with an RV (Cst) of 5 comparable to those of the reference drive
system. Due to the compact design of this high-performance module, gains in volume and
weight can be achieved, resulting in an RV (Vol) of 7 and RV (Wgt) of 6.

As the method of this holistic assessment is intended to apply to conventional, electri-
cal, and hybrid drive systems, these three drive systems serve as demonstration examples.
Therefore, no further details (such as technical specifications) are provided.

5.2. Holistic Assessment

In the context of a holistic system evaluation, individual objectives play a decisive
role. Therefore, the following assessment consists of two case studies (CSs) with different
focal points. While the first exemplary case study focuses on efficiency as the main target,
the second exemplary case study is aimed at costs.

5.2.1. Case Study 1—Focus on Efficiency

Based on the methodology of the PWC shown above, Figure 7 illustrates the weightings
for CS1. As focused, efficiency is the main objective, which is represented by a weighting
factor of 40%. Regardless of the targeted design of individual drives, efficiency is set as the
main focus for all, followed by cost and performance. As [20] shows, efficiency is directly
related to all evaluation criteria. As already mentioned, an increase in efficiency correlates
with increasing costs and influences performance, which is why any gain in efficiency
must always be evaluated, taking into account its cost and performance impact. For this
reason, each of the two indicators is weighted relatively high at 20%. Both volume and
weight are influenced by the efficiency of the drive, but with a lower priority, and, therefore,
are weighted at 10%, respectively. These weighting factors ultimately express the clear
gradation and prioritization of the criteria.
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to — . z .y
cormae ] Efficiency | Performance Costs Volume Weight Sum Weighting
Efficiency 2 2 2 2 8 40 %
Performance 0 1 1 2 4 20 %
Costs 0 1 2 1 4 20 %
Volume 0 1 0 1 2 10 %
Weight 0 0 1 1 2 10 %
Figure 7. Pairwise comparison and derivation of the weighting factors according to CS1.

These derived weighting factors are now applied to the system evaluation in Figure 8
using the weighted sum model. While the weighting of the rating values in the case of the
reference drive system leads to an overall SEF value of 5.0, the system evaluation of the
sample drive system results in SEF values.

Reference Low-Cost High-Efficiency High-Performance
System System System System
Weighting RV CEF RV CEF RV CEF RV CEF
Efficiency 0.4 5 2.0 3 1.2 9 3.6 3 112
Performance 0.2 S 1.0 3 0.6 4 0.8 9 1.8
Costs 0.2 S 1.0 9 1.8 3 0.6 5 1.0
Volume 0.1 3 0.5 S 0.5 2 0.2 7 0.7
Weight 0.1 S 0.5 7 0.7 3 0.3 6 0.6
System Evaluation Factor 5.0 4.8 5.5 5.3
Figure 8. Weighted sum model according to CS1.

As the table shows, the main focus on efficiency makes it clear that the high-efficiency
system with a SEF value of 5.5 is to be preferred. At 5.3, the high-performance system also
produces a higher SEF value than the reference drive system. Only the low-cost system is
worse, with an SEF value of 4.8.

5.2.2. Case Study 2—Focus on Costs

The procedure for CS2 is basically analogous to the approach for CS1. In line with the
focus on costs, the weighting has been selected accordingly. As costs are now weighted
with a value of 40%, efficiency is weighted with 30% as the second most important criterion.
The remaining criteria are determined according to the weighting factors shown in Figure 9.

to— : : s pole

o Efficiency | Performance Costs Volume Weight Sum Weighting
Efficiency 2 0 2 2 6 30 %
Performance 0 0 1 2 3 15 %
Costs 2 2 2 2 8 40 %
Volume 0 1 0 1 2 10 %
Weight 0 0 0 1 1 5%

Figure 9. Pairwise comparison and derivation of the weighting factors according to CS2.
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In contrast to CS1, this second case study clearly demonstrates the difference caused
by an alternative weighting of the criteria. While the SEF value of the reference drive
system remains unchanged at 5.0, the SEF values of the sample drive systems differ from
the previous ones, as shown in Figure 10.

Reference Low-Cost High-Efficiency High-Performance
System System System System
Weighting RV CEF RV CEF RV CEF RV CEF
Efficiency 0.3 5 1.5 3 0.9 9 2], 8 0.9
Performance 0.15 S 0.75 3 0.45 4 0.6 1735
Costs 0.4 S 2.0 9 3.6 3 152 2.0
Volume 0.1 5 0.5 S 0.5 2 0.2 7 0.7
Weight 0.05 5 0.25 7 0.35 2 0.15 6 0.3
System Evaluation Factor 5.0 5.8 4.85 525

Figure 10. Weighted sum model according to CS2.

By prioritizing costs, the SEF value of the low-cost system is unsurprisingly the highest
at 5.8. The SEF value of the high-efficiency system, on the other hand, drops significantly to
just 4.85. Interestingly, the high-performance system remains more or less the same at 5.25.

6. Discussion

To determine whether a benefit, such as an increase in efficiency, outweighs its cost,
a cost-benefit analysis (CBA) is a common method for making decisions. Additional
benefits often correlate with an increase in costs, so the purpose of this evaluation method
is to quantify and weigh the benefits against the costs using a cost-benefit ratio. The goal is
to assess the economic efficiency and determine whether it is worth the investment [21].

Benefits and costs also correlate in the case of drive systems, as an increase in energy
efficiency is accompanied by an increase in system costs. Using the example of CS1,
according to which efficiency is weighted most heavily (see Figure 8), the sample systems
are evaluated with a cost-efficiency analysis. The diagram in Figure 11 shows the rating
scales of efficiencv over cost and marks the drive svstems mentioned.
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g 5 Q<
g 4 o
3 O \fk\
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0
0 1 2 3 4 S 6 7 8 9 10
Costs

@ Reference O Low-Cost @ High-Efficiency ® High-Performance

Figure 11. Cost-efficiency analysis and evaluation of the sample systems.
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Since the efficiency weighting g(Eff) of 40% is twice as high as the cost weighting
g(Cst) of 20%, the ratio between these weightings is 2:1. In terms of cost and efficiency, this
ratio allows systems to be considered equivalent, where, for example, a cost advantage
and an associated efficiency disadvantage balance each other out. Based on this ratio,
the system cost rating value, RV (Cst), must be two points better to compensate for one
point lower efficiency. This dependency is expressed by the equation in Formula (4) and is
represented by the dashed straight line in Figure 11.

g(Cst)
f(RV(Cst)) =75 2(EF) RV (Cst) 4)
As shown, the low-cost system lies on the dashed line, which means that the cost-
efficiency ratio is equal to that of the reference drive system. The lower efficiency is
compensated by lower system costs, so the ratio remains the same. The high-efficiency
system, on the other hand, exceeds this ratio and performs better than the reference. This
can be interpreted to mean that the higher system costs are justifiable relative to the
efficiency gain. In addition, the increase in efficiency for this system may allow for a
reduction in battery size or capacity, which in turn reduces the cost and weight. In contrast,
the high-performance system has a worse ratio due to the lower efficiency at the same
costs. The focus on performance brings unfavorable conditions with regard to the cost-
efficiency ratio.

7. Conclusions and Extension

The methods presented in this work serve as a framework for the evaluation of
drive systems regarding various criteria. Thereby, the selection and weighting of these
criteria are adjustable and can be adapted depending on the priorities in the development.
The functionality of the methods is explained using the example of the three sample
systems presented. Despite completely different emphases, these systems are brought
to a comparable basis and compared under the same aspects. The exemplarily chosen
weightings remain constant. As a result, the respective focal points of the three drive
systems are reflected in the system evaluation factors, demonstrating and validating the
applicability of the methodology.

The rating values are currently determined by the user and are, therefore, liable to
subjective assessment. Through enhancements to the method, the determination of rating
values will be automated by using concrete examination results as a basis. For example,
a simulation-based objectification of the system efficiency and performance is carried out,
as well as a breakdown of the costs, weight, and volume of the drive components.

A system evaluation based on a tabular utility analysis requires a certain level of
complexity and a good imagination. Alternatively, a system evaluation based on the
surface area of the individual pentagonal mesh shapes could serve as a better illustration.
The larger the surface area, the better the overall system. However, this would not take
into account the different weighting factors. For example, the area of the high-performance
system is greater than that of the high-efficiency system despite a poorer SEF value. This
challenge could be countered by a three-dimensional (3D) radar chart, where the height
of each corner corresponds to the weighting factor of the criterion. In this case, the mesh
would be in 3D space, with the individual pentagons placed on this plane. The area as an
indicator would then become the volume.
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Abbreviations

The following abbreviations are used in this manuscript:

AF amplification factor

C criterion

cs case study

Cst cost

CBA cost-benefit analysis

CEF criterion evaluation factor
Eff efficiency

MCDM  multi-criteria decision-making
NVH noise vibration harshness
Per performance

PWC pairwise comparison

RV rating value

SEF system evaluation factor
Sys system

Vol volume

Wet weight
WSM weighted sum model
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Abstract: The automotive industry faces development challenges due to emerging technologies,
regulatory demands, societal trends, and evolving customer mobility needs. These factors contribute
to a wide range of vehicle variants and increasingly complex powertrains. The layout of a vehicle is
usually based on standardized driving cycles such as WLTC, gradeability, acceleration test cases, and
many more. In real-world driving cycles, however, this can lead to limitations under certain boundary
conditions. To ensure that all customer requirements are met, vehicle testing is conducted under
extreme environmental conditions, e.g., in Sweden or Spain. One way to reduce the development
time while ensuring high product quality and cost-effectiveness is to use model-based methods
for the comprehensive design of powertrains. This study presents a layout methodology using a
top-down approach. Initially, powertrain-relevant requirements for an exemplary target customer are
translated into a specification sheet with specific test cases. An overall vehicle model with detailed
thermal sub-models is developed to evaluate the different requirements. A baseline design for a
C-segment plug-in hybrid vehicle was developed as part of the FVV research project HYFLEX-ICE
using standardized test cases, highlighting the influence of customer profiles on the design outcome
through varying weighting factors. The target customer’s design is analyzed in four real driving
scenarios, considering variations in parameters such as the ambient temperature, traffic, driver type,
trailer pulling, and battery state-of-charge, to assess their influence on the target variables. In the
next step, the potential of hardware technologies and predictive driving functions is examined in
selected driving scenarios based on the identified constraints of the baseline design. As a result, four
application-specific technology packages (Cost neutral, Cold country, Hot country, and Premium)
for different customer requirements and sales markets are defined, which, finally, demonstrates the
applicability of the holistic methodology.

Keywords: mobile propulsion systems; model-based system design; RDE; emissions; thermal
management; PHEV; technology package; predictive controls

1. Introduction

The development challenges in the automotive industry are constantly increasing due
to the large number of vehicle variants, the growing complexity of powertrains, and future
regulatory requirements [1,2]. In addition, there is a growing demand for vehicles that
do not have a negative impact on the environment over their entire life cycle. To further
reduce development times while maintaining high product quality and cost-effectiveness,
the use of new model-based methods in early development phases is necessary [3-6].

For organizational reasons, the optimization of the derived target variables is usually
carried out in isolation between individual disciplines, so that possible interactions cannot
be considered holistically [3]. The state of the art in powertrain design is described below.
In [7], both an operating strategy and a component design of various hybrid drives in
the NEDC were carried out using a statistical design of experiments (DoE). Based on this,
the approach was extended in [8] to include more realistic driving cycles, taking into
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account driving performance requirements. In [9], the pollutant emissions, under the Euro
6 RDE boundary conditions, are also considered. Different optimization algorithms for the
energy management of hybrid vehicles are discussed in [10-13], with a focus on energy
consumption. DANZER and TEUSCHL also evaluate the differential costs of designing
different powertrains compared to a reference vehicle [14,15]. In addition, [14] evaluates
other customer requirements such as the acoustic driving comfort based on the noise in the
engine compartment. The driving scenarios in which this evaluation was performed are
not explained in detail. A rudimentary approach to evaluating noise-vibration-harshness
(NVH) is used in [16], and is based on the number of engine starts and gear changes.
For the optimal concept design of electrified powertrains, WEISS considers the driving
performance, consumption, and economy as target variables while taking into account
different boundary conditions, such as a minimum electric range or the reproducibility of
acceleration in different driving cycles [17].

Temperatures are often considered only for single components (e.g., in [9,18] for
the exhaust system or in [19] for the vehicle interior) or as simplified model (e.g., as a
thermal network of combustion engine, transmission, and electric motor in [8,17] or as
a time-dependent control function of the electric motor in [20]). Cooling systems have
been designed with the help of simulations for decades. However, the focus was initially
only on the dimensioning of the water pump and the radiator [21,22]. EILEMANN shows
that a holistically designed thermal management system can contribute to the reduction of
CO; emissions [23]. Therefore, several publications deal with the investigation of thermal
management technologies such as electric water pumps or control valves [24-29]. They
are limited to conventional combustion engine drives. However, according to [19,30-32],
the thermal management requirements for electrified powertrains are higher due to the
different temperature levels and vehicle operating modes.

In [19,31], a simulation approach is used that can consider system relationships be-
tween multiple target variables. Genender et al., investigate the influence of different
heating measures on the thermal comfort in hybrid and electric vehicles [19]. Shutty et al.,
show the results of different case studies on the influence of temperatures on component
losses, the thermal safety of electric motors, and the thermal coupling between a battery
and the vehicle interior [31]. BESTE limits her study to the high-voltage system [30].

From the state of the art, it can be deduced that, although the hybrid vehicle system
design is continuously considered with an increasing number of different target variables,
this has not yet been done completely or with a sufficient level of detail and consideration
of interactions. As a result, unexpected deviations from defined specification targets can
occur, especially in real driving scenarios of full vehicle tests, requiring repeated vehicle
tests or mechanical adjustments. This can lead to an increase in development costs and a
delay in the start of production [33]. This means, in detail, that it is necessary to take into
account the interactions within powertrain systems and all their components at the earliest
possible stage of development, including their mechanical as well as thermal boundary
conditions. Consequently, the full potential for the targeted product over the whole field
of application and range of use can be utilized. However, the early development stages
have recently been characterized by CO, emission optimization with simplified approaches
and a focus on basic driving cycles such as the Worldwide harmonized Light vehicles Test
Procedure (WLTP).

Against this background, we developed a holistic methodical approach in the FVV
project HyFlex-ICE for the holistic designing and optimization of vehicles and power-
trains [34]. This methodology was developed using an exemplary hybrid powertrain (com-
bined hybrid) but is generally applicable and transferable to other transport applications.
As a baseline for our in-depth investigation, an optimal propulsion system configuration
and operating strategy was developed for this reference vehicle.

Building on that, this research investigates the impact of real-world driving scenarios
on the optimal operation of a plug-in hybrid electric vehicle (PHEV) by addressing the
following questions:
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Which real-world driving scenarios can limit the optimal operation of a PHEV in terms
of CO,, NVH, drivability, and pollutant emissions?

1. What is the impact of predictive controls on the powertrain limitations?

2. What is the impact of hardware technologies and rule-based control adaptations on
the powertrain limitations?

3. By addressing these questions, this work aims to contribute to the development of
future vehicles with optimized performance across real-world driving conditions.

2. Vehicle Requirements Management and Optimal Hybrid Powertrain System Design

For the identification of suitable technical solutions which enable the best imple-
mentation of operating modes, all boundary conditions and limitations regarding system
operation must be considered. To address this objective, a systems-engineering framework
was formulated and devised within the context of the Vehicle Requirements Management
guidelines, ensuring that the relevant interests of all stakeholders are being taken into
account.

Starting from a generic or specific product idea, such as a vehicle, a top-down approach
as outlined in [35,36] is employed to gather all stakeholder requirements in an abstract and
solution-neutral manner. These requirements are subsequently decomposed for subsys-
tems, gradually transitioning into more specific technical descriptions [35,37]. Utilizing
stakeholder- or customer-specific weighting factors, target values and constraints are as-
signed to the neutral attributes and, finally, merged into a comprehensive requirements
catalogue [35,36].

For this research, corresponding features (functional requirements) and targets (non-
functional requirements) are determined for all aspects of the vehicle and filtered with
respect to powertrain-related requirements. On the basis of a pre-study analyzing power-
train limitations, the electrification level was defined as plug-in hybrid (PHEV), cf. [34,36].
In alignment with current market trends, the propulsion system was integrated into a
c-segment sports utility vehicle (SUV), cf. [34,36].

This methodology offers flexibility in its initiation point and applicability across
various propulsion systems and means of transportation, rendering it generic, scalable,
and universally applicable. Furthermore, it extends to encompass multi-market, multi-
derivative, and multi-platform strategies, thereby increasing its complexity with expanded
steps [36].

2.1. Pre-Dimensioning and Modeling of Vehicle and Operating Strategy

A preliminary powertrain design was established based on a comprehensive require-
ments catalog. This catalog prioritized vehicle performance and efficiency, while incorpo-
rating weighting factors specific to the target customer segment. To achieve this balance, a
multi-objective optimization approach was implemented. This approach considered not
only efficiency targets but also their trade-off with the system cost and customer-desired
NVH characteristics.

To reduce the design space for subsequent statistical design of experiments (DoE)
optimization, an analytical pre-dimensioning and conceptual design methodology was de-
veloped. This methodology employs a combined backward-forward simulation approach,
utilizing analytical vehicle resistance equations and simplified component characteristics.
The primary objective is to estimate the minimum, maximum, and overall orders of magni-
tude of the system components. This approach aligns with the principles of model-based
systems engineering, as described in [38,39]. For pre-dimensioning, a dedicated standalone
MATLAB application was developed, aiming for fast initial propulsion system integration.
This application uses an analytical, iterative process to estimate component properties for a
range of different propulsion system configurations, enabling the identification of effects of
parameter variations on critical scenarios and component properties [34]. These results are
subsequently used as the preliminary base design.
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The analytical sizing and conceptual design process is illustrated schematically in
Figure 1. It demonstrates the integration of requirements management with the analytical
sizing of component dimensions. Unlike the approach presented in [40], our methodology
enables the preliminary design of various powertrain types and configurations tailored
to specific customer requirements. The technical details of the algorithms in the back-
ground and the extended application possibilities will be discussed in detail in a follow-up
publication.
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Figure 1. Pre-dimensioning tool for analytical propulsion system conceptualization and model-based
vehicle requirements management.

While the sizing of the components in hybrid propulsion systems is primarily defined
by performance criteria, a comprehensive design approach must consider the intricate in-
teractions between the operating strategy and system layout. These interactions encompass
the delicate balance between the performance, efficiency, emissions, and NVH. Additionally,
thermal system limitations and interactions between mechanical, thermal, and electrical
boundary conditions must be carefully addressed. For this purpose, a physical-empirical
simulation model based on a closed-loop forward simulation approach is used for the
system optimization of the propulsion concepts with respect to the various target variables
of the requirements catalog. This vehicle model and this operating strategy model are
based on SEIBEL [7], BALAZS [8], and BOHMER [9]. In the HyFlex-ICE [34,36] and ZITE [41]
research projects, this model was further developed, especially regarding thermal, emis-
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sion, and NVH modeling. The corresponding schematic illustration of the overall model is
shown in Figure 2.
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Figure 2. Schematic illustration of the closed-loop forward simulation model for a combined hybrid
electric vehicle with no transmission.

The integrated system simulation considers all powertrain components on the basis of
data from benchmark validated models. Furthermore, different levels of complexity and de-
tail of the subsystems can be selected depending on the specific development phase [34,36].
For the optimal base layout, simplified thermal and emission models were used to reduce
the simulation time. Optimization of the powertrain involves scaling methods for all com-
ponents, cf. [7,8]. Additionally, the heuristic operating strategy incorporates a parameter set
for managing driving mode changes and battery recharging, and was developed by [42,43].

2.2. Optimized Combined Plug-In Hybrid Powertrain Design

Based on the defined catalog of requirements, the system components were designed
and optimized with the help of the simulation models presented herein, considering the
vehicle characteristics. For this purpose, extensive simulation studies were performed to
verify that all requirements were at least met. Utilizing the described modeling approach,
combining high accuracy with a low computational demand, multi-objective optimization
via the DoE is conducted [44,45]. The left side of Figure 3 shows the schematic structure
of the powertrain. The different colors represent the mechanical, electrical, and chemical
energy flows. The modeling approaches used for the baseline design and the investigation
of real driving scenarios are shown on the right side with the check mark. For the electrical
components, the base design uses a time-dependent function for thermal derating to
achieve realistic results in the performance test cases. Simplified thermal networks were
also used for the combustion engine and high-voltage battery to provide temperatures as
input variables for other sub-functions. The catalyst was not included in the base design as
the concept had already been validated with a similar vehicle class in the WLTC [18]. In
the real driving scenarios, detailed thermal models were used for all components, as the
thermal effects increase significantly compared to the standardized tests.
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Figure 3. Schematic powertrain architecture of the combined PHEV and thermal simulation approach
for the baseline design and the real-driving scenarios.

For the DoE approach, a test plan of variable hardware and operating strategy parame-
ters is generated within xCAL [45,46]. This includes a flexible combination of all parameters
to quantify the effects of parameter changes and can be optimized by the results of the
analytical pre-dimensioning approach. Subsequently, leveraging longitudinal dynamic
simulation outcomes, a regression model is trained in XCAL utilizing a Gaussian process
model [45,46].

The optimization process considers all requirements, such as performance, CO; emis-
sions, NVH, and costs, weighted in accordance with the target customer preferences. The
state of charge (SOC) balance of the battery is a secondary condition for optimization.
Finally, the mathematical optimization is validated using optimal parameter sets within
the simulation model [34,36].

Table 1 briefly summarizes the resulting optimal base layout of the propulsion sys-
tem. The main hardware design is primarily defined by the performance maneuvers. The
detailed multidimensional, polynomial model and specifics regarding these critical ma-
neuvers are elaborated in [34,36]. As a result, the hardware sizes and operating strategy
parameters provide the best compromise with regard to a CO;- and cost-optimal powertrain
layout. This configuration leads to the following optimal baseline results: the WLTC charge
sustaining CO, emissions of mpyse witc,cs = 109.1 gCO,/km, NVH-masking noise ex-
ceedance of Np,se wirc = 0.028 mJ/ m?, and delta costs compared to a reference powertrain
of Cpage = 1074€, cf. [34].

In general, it is essential to consider that the specific component characteristics are
heavily influenced by the detailed maneuver definition. Therefore, a particularly high
priority must be given to the definition process for these test cases.

These defined and optimized propulsion system characteristics, including the rule-
based operating strategy, serve as a basis for the following in-depth analysis to identify
possible limitations and violations of all of the defined requirements in Real-World Driving
Scenarios. Based on this, both the optimization of the operating strategy, as well as hardware
adaptions, and the implementation of technology packages is carried out.
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Vehicle driving noise / dB(A)

Table 1. Vehicle and propulsion system characteristic for the optimized C-segment SUV PHEV
(combined hybrid).

Parameter Value Unit
Vehicle, %/[ass fficient (l)% t2
C-Segment SUV rag coefficien . m
Rolling resistance 8.1 kg/t
ICE, Displacement 14 L
3-Cyl. DITC Rated power 105 kW
Generator (EM2), Max. power 115 kW
PMSM Torque-to-Power ratio 2.0 Nm/kW
E-Motor (EM2), Max. power 246 kW
PMSM Torque-to-Power ratio 3.8 Nm/kW
Battery Energy (NMC cell) 14.7 kWh
Final Drive Gear ratio 3.7 1

2.3. Advanced Modeling Approach

In general, many propulsion system limitations are caused by emission limitations,
thermal boundaries, and environmental conditions. For this reason, a detailed and ad-
vanced modeling approach for the NVH, determined mainly by the thermal and emission
system, is introduced in the following to consider this in the early development stage.
All relevant aspects were brought together and integrated into a uniform and holistic
simulation toolchain, cf. [36].

2.3.1. NVH Modeling Approach

The acoustic passenger comfort is assessed using a map-based approach that can
be used in the early concept phase. The masking noise generated by rolling and aerody-
namic drag is compared with the ICE noise, including airborne and structure-borne noise
emissions at the position of the driver’s headrest. To determine a target value, a scatter
band for the masking noise including a transfer function to the described position from
the TME database and from the FVV project “Noise in the vehicle interior with electrified
drives” [47,48] is used (see the left diagram in Figure 4).

Example: vy, = 60 km/h, nicg = 3750 (1/min), Xcg0aq = 50%

85 ' T T T
| Limit of ICE interior noise dependent 100 ICE interior noise / dB(A)
75 on NVH customer preferences 1
l X 75 :
65 _g /\ Lice = 68 dB(A 71 2
T 50 69
55 o | m 65
S
454 25__\49.52_57
- SRR
44
35— . , . , 0 : S S E—
0 20 40 60 80 100 120 1000 2000 3000 4000 5000 6000
Vehicle Speed / (km/h) Speed / (1/min)

Figure 4. Overview of the rolling and wind noise as a function of the vehicle speed (left) and the ICE
interior noise as a function of the engine operating point (right).

Depending on the customer weighting of the NVH criterion, a corresponding curve
can be inserted into this scatter band (cf. red line on the left side of Figure 4). The interior
noise of an exemplary ICE is shown in the right diagram in Figure 4. In the example
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shown in the figure (see orange lines in Figure 4), a rolling and wind interior noise of
Ly, = 65 dB(A) is generated at vye, = 60 km/h. At the ICE operating point nicg = 3750
1/min and xicg 1, = 50%, the interior noise is Licg = 68 dB(A). In a single timestep, the excess
masking noise ALy can therefore be calculated according to Equation (1).

ALy = Ly, — Lice €]

This approach is extended to obtain a characteristic evaluation measure for the noise
emissions over the entire driving cycle. For this purpose, the logarithmic sound intensity
levels Ly, and Licg, with the reference sound intensity Iy = 10712 W/m?, are first converted
into intensities according to Equation (2).

[ = Ip-101 @)

From this, the integral of the deviation between Iy, and Ijcg is calculated according to
Equation (3), if (I, — Iice) > 0. The ratio Nygy,.jcp in ]/ m? considers both the duration and
the intensity of the masking noise overshoot.

tTrip
Nyen—IcE = /(IVeh — Ijcp)dt 3

to

2.3.2. Thermal Modeling Approach

Limitations of propulsion systems can be caused by thermal constraints of the ICE, by
the emission system, or by electrical components such as the HVB or EM. In addition, the
interaction with the cabin climatization and passenger comfort must also be considered.
Therefore, detailed thermal subsystems and determining their interactions are necessary for
holistic powertrain and control strategy development [32,49,50]. Consequently, the vehicle
model is coupled with advanced thermal management submodules based on a 1D-3D
approach considering the powertrain’s components and its respective cooling systems.
A physical-empirical calculation approach is used for the heat transfer calculations of
the component structure, coolant, oil, and air. In addition, an FVV research project has
investigated thermal cabin comfort based on the predicted mean vote (PMV) [34,51,52].

Compared to conventional powertrains, hybrid vehicles have additional low-temperature
circuits due to the different optimum temperature levels of the electrical components. Lower-
ing the fluid temperature while maintaining the same heat flow results in a lower component
temperature. The schematic structure of the thermal management system is shown in Figure 5.
The colors symbolize the different temperature levels of the high temperature circuit (HTC),
low temperature circuits I and II (LTC), and the cooling circuit (RC). All cooling circuits have
electric water pumps (see HTC, LTC I, and II) or an electric compressor (see RC) to regulate
the heat flows on demand.

A variety of cooling approaches and media are available for the thermal management
of individual components. Indirect cooling by means of a water jacket has proven successful
for ICE as well as for electric powertrain components [53]. Therefore, water jacket cooling
is used for the ICE, inverter, high-voltage battery (HVB), and electric motor (EM) in the
baseline simulations. However, the trend towards more compact electric powertrain
components with high power densities requires increasingly efficient cooling methods and
higher cooling capacities. Direct cooling approaches are investigated in the technology
assessment (see Section 5).
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Figure 5. Schematic layout of the different cooling circuits in a hybrid electric vehicle.

2.3.3. Emissions Modeling Approach

The emission modeling approach is based on [54] and has been continuously devel-
oped in the literature [9,41,55,56]. The raw emissions model includes stationary engine
maps and empirical-physical correction functions for transient operating conditions. The
thermal behaviors of the exhaust gas and the catalyst are represented by advanced thermal
networks which allow the simulation of the local structure and gas temperatures. Based
on that, the conversion efficiency of the catalyst can be calculated. Further corrections
regarding the air-fuel ratio and the oxygen storage capacity are considered. A detailed
description can be found in the above-mentioned publications.

Figure 6 shows the baseline setup of the exhaust aftertreatment system (EATS), which
is designed to comply with the existing EU6 emissions standard. The basis for this is the
ICE, which is operated by the Miller principle, with stochiometric operation (A = 1) in the
entire engine map. The EATS combines a close-coupled three-way catalyst and an uncoated
underfloor gasoline particulate filter (GPF) of the first generation. In the new condition,
the GPF has an average filtration efficiency of ngpr = 70%, which is considered as the
worst-case condition.

TCDI-Miller-ICE, 3-Cylinder
A =1 in entire engine map

Close-coupled Underfloor

1.3 | Three-Way-Catalyst Uncoated Particulate Filter
(Loading prycpm = 4.238 kg/m®)  (Ngpr = 70 % in new condition)

Figure 6. Setup of EU6 base exhaust aftertreatment system used for the simulation study.
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3. Results of the Most Challenging Real-World Driving Scenarios

The precise definition of the individual test cycles has a major influence on the devel-
opment of a hybrid vehicle. In addition to the standardized test procedures, it is necessary
to investigate real driving conditions, such as those in cold or hot countries. The selected
scenarios cover a wide range of different requirements and, by using the tool chain, cor-
respond to real route and gradient profiles as well as realistic speed profiles [34]. The
following driving cycles are examined in this work:

Urban driving cycle (UDC) at low and high ambient temperatures [57];
Cross-country driving cycle (CCDC) at low and high ambient temperatures [57];
German highway driving cycle (GHDC) at moderate ambient temperatures [57];
Mountain driving cycle (MDC) at moderate ambient temperatures [57].

Since the first three driving cycles occur frequently in everyday life, they are particu-
larly relevant to the design. Mountain driving, such as on the Grofiglockner High Alpine
Pass [58], is rather rare but still important for the powertrain component layout. In addition
to the climatic boundary conditions, such as the temperature, there are also other variation
parameters such as the number of occupants, the traffic situation, the trailer load, and
the battery charge level at the start of the trip. The weight of an additional passenger
corresponds to the average weight (mpassenger = 76 kg) of the population in Germany [59].
This results in the test matrix in Table 2, which was simulated using the simulation model
from Section 2. The vehicle control strategy is based on the target customer design for the
WLTC. To identify the limitations, a statistical analysis is performed in Section 3.1.

Table 2. Vehicle and propulsion system characteristics for the optimized C-segment SUV PHEV
(combined hybrid). (UDC: urban driving cycle, CCDC: cross-country driving cycle, GHDC: German
highway driving cycle, MDC: mountain driving cycle).

Parameter UDC CCDC GHDC MDC
Ambient —-10°C —-10°C . .
temperature 40°C 40°C 0°C 0°C
17% 17% 17% 17%
State-of-charge 50% 50% 50% 50%
95% 95% 95% 95%
. 76 kg 76 kg 76 kg 76 kg
Vehicle payload 349 kg 349 kg 349 kg 349 kg
Trailer 750 kg 750 kg 750 kg 750 kg
No traffic No traffic No traffic No traffic
Traffic Low traffic Low traffic Low traffic Low traffic
High traffic High traffic High traffic High traffic
Driver tvpe Defensive Defensive Defensive Defensive
P Dynamic Dynamic Dynamic Dynamic

3.1. Simulation Results of Real-World Driving Scenarios
3.1.1. Statistical Evaluation of Component Temperatures

In the following, the simulation results of the real driving scenarios are statistically
evaluated and presented in box plots. First, the temperatures of the individual components
are analyzed to identify the thermal influence on the drivetrain. Figure 7 shows the
maximum temperatures of the HVB and the EM in the respective driving cycles. The power
electronics do not exceed the maximum allowable temperature in any scenario and are not
considered in the following analysis. In general, it should be noted that the median and
the 25% or 75% quartile can be identical. This is especially true when driving in the pure
electric operating mode.
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Figure 7. Statistical evaluation of the maximum temperatures occurring in the battery cells, the
EM windings, and the EM magnets (UDC: urban driving cycle, CCDC: cross-country driving cycle,
GHDC: German highway driving cycle, MDC: mountain driving cycle).

The cells of the HVB as well as the windings and magnets of the EM only heat up
slightly in the UDC at T,y = —10 °C due to the reduced power availability [60,61] and the
low vehicle power demand in the urban driving cycle. This means that all components
remain within the permissible temperature range even at T,;, = 40 °C. In the CCDC,
GHDC, and MDC, the HVB reaches higher temperatures due to self-heating by cell ohmic
losses [62]. Demanding driving scenarios with a sporty driving style lead to a thermal
derating of the HVB so that the maximum cell temperature of Tryp cell,max = 60 °C is not
exceeded. Similarly, the maximum power of EM1 and EM2 is also limited by reaching
critical temperature ranges. The magnet temperatures of EM1 have a wider range because,
in the serial mode, different power outputs are required depending on the state-of-charge
and the HVB temperature. At high EM speeds, the iron losses increase, resulting in higher
magnet temperatures for EM1 than for EM2. As the EM2 can use the electrical energy of
the battery and the generator (EM1) in the serial operating mode, the highest temperatures
occur at the winding heads of EM2.

3.1.2. Statistical Evaluation of the Operating Modes

The resulting influences on the operating strategy are shown in Figure 8 based on the
driving shares of the individual operating modes. In the UDC, due to the low vehicle speed,
the vehicle is only operated in the electric and serial modes to increase the overall efficiency
of the drive. The proportion of electric driving increases at higher ambient temperatures
due to the higher battery power. The same trend can also be observed in OBVs. As the
speed level on cross-country roads and highways increases, the proportion of driving in
the parallel operating mode increases.

Due to the thermal derating of the HVB or EM during sporty driving and high traffic
volumes in the CCDC at Ty, =40 °C, the ICE is used for boosting, so that the minimum
only changes slightly compared to Ty, = —10 °C. In the mountain driving cycle, the
driving performance requirements increase due to the additional gradient. For this reason,
the accelerations at low vehicle speeds are performed in the serial operating mode. Due
to recuperation during downhill driving, the median proportion of electric driving is still
over 50%. The effects of the large variance in component temperatures and driving modes
on the individual target variables are explained in the following section.
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Figure 8. Statistical evaluation of the time-based operating strategy driving shares (UDC: urban
driving cycle, CCDC: cross-country driving cycle, GHDC: German highway driving cycle, MDC:
mountain driving cycle).

3.1.3. Statistical Evaluation of CO, and ICE Noise Emissions

The distribution of CO, emissions on the left side of Figure 9 shows that the median for
trips at high ambient temperatures is below the fleet limit value and the baseline reference
due to the high proportion of electric trips (see Section 2: 109 gcop /km). However, up to
421 gcop/km are emitted on short trips in the UDC under demanding conditions, such as
driving with a trailer, a fully loaded vehicle, and a sporty driving style. At low ambient
temperatures, both the 25% quartile and the median are above the fleet limit. This is due
to the higher proportion of parallel and series operation and the higher losses of the ICE.
For the OBV, the median decreases at low ambient temperatures due to the longer driving
distance compared to the UDC. At high ambient temperatures, the CO, emissions are
below the limit. Nevertheless, there is an increase compared to the UDC due to the higher
performance requirements in the CCDC. In the CCDC, the engine speed is directly linked
to the wheel speed at high speeds in parallel operation, which can lead to a less favorable
operating point with higher engine friction and fuel consumption. In the MDC, the gradient
leads to an additional increased power demand compared to the other driving cycles, so
that the median is at a higher level.

Leceng MUDC,-10°C  MICCDC,-10°C GHDC, 0 °C
. WUDC 40°C  MCCDC, 40 °C M MDC, 0 °C
Fleet limit 95 gCO,/km Z «—
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Figure 9. Statistical evaluation of CO, and ICE noise emissions (UDC: urban driving cycle, CCDC:
cross-country driving cycle, GHDC: German highway driving cycle, MDC: mountain driving cycle).

Higher electric driving shares are also advantageous for low noise emissions (see
right side of Figure 9), as high ICE speeds can be avoided. In contrast, the overruns
are significantly higher at low ambient temperatures due to the low electrical battery
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power and the correspondingly decreased electrical driving share. In this case, the missing
electrical power is usually provided in the serial operating mode, so that the noise emissions
increase due to a high engine speed level at high driving performance requirements. Noise
emissions in the GHDC are rather low at high vehicle speeds due to the sufficient masking
noise, while in the MDC, high exceedances occur at lower vehicle speeds and higher power
requirements.

3.1.4. Statistical Evaluation of Pollutant and Particulate Emissions

Figure 10 shows the statistical evaluation of the pollutant and particulate tailpipe
emissions according to dgy7,clove = 16 km. It should be noted that the distance of the urban
driving cycle is only dypc = 7.5 km. This means that longer distances can also lead to
higher emissions. The emissions depend, among other things, on the combustion chamber
wall temperature [49] and the catalyst temperature [63].

WUDC, -10°C B CCDC, -10°C GHDC, 0 °C
- ---EU7 budget
BUDC 40°C  MCCDC40°C  WMDC,0°C
3500 5 720 mg 3000 5 480 mg 32 e 16x107
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Figure 10. Statistical evaluation of pollutant and particulate tailpipe emissions according to
dgu7,clove = 16 km. (UDC: urban driving cycle, CCDC: cross-country driving cycle, GHDC: German
highway driving cycle, MDC: mountain driving cycle).

To initially minimize raw emissions during the TWC heating process, an ICE operating
point with increased speed in the medium load range is suitable (cf. Section 5.1.1, Figure 11).
When the battery state-of-charge is low, the TWC is preheated at the beginning of the
driving cycle. If the driver has high performance requirements in heavy traffic with
repeated hard accelerations, the engine may start unexpectedly even if the HVB is fully
charged. This shifts the operating point to higher loads and possibly also to higher engine
speeds, resulting in emission breakthrough if the TWC is not fully heated. This effect is
reflected in the exceeding of the available emission budget in all driving cycles with cold
ambient temperatures, as the HVB cannot be used for boosting.

In addition, low starting temperatures and high-load operating points lead to sig-
nificantly higher particulate raw and tailpipe emissions. This is particularly evident in
the MDC due to the high driving power in the serial operating mode. In addition to
temperature, the filtration efficiency of the GPF MGpEnew = 70%) is crucial. Apart from the
scenarios at Ty, = 40 °C, the 25% quartile of the remaining driving cycles already exceeds
the available budget of PN = 1.6 x 102, Similar to the PN, the HC emissions also increase at
low starting temperatures [64]. In addition, the control of the air-fuel ratio during catalyst
heating has a major influence on the resulting raw emissions, so that scenario-specific
modifications offer potential for optimizing tailpipe emissions.

3.1.5. Selection of Challenging Driving Scenarios

Statistical evaluation allowed the identification of powertrain limitations in real driving
scenarios. The CCDC is suitable for demonstrating the optimization, as thermally relevant
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restrictions are caused by both poor heating behavior and the thermal derating of components
at high ambient temperatures. These are much less severe in the UDC due to the lower driving
performance requirements. The driving scenarios selected as examples are shown in Table 3.
At cold ambient temperatures, low state-of-charge scenarios with a high traffic volume and
dynamic driving behavior are particularly critical, as the ICE must provide the driving power
for the EM. For high ambient temperatures, the focus is on high HVB charging levels, as the
electric powertrain components are then subjected to high thermal loads.

Table 3. Overview of selected challenging real-world driving scenarios for further investigations in

Section 4.
Driving Scenario CO, SOC Duration NVH cot HC! NO, ! PN
8 g/km % s mJ/m? mg mg mg 1 x 102
Baseline WLTC/Legal limits 109/95 - - 0.028/- -/6400 -/720 -/480 -/1.60
Cold CCDC 12 298.5 155 2828 2.679 3140 1825 925 10.6
Cold CCDC 113 138.8 244 4161 0.368 6553 1872 730 1.72
Hot UDC T4 128.8 28.2 754 0.336 1789 108 179 2.30
Hot CCDC 15 54.8 34.8 2789 0.630 8494 1328 287 7.42

1 Evaluation after dEmiClove = 16 km. 2 Tambient = —10 °C, SOCipital = 17%, Mpayload = 76 kg, heavy traffic and
dynamic driver. ® Tympient = —10 °C, SOCipiral = 50%, Mpayload = 76 kg, heavy traffic and defensive driver.
4 Tambient = 40 °C, SOCjpitar = 50%, Mpayload = 826 kg, heavy traffic and dynamic driver. 5 Tymbient = 40 °C, SOCjpital
=95%, Mpayload = 349 kg, heavy traffic and dynamic driver.

Based on these elaborated limitations, with regard to several requirements in Real-
World Driving Scenarios, in the following, the developed control and hardware measures are
explained, aiming for a reduction in and optimization of these limitations. In detail, this
comprises adjustments of the rule-based operating strategy, model predictive control (MPC)
strategies, sophisticated hardware adaptations, and innovative technologies. Firstly, the
technical background and algorithms are explained. Secondly, the results of the challenging
scenarios including interdependencies and trade-offs are investigated.

4. Optimization-Based Control Approach

The investigated optimization-based control approach consists of two stages, the
trip planning and the energy management stages [34]. The trip planning stage is used
to provide an optimal target trajectory of the vehicle speed and the target state-of-charge
(SoC) as inputs for the energy management. [65]. The energy management is referred to as
predictive powertrain management (PPM) in the following.

4.1. Predictive Powertrain Management

The PPM was implemented in MATLAB/Simulink using a model predictive control
approach. For the prediction trajectory, a horizon of 5 s was used for the vehicle velocity.
The SoC trajectory was not considered in this work. Instead, a charge depletion charge
sustaining (CS) strategy is pursued for this implementation, just how it is implemented
in the deterministic approach that the PPM is compared to. Furthermore, a theoretical
certification is possible. As part of the multi-objective optimization, the common objective
of low CO;, is extended by the objective of positive NVH performance. This is done by the
formulation of the cost function according to Equation (4):

]Total
= wasoc - Jasoc(Ns)
Npg—1
Y Wysystem * JySystem (k) + WyICE * ]17[CE<k) + wanvh - Janva (k) 4
\ @
Nus
Npgg—1
Y wanick  Janice(k) + war—icE - JaT-1cE (k) + wanve - Janvi (k)

+ = Nys + 1
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where J1, is the total cost for the entire horizon, Jasoc, Jysystem Jyice, Janva, Janice, and
Jarice are the individual cost terms, and wasoc, Wysystem, WyiCE, WANVH, WaniCE, and
waT.IcE are the corresponding weights. Nyg is the number of horizon steps.

To evaluate the NVH criteria, the ICE interior noise was compared to the masking
noise (cf. [34]). A genetic algorithm (GA) was used [66] as the optimization algorithm, and
allowed the design of a flexible setup of the control, as well as parallelization and early
termination, which can be beneficial for the computational time [67]. As mentioned above,
the prediction horizon of t,o, = 5 s was used. This horizon was discretized by a step count of
n = 10. This control parameterization was selected as a compromise between computational
time on the one hand and result quality on the other hand. With this setup, a DoE approach
was performed to estimate the optimal parameterization of the cost function weights. Fast-
running reduced order models (ROMs) were built by using 0D map approaches for the
battery, the combustion engine, and the electric machines. Due to the short prediction
horizon and their thermal inertia, the component temperatures were simplified as constant.
As a baseline comparison, the results of the rule-based (RB) energy management were
compared to the PPM.

4.2. Results of Predictive Powertrain Management in Real-World Driving Scenarios

The comparison between the RB energy management and PPM was conducted in the
UDC and CCDC real-world driving scenarios. Due to the low temperatures in the CCDC
and the resulting low possible charge and discharge power rates, a thermally managed
battery scenario is also considered. In addition to the CO, and NVH behavior, the results
of the NOy, CO, HC, and PN were evaluated. The RB results are used as a reference for
each respective cycle and are shown in Table 4.

Table 4. Simulation results of (1) UDC (Taymp = 40 °C, Tcapin = 50 °C, Mygjler =
750 kg, SOCjnit = 50%, dynamic driver and high traffic); (2) CCDC (T,n, = —10 °C,
TavB init = —10 °C, Tcapin = —10 °C, Myy,iter = 0 kg, SOCipit = 17%, dynamic driver and high traf-
fic); (3) CCDC, warm battery (T, = —10 °C, ThyB,init = 30 °C, Tcapin = —10 °C, Mrpijer = 0 kg,
SOCjpit = 17%, dynamic driver and high traffic). Potential analysis of the MPC approach compared to
a rule-based EMS.

Relative Difference Hot UDCI Cold CCDCI Cold CCDC1
MPC_RB EMS Tamp =40 °C Tamp = —10 °C Tamp = —10 °C
Thvs,init =40 °C Thy,init = =10 °C Thys,init =30 °C

CO, emissions —12.9% —3.0% —4.6%
Electric energy consumption 4.8% —103.6% 131.4%
Total energy consumption —1.6% —3.7% —0.6%
HVB state-of-charge —1.1% 2.3% —3.6%
NOx tailpipe emissions 1 —14.0% —28.4% —31.5%
HC tailpipe emissions ! 25.0% —5.8% —2.9%

CO tailpipe emissions ! —9.3% —2.2% 0.6%

PN tailpipe emissions ! —64.1% —12.3% —17.7%
Time share electric mode —3.0% —5.0% —2.5%
Time share serial mode 4.6% 3.6% 6.6%
Time share parallel mode —1.6% 1.4% 4.1%
NVH—exceedance of masking noise —96.2% —17.1% —29.0%

1 Evaluation after dEmiClove = 16 km.

Overall, the MPC approach emitted fewer CO, emissions compared to the rule-based
strategy. Also, the total energy consumption in all three cycles is —1.6% in the UDC, —3.7%
in the CCDC without thermal preconditioning of the battery, and —0.6% in the CCDC with
thermal preconditioning of the battery. This is also explained by a system efficiency increase.
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In the UDC cycle, the CO, emissions are —2.9% less, while the electrical consumption is +4.8%
higher. This indicates that the use of electrical energy is favored more by the MPC in the
case that the boundaries (UDC: high SOC) allow the usage of the battery in a wide operation
range. This can also be derived from the comparison of the CCDCs. In the CCDC without
thermal preconditioning, the increase in system efficiency is achieved through the choice of
operating point in serial and parallel operation, whose time share increases by 3.6% and 1.4%,
respectively; in the CCDC without thermal preconditioning of the battery, the efficiency gain
is also achieved using electrical energy, which results in a delta SoC of —3.6%.

In terms of the reduction of the NVH exceedances a significant reduction can be
detected in all three investigated cycles. While there is a reduction by —96% in the UDC,
which is driven mostly in electric mode, the reductions in the CCDC cycles are —17.1% in
case of low initial battery temperature and —29% in case of the CCDC with preconditioned
battery compared to RB.

In UDC NOy (—14%), CO (—9.3%) and particle number (—64.3%) were reduced, while
an increase of +25% can be seen for the HC emissions. For the CCDC with at least eight-
times higher engine runtimes compared to the UDC, the NOx reductions are even more
significant, with —28.4% and —31.5%, while the HC can be reduced by —5.8% and —2.9%
and the particulate number by —12.3% and —7.7%. In the case of the cold battery cycle, the
CO is reduced by —2.2%, and in the case of the preconditioned battery, the CO emission is
marginally increased by 0.6%. Even though the emissions are mostly reduced by the MPC
approach, neither pollutant emissions or particle emissions are optimization objectives of
the current implementation. A more detailed analysis of emission reduction using MPC
control approaches will be investigated in a following publication by the authors. However,
in the significant NVH exceedance reduction, the potential of the multi-objective setup of
the PPM is showcased.

5. Hardware Adjustments and Hardware Optimization

The simulation results indicate a significant discrepancy between standardized test
procedures, such as the WLTC, and real-world driving conditions, particularly under
extreme boundary conditions. To mitigate the adverse effects of personal transportation
on various stakeholders, including drivers, the general population, and the environment,
the following section examines technical solutions and deterministic control enhancements
aimed at improving the performance of PHEVs.

5.1. Technical Measures and Rule-Based Controls Enhancement Approach

The investigated technologies are derived from an engineering assessment that eval-
uates the most challenging scenarios and aligns these with current development trends.
This section first describes these technologies and their impacts on the propulsion system.
The technologies were incorporated into the existing simulation model, which was used
for the baseline simulations. Within the simulation study, technologies are individually
analyzed for their potential to optimize the target parameters, see Section 5.2. Based on this,
an initial technology assessment is performed, and appropriate packages are assembled,
see Section 5.3. Finally, the technology packages are validated in the respective Real-World
Driving Scenarios, see Section 5.4.

5.1.1. Engine Torque Limitation

An effective way to reduce cold start emissions is to limit the engine torque or engine
power. This intervention in the engine control system is explained in Figure 11.

The maximum allowable engine power is limited until the TWC operating temperature
is reached. Once the TWC has reached its light-off temperature in the range of approxi-
mately Ttwc o = 350 °C, the maximum engine power can be released again. This may
result in reduced drivability during heavy accelerations if the electrical system is unable to
boost due to a low battery state-of-charge or thermal derating of the HVB. Depending on
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the application of the limitation, the impact on driving performance can range from barely
noticeable restriction for the driver to significant.
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Figure 11. Exemplary engine torque limitation control dependent on the catalyst temperature.

5.1.2. Load Point Shifting

Another deterministic extension of the control strategy is load-point shifting (LPS) of
the ICE. Notably, in the serial mode during the acceleration phases, LPS is well suited to
reduce masking noise overshoots. The case example in Figure 12 shows the influence of
two different LPS variants on the interior noise of the ICE and the resulting engine power.

Case example: vy, = 50 km/h, Ly, = 62 dB(A)
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Figure 12. Influence of different variants of load-point shifting on the interior noise of the ICE.

LPS 1 shows the shift on the fuel-consumption-optimized curve, while LPS 2 shows a
shift of the operating points on the full-load curve. Both variants reduce noise emissions
but have different side effects on the battery state-of-charge, CO,, and pollutant emissions.
In this case example, LPS 1 does not exceed the vehicle noise of 62 dB(A) (see green marked
area in Figure 12). However, LPS] is limited in power, which would require a shift into the
red marked area for high vehicle power demands. Since only the operating strategy needs
to be adjusted, this measure is cost neutral.
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5.1.3. Coolant Heat Storage

When the ICE operating temperature has been reached, the coolant heat storage (CHS)
stores hot coolant from the high-temperature cooling circuit (HTC). At the next vehicle start,
the thermal energy in the CHS can be used for indirect heating of the ICE by convective
heat transfer from the coolant to the combustion chamber walls. For thermal conditioning
prior to engine start, an electric water pump in the HTC is required to pump high coolant
flow rates of the CHS (Vcps = 5 L) through the engine water jackets for combustion
chamber heating. A thermal simulation model, which considers the heat exchange with
the environment, was used to analyze the cool-down behavior of the CHS in the parked
state. The schematic structure of the model is shown in Figure 13 on the right with the
characteristic values of the different insulation materials, air and polyurethane (PU). A heat
transfer coefficient of aywwsamp =7 W/ (m2K) is assumed for the convective heat transfer
from the CHS to the environment. The simulation results on the left side of Figure 13 show
the influence of different insulation layers on the cool-down of the coolant in the CHS at
Tamp = —10 °C and T, =40 °C.
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Figure 13. Influence of different insulation concepts on the cool-down of the coolant in the heat

storage at T,y = —10 °C and Ty, = 40 °C (left), and schematic layout of the thermal simulation
model (right).

According to [68], the average parking duration in Germany is tp, = 19 h/day. In
this work, it is assumed that the vehicle is parked in the evening and used again the next
morning, so that the flow temperatures are read for a parking period of tp,s = 12 h. The HT
incurs additional costs Cyt = 56€ for the valves, pipes, and housing. Latent heat storage
systems can additionally improve the cooling behavior and increase the amount of energy
stored [69,70].

5.1.4. Engine Encapsulation

Underhood and underfloor insulation has long been state of the art for NVH reduc-
tion [3]. Engine encapsulation (EE) represents an extension which can be implemented as a
system close to the engine (e.g., injector insulation) or as an engine-enclosing housing [71].
ROCHLING uses the composite material Al-Seeberlit for simultaneous thermal and engine
noise insulation. The thermal and acoustic influence of the engine encapsulation was
derived from vehicle measurements. The left side of Figure 14 shows the cool-down of
the ICE at different ambient temperatures for the baseline variant and with EE during
parking. The results at Ty, = 20 °C are from a measurement by ROCHLING and were used
to calibrate a thermal model for the simulation of other ambient temperatures.
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Figure 14. Influence of the engine encapsulation on the ICE cool-down at T,, = —10 °C,

Tamp = 20 °C, and T,y = 40 °C (left) and on the interior noise of the ICE (right) based on the
measurement results from [72].

Analogous to the previous section, a parking duration of tp,, = 12 h is also assumed
for the definition of the coolant and oil temperatures. Rochling’s measurements also show
that the interior noise of the ICE can be reduced by ALjcg g = 10 dB(A) compared to the
baseline (see right diagram in Figure 14) [72]. The additional costs amount to Cgg = 70€ [73].

5.1.5. High-Voltage Battery Heater

To extend the application range of HVBs at low temperatures, there are several options
for actively heating the cells. Some manufacturers take advantage of the poor cell effi-
ciency at low temperatures to self-heat the cells (see GHDC and MDC driving scenarios at
Tamp = 0 °C in Figure 7). However, for battery systems with high thermal inertia, this can
require long heating times. For this reason, two technologies that generate heat via an
electrical resistance, so-called PTC elements, are investigated. The heating performance is
many times higher than that with self-heating of the cells. Indirect heating of the battery
is possible with self-regulating PTC heating elements in the battery cooling circuit (see
HV heater in Figure 15). When the electric water pump is activated, the heat from the
PTC heater is dissipated convectively and transferred to the cells via the cooling plate. HV
systems with heating capacities up to Prygprc1 = 9 kW are available on the market [74].
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Figure 15. Heating performance (left) and structure (right) of the two battery heating concepts.
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The intelligent control considers a continuous reduction in heating power as the battery
or coolant temperature rises. The HV heater is integrated into the simulation model of the
cooling system and considers the thermal inertia and the additional hydraulic pressure
loss. Costs of Cryyp prc1 = 78€ are incurred for the PTC heater and the HV controller.

It is also possible to heat the cells directly. This is done by attaching a heating foil to
the side or bottom of the cell. For ease of integration, the variant on the cooling plate or the
underside of the cell is used here. Depending on the manufacturer, the heating elements
enable a maximum heat flux of 20 kW/m?2 < qHVB,PTC2,max < 350 KW/ m? [75-77]. As the
battery power is limited during a cold start and excessive temperature differences within
the cell must be avoided, the maximum heating power for the entire system is limited to
PHvB,PTC2,max = 4 kW. This results in a heating power of Pryyp prca cenl = 41.7 W/ cell for a
single cell, corresponding to the number of cells Nyjyp e = 96. The costs of the heating
foils and the controls are summarized as Cyyyp prc2 = 120€.

The diagram in Figure 15, on the left, shows the average cell temperature and heat
dissipation over time for the two heating concepts. In the first concept, the coolant tempera-
ture initially rises sharply to allow heat transfer to the cells. After reaching Tc, pvp =20 °C,
the heating power is reduced to avoid wasting unnecessary energy on cooling later. Due
to the lower thermal resistance, the cell heats up faster in the second concept. The power
is adjusted according to the temperature difference within the cells. This results in higher
electrical energy consumption for the second concept.

5.1.6. Exhaust Aftertreatment System Adaptions

An electrically heated catalyst (EHC) enables faster heating of the TWC, minimizing
the drivability limitations associated with conventional TWC heating strategies. In combi-
nation with a secondary air pump (SAP), thermal conditioning is possible prior to engine
start. Figure 16 shows a possible exhaust aftertreatment concept with SAP, EHC, and coated
GPF. The current development trend promises filtration efficiencies of Ngpgnew > 90% in a
new condition [78]. Despite the lack of thermal influence on the GPF filtration efficiency,
this technology is helpful in reducing particulate emissions in cold regions.

TCDI-Miller-ICE, 3-Cylinder

Optional: Ao 1i . .
Secondary Air Pump = 1in entire engine map
........ Underfloor
Optional: 1.3 | Three-Way-Catalyst Coated Particulate Filter
EHC + Support Brick (Loading prwcpm = 4.238 kg/m®  (Ngpr = 95% in new condition)

Figure 16. Exhaust aftertreatment concept with optional secondary air pump, electric heating disks,
and coated gasoline particulate filter.

For the the propulsion system in this study, a heating disk with a support catalyst and
a preheating time of tgpc,vy = 30 s is implemented [79]. This ensures rapid conversion of
the pollutant emissions due to the low thermal inertia of the support catalyst. Two heating
disks can also be connected in series to increase the heating power (see Figure 16). The
necessity of a 48 V on-board power supply requires at least an additional DCDC to achieve
heating powers of Prric,max = 4 kW per heating disk. This results in an additional cost of
Cgrc = 139€ for an EHC (4 kW) with SAP and a 48 V on-board power supply.

5.1.7. Electric Combustion Chamber Heater

The heat input through indirect heating measures such as the heat exchanger is
limited by the heat transfer coefficient and the coolant temperature. Therefore, an electric
combustion chamber heater (ECCH), in which heat is transferred directly from a heating
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wire to the liner, is investigated in this paper. Figure 17 shows the concept with cast-in
round wire in the cylinder on the right.

30 7 Peccn =4 kW

. Heating wire
Engine block

0 T & W ® | & 0 ¥ ¥ |
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Preheating time /s

Electrical supply

Figure 17. Electric combustion chamber heater and its heating behavior with different preheating
times and heating outputs.

Various concepts with different materials were investigated as part of a design phase.
Detailed results will be published by the authors in the future with a focus on tailpipe
emissions. The effects on the strength of the engine and the manufacturing process were
not considered in this work. To analyze the heating behavior, the concept was implemented
in the thermal simulation model of the ICE. The electrical equivalent model of the heating
coils calculates the resulting heat as a function of the electrical resistance. For comparability
with the EHC, the heating power is limited to PEccH max = 8 kW.

The temperature differences for different preheating times and heating powers are
shown in the diagram in Figure 17. The heating process can be accelerated by using higher
heating powers. As with the EHC, a 48 V on-board power supply is used to minimize the
cost of HV protection measures [80]. The cost for the integrated heater, 48 V system, and
ECU function adaptations is estimated at Cgccy = 125€.

5.1.8. EM and HVB Direct Cooling Approaches

The results of the real driving scenarios underline the limitations of indirect cooling
approaches. To quantify the influence of direct cooling approaches, the existing jacket
cooling of the electric motor (see Figure 5) is extended by oil spray cooling of the winding
heads.

Figure 18 shows the concept on the right side. Direct cooling of the winding heads
requires the use of a dielectric fluid, such as transmission oil, to prevent a short circuit.
An oil pump supplies the distribution gallery and the cooling nozzles on top of the EM.
Fundamental research by Bennion shows that the heat transfer coefficient (HTC) depends
mainly on the flow velocity [81]. The oil temperature and the surface topology of the impact
surface have only a minor influence and are not considered below. The left diagram in
Figure 18 shows that the increase in HTC is degressive with an increasing flow velocity. In
addition, under real conditions, not all surfaces of the winding head are reached directly
by the cooling nozzles, so an HTC reduction is to be expected.
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Figure 18. Heat transfer coefficients of the oil spray cooling according to [81] (left) and schematic
overview of the oil spray cooling of the winding head (right).

At low speeds, the proportion of wetted surfaces decreases further due to the lower
centrifugal forces [82]. The energy consumption of the electric oil pump and the heat
exchange of the oil with the low-temperature cooling circuit (see Figure 5) are considered
in the simulation model. The cost of extending the EM cooling system for the additional
components, such as the oil pump and oil cooler, is Cgym,0c = 78€.

In battery systems, immersion cooling is used as a direct cooling method where the
cells are in direct contact with the coolant. The concept used in this work is shown in
Figure 19 on the right and uses a dielectric fluid analogous to EM direct cooling.
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Figure 19. CFD simulation results for determining the water-side heat transfer coefficients (left) and
structure of the HVB immersion cooling system (right).

Heat is transferred through the side surfaces of the battery cells, increasing the heat
flow significantly due to the surface area, which is more than five times larger than the
bottom surface of the cell. Another advantage is the lower temperature gradient compared
to the cooling plate in the baseline design, which can reduce aging effects. Deflections in the
cooling channels are used to achieve a uniform heat transfer. The heat transfer coefficients
were derived from CFD simulations and are shown in Figure 19 on the left. As expected, the
heat transfer coefficient increases with an increasing volume flow. The change to immersion
cooling is assumed to be cost neutral. The cost of integrating the cooling channels into the
module housing is offset by the elimination of the cooling plate. Minor modifications to the
existing cooling system result in costs of Cryypc = 30€.
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5.1.9. Sodium-Ion Battery Technology

This study investigates sodium-ion (SiB) battery technology as a potential alternative
to nickel-manganese-cobalt (NMC) cells. A key advantage of SiB battery technology lies in
its significantly lower internal resistance at low temperatures compared to NMC cells. This
translates to superior discharge capabilities at cold temperatures, as illustrated in Figure 20,
which depicts the scaled maximum power achievable by a battery system employing
SiB technology relative to a baseline NMC system. However, the implementation of SiB
technology necessitates a significant revision of the existing hybrid control strategy. To fully
exploit the potential of SiB technology, the control algorithms were specifically optimized
for its unique characteristics. Derived from [83], the costs are estimated using feost sip = 1.33
for a given battery size compared to NMC technology. In general, SiB battery technology
exhibits a downward cost trend, with projections indicating a continued decrease in coming
years. This cost reduction enhances the economic viability of SiB technology for diverse
applications. A disadvantage is the additional mass of about m,4q gat sip = 80 kg compared
to the base system, due to the low gravimetric energy density of wg,tsip = 102 Wh/kg
compared to wgatnmc = 132 Wh/kg for the NMC cell technology [84].
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Figure 20. Comparison of maximum available battery system discharging power between SiB and
NMC battery cell technology at low ambient and thus cell temperatures.

5.2. Results and Conclusions for Single Technologies

Table 5 shows the results of the single hardware and control strategy adaptations in
the selected real-world driving scenarios (see Section 3.1.5). The optimization potentials
differ due to the different load profiles of the specific driving scenarios, but generally
show the same tendencies. The effects are analyzed and explained using the results of the
cross-country driving cycle in cold and hot conditions.

Limiting the maximum engine torque during the TWC heat-up phase reduces pollutant
emissions. However, the HC limit is still not met due to the low starting temperature.
The lower engine load slows down the engine warm-up, resulting in a slight increase
in particulate emissions compared to the baseline. The driving time increases by only
Aty pp = 11 s, as the warm-up phase is a small part of the total trip. The impact on CO, and
noise emissions is correspondingly small.

By shifting the load point on the fuel consumption optimized curve (LPS1) to lower
engine speeds and loads, the ICE completely prevents the masking noise from being
exceeded. The disadvantage is an increase in the travel time by Atyps; =211 s. The second
variant (LPS2) shifts the operating point to the full load curve to continue to meet higher
vehicle power requirements. This increases the driving time by only Atyrps; = 17 s, but
also reduces the NVH optimization potential. The higher CO emissions due to the higher
engine load are a further drawback. Otherwise, all emissions can be reduced with both
variants. However, this is accompanied by a lower SOC at the end of the trip, as less
electrical energy is recharged into the HVB in series operation. Accordingly, this adaptation
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of the operating strategy must be suspended at a very low battery state-of-charge to avoid
a complete discharge of the HVB.

Table 5. Simulation results of the individual technologies in the overland driving scenario Cold
CCDC I (red: worst value of the target variable, green: best value of the target variable).

Driving Scenario CO, SOC Duration ~ NVH co! HC! NO ! PN1
8 g/km % s m]J/m? mg mg mg 1 x 102
Baseline WLTC/Legal limits 109/95 - - 0.028/- -/6400 -/720 -/480 -/1.60
Cold CCDCI 293.6 15.5 2833 3.791 3463 1608 1037 14.3
ICE torque limitation 2929 15.5 2844 3.798 2199 1050 439 14.5
Load point shiftin. Varijant 1 2443 12.8 3044 0 1647 1171 760 3.44
P & Variant 2 298.8 15.3 2850 3.619 6048 1339 792 14.1
Coolant w/o pre-heating 291.4 155 2833 3.781 2824 1071 1010 13.7
heat storage with pre-heating 291.3 15.5 2857 3.779 3216 907 950 13.6
ICE encapsulation 288.0 155 2833 0.004 1987 132 915 12.9
GPF 2nd generation 293.6 15.6 2833 3.790 2426 1329 772 3.16
Variant 1 274.1 18.3 2833 3.471 3361 1645 1034 14.3
HVB PTC heater Variant 2 252.0 19.6 2833 3088 3708 1645 1007 136
Electric heated ti(_‘}/ye;i/no 2941 15.6 2833 3.784 3770 1525 683 143
catalyst (EHC) % KW w/ 8
/o 294.6 15.5 2833 3.790 3439 1472 584 14.4
pre-heating
EHC & secondary air 4 kW w/pre-heating 293.8 15.6 2833 3.791 3288 817 550 14.3
pump 8 kW w/pre-heating 293.9 15.6 2833 3.789 1936 336 158 144
Electric combustion chamber heater 294.6 15.0 2833 3.791 3051 368 887 13.5
Sodium-ion battery technology 296.4 14.2 2854 2.779 2480 1447 1249 9.88

1 Evaluation after dEmiClove = 16 km.

The starting temperature of the engine with engine encapsulation (EE) is Ticg start = 25 °C
(see Figure 14). The fuel consumption is reduced due to lower engine friction and the earlier
use of exhaust gas recirculation. In addition, the thermal energy of the coolant can be used
for interior air conditioning, so that the electrical energy consumption of the auxiliary heater
is reduced. Furthermore, particulate and HC emissions are reduced due to improved fuel
mixture formation [64,85,86]. Since the heat storage must first transfer the thermal energy from
the coolant to the combustion chamber and oil by convection, the potential is somewhat lower
than with the EE. Pre-conditioning with the electric water pump can increase the potential of
the heat storage.

The second-generation coated gasoline particulate filter enables significantly lower
particulate emissions thanks to its higher filtration efficiency. The additional coating of the
GPF makes it possible to reduce pollutant emissions without compromising the drivability,
CO,, and noise emissions.

The use of battery heating increases the proportion of electric driving, which can
reduce the CO, and noise emissions of the ICE. In addition, the state-of-charge of the HVB
increases at the end of the driving cycle, as the maximum charging power also increases
due to the higher cell temperatures. The pollutant emissions decrease only slightly, as the
HVB heating process is not yet completed during the cold start. The optimization potential
of direct heating (variant 2) is higher, as the heating process can be carried out faster and
the benefits of the higher battery power can be used earlier.

Without preheating, the electric heated catalyst shows only a slight improvement in
pollutant emissions, with simultaneously higher CO, emissions due to the electrical energy
required. Pre-conditioning with the secondary air pump prior to the first engine start can
significantly increase the potential to achieve the lowest pollutant emissions compared to
the other technologies when using two heating disks. Compared to the EHC, the electric
combustion chamber heating (ECCH) reduces HC and particulate emissions as soon as
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they are generated in the combustion chamber. The advantage is that the electrical energy
can be partially compensated by reduced engine friction.

The SiB cell technology enables a strong reduction in tailpipe emissions due to reduced
engine loads during the cold start and the catalyst heating phase. In addition, the increased
battery power output can reduce the NVH emissions. A disadvantage is the increased CO,
emissions due to the increased battery system mass. This also results in longer travel times.

To quantify the influence of the HVB charging status and the driver type, the individual
technologies are analyzed in the CCDC scenario ‘cold CCDC II.” Only those technologies
are considered that are also influenced by the above-mentioned variation parameters. The
simulation results for defensive driving and a medium state-of-charge are shown in Table 6.

Table 6. Simulation results of the individual technologies in the overland driving scenario Cold
CCDC I (red: worst value of the target variable, green: best value of the target variable).

Driving Scenario CO, SOC Duration NVH cot HC! NO, ! PN1
8 g/km % s m]J/m? mg mg mg 1 x 102

Baseline WLTC/Legal limits 109/95 - - 0.028/- -/6400 -/720 -/480 -/1.60
Cold CCDC IT 136.8 245 4160 0.529 7318 1775 829 2.07
ICE torque limitation 135.3 242 4160 0.525 1629 915 232 2.00
Load point shiftin Variant 1 125.6 20.7 4168 0 4417 1557 670 1.61
P 8 Variant 2 151.2 25.7 4160 0.062 9746 1380 449 5.26
TWC heating strategy 139.1 245 4160 0.368 2248 1521 780 1.66
HVE h Variant 1 106.8 15.7 4160 0.447 7354 1820 1019 1.91
eater Variant 2 99.5 15.4 4160 0.376 7643 1819 896 1.82
Sodium-ion cell technology 134.1 17.4 4158 0.471 2386 1325 124 232

1 Evaluation after dEmiClove = 16 km.

The high battery state-of-charge also increases the proportion of electric driving. In
combination with the lower driving performance requirements due to the defensive driver,
this leads to improved results for the target variables compared to the Cold CCDC I scenario.
The potential for battery heating also increases as more electrical energy is available due to
the higher state-of-charge.

In this scenario, the cold start of the ICE during the driving cycle leads to high raw
emissions or to emission breakthrough in the cold TWC. Accordingly, pollutant emissions
can be significantly reduced by using torque limitation, as in the previous scenario. In
addition, a reduction in particulate emissions can also be observed here, underlining the
high sensitivity of the boundary conditions to the results. A reduction in drivability can
be avoided due to the higher battery charge level. This can also be seen from the slight
increase in driving time (Atrps; = 8 s) for the first LPS variant.

The adaptation of the TWC heating strategy enables thermal preconditioning of the
TWC directly at the beginning of the trip. This results in a significant reduction in pollutant
emissions, as the TWC has already reached the light-off temperature when the engine starts
unexpectedly. However, this is accompanied by an increase in CO, emissions. Predictive
control strategies offer a way to further optimize this interaction.

Thanks to the higher HVB state-of-charge, the SiB cell technology reaches its full
optimization potential without an increase in travel time. A reduction in CO, emissions is
possible because more electrical energy is available to propel the vehicle. This also leads to
a slight optimization of the NVH emissions. Except for the PN, an even higher reduction
in tailpipe emissions is observed. The PN emissions increase due to non-optimal engine
operating points, lower engine temperatures, and, thus, increased PN raw emissions.

In the previous chapter, the optimization measures for cold country driving scenarios
were evaluated. This section analyzes individual technologies for the CCDC at Ty, =40 °C.
The focus is on the investigation of adjustments to the control-based operating strategy,
as well as high-performance cooling methods to avoid thermal derating of the electrical
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components (HVB and EM). The results for the “hot country” CCDC scenario are shown in
Table 7.

Table 7. Simulation results of the individual technologies in the cross-country driving scenario Hot
Country (red: worst value of the target variable, green: best value of the target variable).

Driving Scenario Co, soc Duration ~ NVH co? HC! NO, ! PN 112
g/km %o s mJ/m mg mg mg 1x10
Baseline WLTC/Legal limits ~ 109/95 - - 0.028/- -/6400 -/720 -/480 -/1.60
Hot Country II 54.8 34.8 2789 0.630 8494 1328 287 7.42
ICE torque limitation 56.4 35.5 2792 0.531 1602 163 100 5.44
TWC heating strategy 47.4 33.2 2793 0 7217 917 246 5.94
HVB direct cooling 474 28.6 2784 0.303 7749 1309 280 4.61
EM direct cooling 54.8 35.5 2788 0.614 8618 1329 286 7.38
HVB and EM direct cooling 44.6 28.5 2784 0.363 7749 1309 280 4.61

! Evaluation after dgm clove = 16 km.

Similar to the Cold CCDC II scenario, unexpected engine starts, in this case triggered
by thermal derating of the EM or HVB, lead to high tailpipe emissions. Therefore, as with
torque limitation, an appropriate operating strategy adjustment is required to reduce fuel
and particulate emissions. The first variant of the LPS also shows the same trend as the
previous scenarios. The very low drivability restrictions of Atrpg =3 s and Attyps; =4s
should be highlighted positively.

In this driving scenario, the HVB output power is thermally regulated so that direct
cooling of the cells can reduce both CO, and noise emissions. The reduction in pollutants
is small, so the TWC heating strategy must be adjusted. In addition to the HVB, the EM
also reaches limit temperatures, although the optimization potential of oil spray cooling as
a single measure is low. A further reduction in CO, emissions is possible by combining the
two direct cooling methods.

5.3. Developed Technology Packages Based on Single Technology Evaluation

The previous analysis of the individual technologies shows that a combination of
different technologies is necessary for an optimal overall vehicle design. Table 8 provides
an overview of the selected technology packages and the associated total costs.

In addition to the legal requirements, the evaluation of these methods can also consider
other constraints such as the manufacturer’s image, different customer segments, and the
country of sale. The cost-neutral package aims to fulfill the minimum legal requirements.
It is therefore suitable for low-end users (see target customer classification [87]), as only
small additional costs are to be expected. According to Brokate et al. [88], the target
customer defined here has a higher willingness to pay due to his social status and value
orientation, which means that he is particularly open to new drive technologies. For this
reason, the hot water tank, the electric heating disk with a secondary air pump, and the
battery heating element (HVB-PTC 1) are also used in the cold country package. To avoid
thermal shutdown of the electrical components, direct cooling of the battery and electric
motor is part of the hot country package. Compared to the target customer, the willingness
to pay increases again in the premium customer segment. This makes it possible to use
the more expensive battery heater (HVB-PTC 2) and engine encapsulation. The SiB cell
technology is not part of this package, due to its low benefit—cost ratio (delta costs of 2887€).
Nevertheless, the use of SiB battery cells may be suitable for high-performance sports cars
that do not allow any drivability restrictions.
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Table 8. Overview of technology packages and the differential costs compared to the baseline
powertrain for different customer preferences.

Cost Neutral Cold Country Hot Country Premium

. GPF 2nd generation N GPF znd. gener aFion

. Load point shifting . GPF 2nd generation : %gg?iom; ls‘}r\rlf'ig:gon
. GPF 2nd generation ° ICE torque limitation o Load point shifting o En ine%lrllcal s;la tlion
° Load point shifting . Coolant heat storage . ICE torque limitation o Setim dar aliJr mp & electric
e  ICE torque limitation . Secondary air pump & electric e  EMand HVB direct heated Ca}t/al Sf( 4 kl\JN)

heated catalyst (4 kW) cooling h A
e HVB heater (PTC 1) o HVBheater (PTC2)
° EM and HVB direct cooling
0€ 273€ 108€ 437€

5.4. Results and Conclusions for Technology Packages

The corresponding simulation results of the individual technology packages for the
Cold CCDC I driving scenario are shown in Table 9. Together with an increase in travel
time of Atypcnp = 200 s, the cost-neutral package results in optimized CO,, noise, and
pollutant emissions. Except for the HC emissions, the regulatory limits are met. It should
be noted that no conformity factors for extended driving conditions, e.g., extreme ambient
temperatures, were considered in this paper. In combination with the heat storage or engine
encapsulation, the electric heating disk enables a further reduction in exhaust emissions.
For the premium package, it should be emphasized that the torque limitation during cold
starts can be reduced by a thermal preconditioning of the TWC. Furthermore, the additional
use of the LPS leads to an optimization of the ICE operating range, whereby the drivability
restrictions (see cost-neutral package) can be avoided by the battery heater.

Table 9. Simulation results of the technology packages for the overland driving scenarios Cold CCDC
I & II (red: worst value of the target variable, green: best value of the target variable).

Driving Scenario CO, s9c Duration NVH co’ HC? NOx! PN 112
g/km %o s mJ/m mg mg mg 1 x 10
Baseline WLTC/Legal limits 109/95 - - 0.028/- -/6400 -/720 -/480 -/1.60
Cold CCDC 1 293.6 15.5 2833 3.791 3463 1608 1037 14.33
Cost neutral 243.4 12.8 3053 0 1163 960 187 0.96
Cold country with 30 s pre-heating 229.4 13.8 2833 0 1082 448 169 0.91
Premium with 30 s pre-heating 210.1 15.3 2833 0 957 134 158 0.81
Cold CCDC I 136.8 245 4160 0.529 7318 1775 829 2.07
Cost neutral 125.2 20.6 4168 0 1130 897 109 0.40
Cold country with 30 s pre-heating 100.8 13.7 4161 0 754 270 33 0.34
Premium with 30 s pre-heating 93.3 139 4161 0 745 52 22 0.22

1 Evaluation after dm Clove = 16 km.

Analogous to the results of the individual technologies, a higher optimization potential
can be observed for the Cold CCDC II scenario due to the higher state-of-charge and the
defensive driving style. The significant drivability restriction from the first scenario is only
Attcnp = 6 s for the cost-neutral package. Otherwise, the packages show the same trend,
as already explained for the Cold CCDC I scenario.

The results of the hot country driving scenario are shown in Table 10. The cost-
neutral package shows a similar behavior to that in the Cold CCDC II scenario, as the ICE
performance restriction can be compensated by the HVB if the state-of-charge is sufficiently
high. Due to the already high starting temperatures of Ty}, = 40 °C, all emissions are below
the available budgets. A further improvement in CO, emissions is possible through the
combination of improved cooling and LPS compared to the consideration of individual
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technologies. The electric heating disk in the premium package is only activated when
the engine is started for the first time. Preheating the TWC with a secondary air pump is
only possible in this scenario if the engine start can be predicted. Although the pollutant
emissions can be further reduced compared to the other packages, the general level was
already very low beforehand. Therefore, it can be concluded that the benefit of the electric
heating disk is not very high in hot regions.

Table 10. Simulation results of the technology packages for the overland driving scenario Hot
Country (red: worst value of the target variable, green: best value of the target variable).

Driving Scenario CO, 59C Duration NVH2 co! HC! NO, ! PN 112
g/km %o s m]J/m mg mg mg 1 x 10
Baseline WLTC/Legal limits 109/95 - - 0.028/- -/6400 -/720 -/480 -/1.60
Hot Country 54.8 34.8 2789 0.630 8494 1328 287 7.42
Cost neutral 48.7 335 2793 0 1825 146 97 1.07
Hot country with 30 s pre-heating 38.1 26.5 2785 0 1070 135 91 0.41
Premium with 30 s pre-heating 37.0 26.1 2785 0 604 44 3 0.27

1 Evaluation after dEmiClove = 16 km.

In general, the methodology for virtually testing the real-world driving scenarios was
successfully demonstrated in several scenarios for the combined hybrid and the described
technical measures. The results indicate that the identified limitations can be mitigated
by technical measures and controlled strategy adjustments. In general, the results show
that a second generation GPF should always be used in the future to comply with emission
limits, as the filtration efficiency increases significantly at the same cost. Concerning the
other customer requirements, such as acoustic comfort, CO,, and pollutant emissions or
drivability, a choice can be made between a cost-neutral adaptation of the operating strategy
and the use of additional, cost-intensive technologies, depending on the target customer
and sales market.

The flexibility of the hybrid powertrain has been optimized and adapted to the needs
of the target customer. However, the optimization potential of technologies such as the hot
water tank or the electric heated catalyst also depends on the preheating time. Without
preheating, for example, the higher thermal inertia results in an emission disadvantage
compared to the baseline exhaust aftertreatment system. Intelligent control strategies that,
for example, initiate the heating process as soon as the vehicle is unlocked are therefore
particularly important for these technologies. In addition, the use of predictive strategies
for the thermal conditioning of the catalyst or the combustion engine makes sense when
the ICE is switched on after a long electric drive.

6. Summary and Conclusions

To cope with the diversity of requirements in the automotive development landscape,
a generic and holistic methodical systems engineering approach was developed in the FVV
project HyFlex-ICE which can be used to derive a comprehensive catalog of requirements
for vehicles. This methodology was demonstrated using the example of a combined plug-in
hybrid powertrain. The detailed outcome of the requirement management and the test cases
for the vehicle baseline design can be found in the final report of the research project [34].
Using these test cases and evaluation criteria, the baseline powertrain design and operating
strategy were derived from the vehicle model developed using statistical test planning in
terms of performance, efficiency, cost, and NVH.

The next step was to identify the limitations of the baseline design in real-world
driving scenarios. Four real-world driving scenarios with different driving profiles and
environmental conditions were derived. In addition, variation parameters such as load,
air conditioning, traffic, battery charging state, and driver characteristics were considered.
For the evaluation, detailed thermal management and emissions models were coupled
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with the vehicle model. From a thermal management perspective, driving scenarios with
a sporty driving style, a high traffic volume, and extreme temperatures proved to be
particularly challenging. In cold climates, a low battery and low engine start temperatures,
as well as exhaust aftertreatment, resulted in exceeding the EU7 emission budget and high
CO; and noise emissions. At high ambient temperatures, the thermal control of electrical
components resulted in undesired engine starts, which also led to a deterioration in target
values. By identifying the thermal interactions and challenges, the first research question
was answered.

Model predictive control (MPC) strategies coupled with advanced hardware adapta-
tions were investigated to optimize and mitigate previously identified limitations. This
approach successfully addressed research question two.

The MPC-based energy management system (EMS) offers an adaptable methodology
for extending operational targets with minimal computational overhead, enabling the
flexible integration of additional considerations. While data-driven prediction is currently
envisioned as a prerequisite, the system has been demonstrably effective in multi-criteria
optimization for at least two objectives. Beyond reductions in CO, emissions and NVH, the
MPC strategy achieved significant reductions in total energy consumption and pollutant
emissions through operating mode adjustments.

These findings are generally extensible to non-design cycles. However, optimal perfor-
mance was observed when the MPC operated in an unconstrained (“free oscillating”) state.
When transitioning to a physical vehicle, the driver influence becomes a significant and
inherently unpredictable disturbance factor. We posit that the combination of predictive
operating strategies with automated driving holds promise for achieving synergistic effects.

For further optimization, adjustments to the rule-based operating strategy and ad-
ditional technologies were first examined individually. The results showed significant
improvements, but it was not possible to optimize all target variables simultaneously. As a
result, four technology packages were defined for different target customers and markets.
The COST-NEUTRAL PACKAGE makes it possible to meet all legal requirements simply by
adjusting the operating strategy and using a latest-generation gasoline particulate filter. The
COLD COUNTRY PACKAGE accelerates the warm-up of key powertrain components such as
the HV battery, combustion engine, and catalyst. The HOT COUNTRY PACKAGE includes
direct cooling for the electric motor and the HV battery to prevent thermal derating of these
components through optimized cooling. The Premium package combines the technologies
of the COLD and HOT COUNTRY PACKAGES. Instead of the coolant heat storage, the more
expensive engine encapsulation is suitable, as CO,, pollutant, and noise emissions can be
optimized equally at a slightly higher cost.

This study presents a holistic methodology for optimal powertrain system design
during the earliest development stages. This framework serves as a blueprint for future
powertrain development, enabling the early identification and mitigation of limitations
encountered in real-world driving scenarios.

The methodology incorporates a novel approach for elaborating limitations arising
from real-world driving scenarios, as successfully demonstrated for the combined hybrid
powertrain. This approach revealed discrepancies between standardized test procedures
(e.g., WLTC) and real-world driving behavior, particularly under extreme operating condi-
tions. Importantly, the methodology facilitates the development of universally applicable
solutions through the implementation of targeted technical measures and control system
adjustments. These solutions effectively address and mitigate the identified limitations,
ultimately enhancing the flexibility of the hybrid powertrain and tailoring its performance
to meet specific customer demands.
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Abstract: Novel vehicle concepts are needed to meet the requirements of resource-conserving and
efficient mobility in the future, especially in urban areas. In the automated, driverless electric vehicle
concept U-Shift, a new form of mobility is created by separating a vehicle into a drive module and
a transport capsule. The autonomous driving module, the so-called Driveboard, is able to change
the transport capsules independently and is therefore used to transport both people and goods. The
wide range of possible capsules poses major challenges for the development of the Driveboard and
the chassis in particular. A lifting actuator integrated into the chassis concept enables levelling and,
thus, the raising and lowering of the Driveboard and the capsules to ground level. This means that no
additional lifting devices are required for changing the capsules or for lowering them to the ground,
e.g., for loading and unloading the capsules. To realise this mechanism simply and efficiently, a
fully electromechanical actuator is designed and constructed. The actuator consists primarily of a
profile rail guide, a steel cable winch, an electric motor, a housing that connects the subsystems and a
locking mechanism. The electric motor is used to lift the vehicle and regulate the weight force-driven
lowering of the vehicle. This paper describes the design of the actuator and shows the dimensioning
of all main components according to the boundary conditions. Finally, the prototype model of the
realised concept is presented.

Keywords: lifting actuator; autonomous changing; modular vehicle

1. Introduction

In urban areas and on industrial sites, the requirements in terms of manoeuvrability
and space requirements for manoeuvring are increasing due to the ever-tighter traffic
volume. The increasing lack of parking space also suggests the development of universally
usable vehicles. These challenges can be met by a modular vehicle concept. Such a vehicle
concept is being developed as part of the U-Shift project. It consists of a driving unit, the
so-called Driveboard and application-specific capsules. All drive and energy systems and
functions for autonomous driving are integrated into the Driveboard. The appropriate
capsule is added to the application-specific configuration of the Driveboard and capsule.
The capsules, which are designed as goods transport capsules or passenger cabins, for
example, can be connected to the Driveboard or exchanged via a standardised interface.
To enable the vehicle to operate autonomously, not only in road traffic but in all areas of
operation, a capsule replacement concept is required that allows capsules to be replaced
without additional infrastructure or manual operations. Figure 1 shows the Driveboard
picking up a passenger capsule.

The capsule change is made possible by the geometry of the vehicle and a special
lifting system. The Driveboard is U-shaped, open at the rear and can be lowered by 200
mm. This allows the Driveboard to move under the capsules when lowered, connect with
them and then be raised back to the driving level. This function requires lifting actuators
that enable the vehicle to be lowered and raised. In order to avoid track changes during the
lifting process, a special subframe is also used [2].
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Figure 1. Driveboard (on the left) drives up to passenger capsule (on the right) [1].

The selected concept for the lifting actuator is fully electromechanical and works with
a cable winch that moves a roller block vertically along a profile rail guide. The lifting
actuator connects the frame of the Driveboard, which is lifted, with the subframe, which
does not change its level during the lifting process and enables the two components to
move relatively to each other. A locking system is used to lock the actuators in the upper
and lower end positions for safety and to relieve the stress on the cables. The locking
system consists of locking bolts that are actuated by springs to lock and lifting magnets
to unlock and connect form-fittingly to the housing. The lifting actuator is driven by a
servomotor with an integrated gearbox, which applies the lifting force and controls the
weight-driven lowering.

This paper explains the mechanical design in the context of the application, shows
the design of the individual components and describes the structure of the linear actuator
in detail.

2. Materials and Methods
2.1. Geometric and Physical Boundary Conditions

The lift actuator is the physical and functional interface between the subframe and
the frame of the Driveboard. It must, therefore, be positioned between the two structural
components and transmit all the forces that occur. Due to the selected actuator concept, the
actuators must be positioned between two vertical structures. Figure 2 shows a schematic
sketch of the cross-section view of the Driveboard at the front axle and indicates the position
of the lifting actuators.

Chassis

Space for lift actuator

Subframe

Figure 2. Cross-section view at the front axle of the Driveboard, green: space for lift actuator.
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Figure 3 shows the surface provided on the subframe for attaching the lifting actuator.
A total of four lifting actuators are installed, two on each of the symmetrically opposite side
parts of the subframe. This also has the advantage that the lifting actuators can be built
small, and the space between the body and the subframe is kept to a minimum. Figure 4
shows a side view of the driving stool with mounted lifting actuators; the figure also shows
the size ratios.

Mounting flange

Mounting flange

Figure 3. Isometric view of the subframe CAD model.

Figure 4. Sideview of the subframe with lifting actuator.

To calculate the forces acting on the lifting actuators, the masses and the mass distribu-
tion of the Driveboard (see Table 1) and the maximum accelerations of the standard load
cases according to Table 2 are used. The load cases vertical impact (2), longitudinal impact
(3) and lateral impact (4) represent high quasi-static loads on the chassis components in
all spatial directions. The U-Shift prototype is intended for a low driving speed, but the
selected load cases can also potentially occur at low speeds (attenuated). As the wheel
accelerations represent limit cases that only rarely occur, the yield strength is used below
as the material parameter for the mechanical design of the components. A check of the
fatigue strength of the components is recommended when the components are pursued
further. By multiplying the wheel accelerations by the wheel load, the forces acting on the
vehicle at the wheel contact point are obtained. While 40% of the vehicle mass is on the
front axle when the Driveboard is empty, the proportion of the total mass on the front axle
is reduced to 30% when the vehicle is fully loaded with a passenger capsule.
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Table 1. Driveboard mass and mass distribution.

Configuration/Mass Total Mass Front Axle Load Rear Axle Load
Empty Driverboard 1800 kg 1080 kg 720 kg
Maximum vehicle mass 5000 kg 1500 kg 3500 kg

Table 2. Standard load cases for structural strength [3].

Accelerati
Standard Load Cases cceleration [g]

X y z
1 Stationary car 0.00 0.00 —1.00
2 Vertical impact 3.0 g 0.00 0.00 —3.00
3 Longitudinal impact 2.50 g 2.50 0.00 —1.00
4 Lateral impact 2.50 g 0.00 2.50 —1.00
5 Cornering right 1.25 g 0.00 1.25 —1.00
6 Braking while cornering 0.75 0.75 —1.00
7 Braking backwards 1.0 g 1.00 0.00 —1.00
8 Accelerate —0.5g —0.5 0.00 —1.00
9 Accelerating while cornering 0.7 g —0.5 0.5 —1.00
10 Diagonal load 0.00 0.00 -1.75
11 Vertical spring in 2.25 g 0.00 0.00 —2.25
12 Vertical spring out 0.75 g 0.00 0.00 —0.75
13 Cornering right 0.75 g 0.00 0.75 —1.00
14 Cornering left 0.75 g 0.00 -0.75 —1.00
15 Braking 0.75 g 0.75 0.00 —1.00
16 Accelerate —0.5 g -0.5 0.00 —1.00

2.2. Lifting Actuator Concept

Several concepts were created and evaluated according to installation space, weight,
efficiency, maintenance and costs with descending weighting [4]. The concept described in
this paper was selected and further developed on the basis of the geometric and physical
boundary conditions. The basic structure is shown in Figure 5, and the components are
labelled in Table 3. A servomotor drives the shaft (1), which is mounted in the housing
(2) and connected to the cable winch (3). The three steel cables (4) are rolled up on the cable
winch and connected to the adapter (5), which is screwed onto the roller block (6). The
roller block is guided by the profile rail (7), which is also bolted to the housing. The locking
mechanism (8) is also connected to the adapter, which moves parallel to the roller block in
the housing and engages with locking bolts in the neighbouring walls of the housing. The
locking bolts are constantly pressed outwards by springs and engage in the holes provided
in the housing wall as soon as they are reached. The bolts are retracted by lifting magnets
before a lifting operation.

Table 3. Lifting actuator components.

Number Component

Shaft

Housing

Cable Winch

Steel Cables

Adapter

Roller Block

Profile Rail

Locking Mechanism Assembly
Locking Bolt

O 0N O Ul W
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il

Wil

Figure 5. Schematic sketch of the lifting actuator.

2.3. Dimensioning

This chapter describes the methodology for designing the individual components. For
simple geometries, strength theory equations can be used, while the underlying standards
are used for standardised components. The strength verification of complicated geometries
is carried out using simulation. The maximum front axle load and the maximum acceler-
ations in each direction can be used to calculate the forces that act on the front axle and
must, therefore, be transmitted via the subframe and the lifting actuators. The maximum
forces occurring on a lifting actuator are summarised in Table 4. For the following dimen-
sioning, it is assumed that the forces acting on the front axle are distributed evenly over all
four actuators.

Table 4. Maximum forces acting on one lifting actuator.

Axis X y z

Force [N] 9196.88 9196.88 11,036.25

2.3.1. Profile Rail Guide

The profile rail guide must support all forces in the x and y directions. In order to
achieve the most compact design possible, a roller block with the following properties
is selected:

Roller recirculation;

45° arrangement of the rolling elements;
No rolling element cage;

SLS design (slim, long, standard height).

The long design of the roller block is chosen because the vertical construction space
is less critical than the horizontal. This also allows higher torques to be absorbed. The
static dimensioning is carried out on the basis of DIN ISO 14728-2 [5] and refers to time-
independent maximum loads. The static load rating Cy is calculated using the static safety
factor Sy and the statically equivalent load Py, which correspond to the forces in the x and y
directions from Table 4. Table 5, which takes into account the operating conditions of the
linear guideway, is used to select a suitable safety factor. Depending on the application, the
unknown torque loads and possible contamination of the guideway, the conditions in the
second row apply. Conservatively, the highest safety factor of 12 is used for this category.
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Table 5. Use case-dependent security factors for linear guides [6].

Conditions of Use Static Load Safety Factor Sy
Overhead arrangements and applications representing a ~12

high hazard potential. -

High dynamic load when at a standstill, contamination. 8...12

Normal dimensioning of machinery and plant without full 5 8
knowledge of the load parameters or connection details. o

Full knowledge of all the load data. Vibration-free operation 3.5

is ensured. o

If there are health and safety hazards, paragraph 5.1.3 of "

DIN 637 is to be observed.

The note (*) in the last line of Table 5 indicates that the roller block must not detach
from the rail and that this must be prevented by design in applications where there is a
potential risk of injury [7]. Due to the cable winch, the roller block cannot leave the profile
rail at the upper end. The connecting strut between the side parts of the subframe (see
Figure 3) prevents it from leaving the bottom end of the profile rail, as it would collide
with the frame of the Driveboard first. As four actuators are installed, which are located
at each corner of the U-shaped subframe and are arranged at an angle, the two structural
components, the body of the Driveboard and the subframe, cannot be separated from each
other even in the case of a complete failure of a profile rail guide. This ensures a critical
aspect of operational safety. According to Formula (1) [5]

_ G

Sy =
0= 3

M
the static load rating results in Cy = 110362.56 N.

The dynamic load rating is calculated in an analogue way to the static load rating
in accordance with DIN ISO 14728-1 [8]. In the application of this vehicle, the dynamic
equivalent load represents the capsule change in the inclined position. For this scenario, the
incline on country roads is considered. The slope downforce that occurs is calculated using
the maximum longitudinal incline on country roads. According to the Road and Transport
Research Association, this is 8.0% [9] or « = 4.57°. The slope acceleration is calculated using
Formula (2).

ap = g x sinw 2)

Tt results inay = 0.78?2.

As the bearing configuration is 45°, the orientation of the force relative to the profile
rail can be ignored [6]. Furthermore, torques are neglected in the calculation. The equivalent
dynamic load is therefore calculated according to Formula (3).

P:ixmqu 3)

to P =292.50 N.

According to the manufacturer’s recommendation, a safety factor of S = 6 is selected
for use in lifting mechanisms [6]. After converting Formula (4), a dynamic load rating can
be calculated.

S=7% 4)

It results in C = 1755 N.

The profile rail guide must meet or exceed the static and dynamic load rating. As the
static load is significantly higher, this is considered a selection criterion. The required loads
are summarised in Table 6.
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Table 6. Requirements for dimensioning of the profile rail guide.

Property Value Unit
So 12 -

Py 9196.88 N

Co 110,362.50 N

P 292.50 N

m 1500 kg
ag 0.78 2

S 6 -

C 1755 N

2.3.2. Winch and Steel Cables

The cable winches must lift the maximum front axle load of 1500 kg. Due to the
configuration of four actuators, each cable winch is subjected to a cable pulling force
of S =3678.75 N. The system is designed for one cable per winch. In order to ensure
operational safety, even if one cable fails, more cables are installed per cable winch. The
width of the cable winch allows the use of three cables per actuator. The design is carried
out in accordance with DIN 15020 [10].

In the first step, the drive unit group is determined according to DIN 15020 [10].
This requires the average running time per day to be calculated in hours. Due to the
requirements made in the project for the lifting cycles, an average running time of less
than 0.125 h/d is achieved. Assuming a heavy load profile results in the engine group
“1 Dpy”. For drive units of this classification, the safety index, which indicates the ratio
between breaking force and tensile force, must be at least 3. This condition is checked after
determining the minimum cable diameter.

The coefficient c is then determined. Non-elongation-free cables are assumed for this,
as the load is guided by the profile rail guide, resulting in a small coefficient. The nominal
strength ¢, of the individual wires is assumed to be the lowest permissible value for the
drive unit group of 1770 % The coefficient can be taken from DIN 15020 [10] and is
¢ =0.0710. The minimum cable diameter can be calculated with the coefficient ¢ and the
cable tensile force S according to Formula (5) [10].

dmin = C'\@ (5)

The minimum cable diameter is therefore d,,;, = 4.31 mm. The value is rounded up
to the nearest integer with d,,;, = 5 mm.

In addition to the values already listed, two further factors are required to calculate the
safety factor. The influence of the load collective is taken into account by k and the filling
factor of the cables by f. The calculation of the safety index ¢ based on Formula (6) [10]

19:k><f><7t><s%><d2><(52 ©)

to ¥ = 3.69, which fulfils the requirements for the drive unit.
The minimum cable winch diameter can be calculated using Formula (7) [10].

Diin = h1 X hp x dmin (7)

This results in D,,;;, = 56 mm. The unitless coefficients /; and h, are taken from DIN
15020 [10].

The groove radius in the cable winch for the steel cables is taken from DIN 15020 [10]
and is r = 2.7 mm.

To prevent the cables from unwinding, the cables are fixed in the drum with a grub
screw and wrapped around the drum with more than two wraps in each position of the
roller block. A plain bearing is provided for the drive shaft bearing, as this saves space
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and can absorb high surface pressures. According to DIN 15020, an efficiency of 17 = 0.96
is specified for this type of bearing [10]. Table 7 summarises all the requirements for
dimensioning the winch and cables.

Table 7. Requirements for dimensioning of winch and steel cables.

Property Value Unit
c 0.071 -

S 3678.75 N
5, 1770 L
k 0.85 -

f 0.46 -

9 3.69

h 11.2 -

hy 1 -
Dpin 5 mm
Dyin 56 m

2.3.3. Servomotor

All the information required to calculate the power data for the servomotor is known after
the cable winch has been designed. The power can be calculated according to Formula (8).

Fxs

T Atxy ®)

E

The required power is Pg = 255.47 W.
The required torque can be calculated using Formula (9) and is made up of the weight
load per actuator, the effective radius of the cable winch and the efficiency factor.

_ E X (Dyin +dmin)

M 2xn

©)

After inserting all values, the required torque is M = 116.88 Nm.
Table 8 summarises all the requirements for dimensioning the servomotors.

Table 8. Requirements for dimensioning of the servomotor.

Property Value Unit
F 3678.75 N

s 0.2 m
At 3 s

Ui 0.96 -
Din 0.056 m
Ain 0.005 m
P 255.47 w
M 116.88 Nm

A motor from Heidrive is selected. The model HMD10-039-048-30 fulfils all require-
ments with a rated speed of 3000 min~! and a standstill torque of 3.9 Nm. The motor is
controlled via the mcDSA-E25XC motor controller from miControl. The position to be
approached is specified as the control variable in revolutions, and the integrated sensor
system confirms that the specified position has been reached.

2.3.4. Shaft

The shaft transmits the torque from the servomotor to the cable winch, is born on both
sides, and carries the cable winch between the bearings. The shaft must be designed for
bending, torsion and surface pressure. The bending and torsional torques are included in
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the combined load. The surface pressure is calculated last. The bending torque is induced
by a line load and can be calculated for the present configuration using Formula 10 [11].
The force F represents the cable tension force. The length [ is the distance between the

bearings, s is the bearing width.

:FX(S/2+Z/4) (10)

My, 5

The combined load can be calculated for general cases using Formula (11) [11]. The
torsional moment M; represents the required torque of the servomotor.

My = \/ M}? +0.75 x M;> 11)

The minimum shaft diameter can be calculated using Formula (12) and the permissible
bending moment for steel 5235 (EN 1.0038) [11].

i> M 12)
0.1 x Tp zul

The calculated minimum diameter of d > 20.43 mm must be increased in order to
accommodate a feather key. The resulting geometry is validated with a simulation. All
requirements for the dimensioning of the shafts are summarised in Table 9.

Table 9. Requirements for design of the shafts.

Property Value Unit
F 3678.75 N

1 88 mm
s 5 mm
M, 45,064.69 %

M; 116,876.95 =

Mo, 110,797.08 e

Tb zul 130 mljnz
v 3 -

d 20.43 mm

2.3.5. Locking Bolts

Each lifting actuator has a locking mechanism with two locking bolts that act simulta-
neously at both sides of the housing. As the locking bolts hold the position of the lifting
actuator during the drive, they are each dimensioned with half the vertical force from
Table 4. The locking bolts must be designed for bending, shear and surface pressure. As
normal stresses and shear stresses cannot simply be added according to the superposition
principle, only the shear is considered for dimensioning, as shear stresses represent a higher
load. The influence of the bending load is taken into account by a reduced permissible
shear stress [11]. The main shear equation is shown in Formula (13) [11]. In this equation,
the symbol A refers to the cross-section area. The equation can be rearranged to solve for
either the required diameter or the mean shear stress ;.

Ta = A (13)

This results in 7, = 7.81 -, The maximum shear stress occurring for circular cross

sections is calculated using Formula (14) [11].

Timax = (4/3) X Ty (14)
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It results in Ty = 10.41%. The surface pressure that occurs is calculated using
Formula (15), which contains the force acting on a bolt and the projected area.

F
dxs

Pa = (15)

This results in p, = 36.79 % All requirements for dimensioning the locking bolts
are summarised in Table 10.

Table 10. Requirements for dimensioning of the locking bolts.

Property Value Unit
F 5518.13 N

d 30 mm
T 7.81 N
Timax 10.41 :ﬁ:i
s 5 mm
Pa 36.79 N

Red Magnetics ITS-LZ 3869-Z cylinder solenoids are used to actuate the bolts. The
lifting magnets pull the bolts into the housing before the lifting process. Springs are used
to push the bolts into the catches to disengage them for locking.

2.4. Topology Optimisation of the Housing

Topology optimisation is used to calculate the optimum material distribution within
a given installation space, taking into account previously set requirements. The iterative
optimisation process removes underutilised material until all specifications, such as a
mass percentage to be retained, maximum stresses or rigidity, are achieved. The result
is a topology that is adapted again in CAD, e.g., to the manufacturing process and then
validated by means of an FE analysis [3].

The concept defines the cross-section of the housing as well as the flange surfaces for
the profile rail and the bearing mounts for the shaft and locking bolts. The material in
the housing is to be reduced by using topology optimisation. The initial geometry for the
housing is shown in Figure 6. The maximum available installation space, the design space,
is shown in grey, and the non-design space in blue.

Figure 6. Initial geometry for topology optimisation, grey: designspace; blue: non-designspace.

The result of the topology optimisation with a target mass fraction of 60% and the
final CAD model of the component can be seen in Figure 7. Since only limited computing
capacities are available, the components are divided into tetrahedral elements with a
linear approach function (TETRA4). In order to achieve usable results despite the small
number of nodes per element, an average element size of 1 mm is selected, which is small
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compared to the component dimensions. The outer wall without the locking bearing is
almost completely removed. The corner of the housing on the bottom right-hand side has
also been removed. The height of the existing walls was reduced. The material around
the shaft bearings was completely removed on the side facing off from the stresses. This
geometry is not completely carried over but is used as an indicator of where material can
be removed.

Figure 7. Left: Output geometry after topology optimisation; right: CAD model of final component.

2.5. FEA Simulation

For the simulation, settings must be made for the material, the mesh, the boundary
conditions and the loads. Structural steel with values defined in Table 11 is used as the
starting material for the simulation. All models are calculated using a tetrahedron mesh
with a cell size of 1 mm and curve-based fitting.

Table 11. Material properties of structural steel for FEA simulation.

Property Value Unit
Young’s Modulus 210 GPa
Poisson’s Ratio 0.3 -

. k
Density 7.85 =

2.5.1. Housing

The geometry used for the simulation is derived from topology optimisation and
features simplified geometries that are better suited for manufacturing. The housing is
made of sheet steel with a wall thickness of 5 mm. The three load cases are calculated
independently of each other, as they do not occur simultaneously. All boundary conditions
and forces are shown in Table 12.

Table 12. Load cases for FEM Simulation of the housing.

Load Case Description Force [N] Direction (Model)

Flange surface restraint via
Constraint “Clamp” feature and sliding N/A N/A
bearing on the backside.
Load on shaft bearing surfaces
via “bearing load” feature.
Load on upper locking bolt
Load Case 2 bearing surfaces via “bearing 11,036.25 Neg. x-axis
load” feature.
Load on lower locking bolt
Load Case 3 bearing surfaces via “bearing 11,036.25 Neg. x-axis
load” feature.

Load Case 1 3678.75 Neg. x-axis

Figures 8-10 show the Von Mises stress distributions of the simulation. It is recog-
nisable that the maximum stress occurs on the bearing surfaces, with secondary points of
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stress along the exposed 90° bends, as can be seen in the first two load cases. All maximum
stresses and displacements are listed in Table 13. The highest stresses of 41.2 MPa and the
highest displacements are generated in Load Case 3.

Von Mises stress (nodal values).1
N_m2
1,19e+07
1,07e+07
9,54e+06
8,35e+06
7,16e+06
5,97e+06
4,77e+06
3,58e+06
2,39e+06
1,19e+06
0,933
On Boundary

Von Mises stress (nodal values).1
N_m2
1,63e+07
1,47e+07
1,31e+07
1,14e+07
9,79e+06
8,16e+06
6,53e+06
4,8%9e+06
3,26e+06
1,63e+06
5,92e-05
On Boundary

Figure 9. FEA simulation of housing with Load Case 2.
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Von Mises stress (nodal values).1
N_m2

4,12e+07
3,7e+07

3,29e+07
2,88e+07
2,47e+07
2,06e+07

1,65e+07
1,23e+07
8,23e+06
4,12e+06
5,19e-06
On Boundary

Figure 10. FEA simulation of housing with Load Case 3.

Table 13. Results of housing simulation.

Max Def ti
Load Case Max. Tension [MPa] ax Deformation [mm]

y z

Load Case 1 11.9 —0.00110 —0.00292 0.00133
Load Case2  16.3 —0.00247 0.00346 0.00080
Load Case3  41.2 —0.01020 —0.00233 —0.00134

The maximum deformation is 0.01 mm, and therefore, does not warrant the need for
higher strength steel than necessary for the induced stresses. The high stresses in Load Case
3 are due to the lack of support material downward from the bearing surface compared to
the other two load cases, especially on the outside wall, which has had material removed
according to the topology optimisation and ease of manufacturing in mind/constraints.

Due to these low loads, simple structural steel such as 5235 (EN 1.0038) can be used
for housing, which has good availability within the EU.

2.5.2. Adapter

The adapter consists of a large flange surface that is screwed onto the roller block and a
welded-on U-profile that holds the locking mechanism. In Load Case 1, forces are induced
in the z-direction by the bearing surfaces for the locking bolts. Load Case 2 assumes the
worst case for the cable attachment and applies a surface load to the model at the outer cable
attachment with the lowest surrounding material volume. The exact boundary conditions
and loads can be seen in Table 14.
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Table 14. Load cases for FEM simulation of the adapter.

Load Case Description Force [N] Direction (Model)
Constraint f lange s”urface restraint via unlimited none
Clamp” feature
Load Case 1 Load on lqclf/mg b.OIt bearlilg 11,036.25 Pos. x-axis
surfaces via “bearing load” feature
Load Case 2 Load on cable end retaining collar 3678.75 Pos. x-axis

via “distributed force”

Figure 11 shows the Von Mises stress distribution for Load Case 1. It can be seen
that the highest stresses occur in the transition from the U-profile to the flange surface
at the upper end. The maximum stress of 436 MPa for material thicknesses of less than
16 mm is still within the load range of S460 with a yield strength of 460 MPa. The largest
displacement of approx 0.71 mm also occurs in this load case. The displacement occurs
with the free-standing wall and is directed inwards and, therefore, unproblematic, as there
is no collision with the housing, which moves relative to the adapter.

Von Mises stress (nodal values).1
N_m2
4,36e+08
392e+08
349 +08
3,05¢+08
2,61e+08
2,18e+08
1,74e+08
1,31e+08
8,71e+07
4,36e+07
0,152
On Boundary/

Lo

Figure 11. FEA simulation of adapter with Load Case 1.

Load Case 2 is shown in Figure 12. The maximum stresses occur on the open side of
the cable attachment. The stresses of 233 MPa are significantly lower than those of Load
Case 1 and, therefore, have no further influence on the choice of material.

Table 15 shows the maximum stresses and displacements for both load cases.

Table 15. Results of adapter simulation.

Max Deformation [mm]

Load Case Max. Tension [MPa] y 2
Load Case 1 436 0.71300 0.35700 —0.50100
Load Case 2 234 0.02840 —0.00827 —0.03130
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Von Mises stress (nodal values).1
N_m2
2,34e+08
2,11e+08
1,87e+08
1,64e+08
141e+08
1,17e+08

9,37e+07
7,03e+07
4,68e+07
2,34e+07
0,0159
On Boundary

Figure 12. FEA simulation of adapter with Load Case 2.
2.5.3. Shaft

The shaft is simulated with the feather keys. For this purpose, all contact surfaces
between the feather keys and the shaft are defined as a sliding connection. The feather keys
are defined as firmly clamped. The sliding bearing surfaces are defined as such, and the
load of the cable winch is projected onto the top of the shaft. The torque is induced at the
shaft end. All constraints and loads are listed in Table 16.

Table 16. Load cases for FEM simulation of the shaft.

Load Case Body Description Force :I)vl;:;:ll(;n
Bearing surfaces are
Constraint Shaft restraint via sliding unlimited none
contact
Ie . Restraint via flange on .
onstraint Feather Key 116.88 [Nm] Pos. y-axis

two perpendicular sides
Torque applied on one
Load Case 1 Shaft end, distributed force 3678.75 [N] Neg. z-axis
on upper shaft surface

The maximum stresses occur at the end of the contact surface between the shaft and
the feather key close to the torque input, as can be seen in Figure 13. It can be assumed that
these stress concentrations occur due to the rigidly clamped feather keys and the sharp
end of the contact surfaces, which do not optimally represent reality. Nevertheless, the
maximum stresses and displacements, which are also summarised in Table 17, are low
enough to allow the use of structural steel 5235 (EN 1.0038).
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Von Mises stress (nodal values).1
N_m2

1,4e+08

1,26e+08
1,12e+08
9,83e+07
8,43e+07
7,02e+07
5,62e+07
421e+07
2,81e+07
141e+07
327e+04

On Boundary

Figure 13. FEA simulation of shaft with Load Case 1.

Table 17. Results of shaft simulation.

Max Deformation [mm]

Load Case Max. Tension [MPa] v 2
Load Case 1 140 —0.00155 0.00020 0.00915
3. Results

Figure 14 shows the final CAD model of the assembly of the lifting actuator. The
housing, the adapter and the shaft correspond to the figures already shown in the simu-
lation chapter. The locking bolts are locked in the upper position, which represents the
travelling position.

Figure 14. CAD model of final lifting actuator.
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Topology optimisation was used to identify areas of the housing with excess material.
The optimised housing should nevertheless retain a simple geometry and protect the
moving components in the housing. Therefore, the walls were reduced to the height of
the adapter, and the entire bottom, which rests against the subframe, was retained. The
material around the shaft bearings is also retained to protect the cable winch. The channel
for the locking mechanism was shortened at the lower end, and a triangular geometry
was removed at the top. The topology optimisation and the FEA simulation suggest that
the material thickness of 5 mm can also be reduced. However, this is retained in order to
prevent the walls from buckling or twisting and to provide sufficient bearing space.

Two lifting actuators can be seen in Figure 15 and are already mounted on a side
part of the subframe. The locking mechanism is locked in the lower position here, which
represents the capsule change position. The servomotors are installed above the frame and
drive the cable winches by using a cardan shaft due to the angular offset.

o W —

Cable Winch

»

{
| B
2
»

Figure 15. Left side of subframe with attached lifting actuators.

Figure 16 shows a close-up view of a lifting actuator. The actuator is also locked in the
lower position in this picture. In this view, the cable winch is not yet mounted, and the plain
pressed-in bearings of the shaft and the cable attachment in the adapter are clearly visible.

Locking Bolts

Figure 16. Close up side view of lifting actuator attached to the subframe.
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4. Discussion

The design is mostly carried out with the help of standards, manufacturer catalogues
and scientific manuals. These materials provide calculations in descending order, with
which components can be fully or pre-dimensioned. FEA simulations and topology optimi-
sations were used as further tools for dimensioning. Topology optimisation was used to
reduce the mass of the housing, but the focus was also placed on simple geometry. The
simulation results show that the geometries can withstand the loads, but by using the
housing as an example, even more material could have been saved, and material utilisation
could have been increased.

The lifting actuator is designed as a complete unit to allow for separate development.
This is particularly useful if other systems have not yet been finalised and, therefore, only
the interfaces need to be defined or adapted. However, an integrated development of the
lifting actuator is also conceivable and offers greater potential for material, weight and
installation space savings. However, this approach to concept and product development is
more complex. Further advantages of the separate development are the adjustability of the
actuators as well as the possibility of pre-assembly and easier interchangeability due to the
flange connection.

The lifting actuator developed enables the lifting process under all the required bound-
ary conditions of the U-Shift project, which could not be realised on the basis of existing
systems. The lifting actuator connects the frame of the Driveboard, which is lifted, with
the subframe and does not change its level during the lifting process. It enables the two
components to move relative to each other and thus prevents changes in track width during
the lifting process. For safety and to take the strain off the cables, a locking system is used
to lock the drives in the upper- and lower-end positions.

The tests carried out so far have shown that the overall system even exceeds the
requirements. It is possible to lift the vehicle in a shorter time and move a higher total mass
than originally assumed. In the course of the project, the prototypes will be tested even more
extensively in the Driveboard and further developed on the basis of the knowledge gained.
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Abstract: In this work, a new plastic-intensive medium-pressure plate (MPP), which is part of a
fuel-cell system, has been developed together with a steel plate meeting all mechanical and chemical
requirements. This newly developed MPP had to achieve the objective of saving weight and package
space. The use of compression molding as a manufacturing technique facilitated the use of glass mat
thermoplastics (GMT) which has higher E-modules and strength compared to most of the injection
molded materials. A steel plate was placed as an insert to help achieve the stiffness requirements.
For the development, the existing MPP was benchmarked for its structural capabilities and its
underlying functional features. Four different FRP materials were investigated in terms of their
chemical and mechanical properties. PP-GMT material, which has both high mechanical performance
and resistance against chemicals in the fuel cell fluid, had been chosen. Using the properties of
the chosen PP-GMT material, topology optimization was carried out based on the quasi-static load
case and manufacturing constraints, which gave a load-conforming rib structure. The obtained rib
structure was utilized to develop the final MPP with adherence to the functional requirements of
MPP. The developed plastic-intensive MPP exhibits a 3-in-1 component feature with a 55% reduction
in package space and an 8% weight reduction. The MPP was virtually analyzed for its mechanical
strength and compared with the existing benchmark values. Finally, a press tool was conceptualized
and manufactured to fabricate the new plastic-intensive MPP, which was tested in a rig and validated
in the FE model.

Keywords: fuel cell; medium-pressure plate; structural optimization; compression molding; GMT;
package saving; light weight

1. Introduction and State of the Art

A globally accepted fact in the current decade is the effect of global warming on climatic
changes, which is mainly caused by CO, emissions. It was published by Lamb et al. [1] that
in 2018, the automotive sector contributed 14% to the overall global CO, emissions. This,
in turn, creates an emphasis on the necessity to reduce the emissions of vehicles, which
translates to a steep rise in the need for vehicles powered with green energy where the
carbon emissions are zero. Therefore, the sales of battery electric vehicles (BEVs) have
increased in the past decade [2], and projected figures show that the market share of electric
vehicles (EV) will be more than 80% in a few decades. Although extensive research has
been invested in increasing the energy density of lithium-ion batteries, currently, the energy
storage ability still does not meet the demands of many customers. Many consumers
consider the charging time of 20 to 30 min for a 200 to 300 km driving range to be still too
long [3].

This is where a polymer electrolytic fuel cell (PEMFC) can help plug the gap since the
charging time is within 5 min for a driving range of more than 500 km, which is comparable
to gasoline-powered vehicles [4-6]. The advantage of a continuous power supply with
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the availability of PEMFC hydrogen fuel has made it a strong candidate for powering
automobiles. Over the years, smaller power-demand vehicles (50250 KW) powered by
fuel cells have been on the automotive market [7]. Fuel cell vehicles can exhibit a high
range with smaller increases in the weight of the vehicles in comparison to BEVs [8].

In Figure 1, a simplified schematic sketch of PEMFC, which consists of multiple cells,
is shown. Each cell is an assembly of two bipolar plates, bipolar anode and bipolar cathode,
which sandwich the membrane electrode assembly. A current collector is placed at the end
of these cells in order to collect the electricity. Eventually, the medium-pressure plate (MPP)
holds all the single cells inside the stack house. The membrane electrode assembly consists
of a proton exchange membrane, catalyst layers and gas diffusion layers. The membrane
transports hydrogen protons from the anode to the cathode. The catalyst layer is where
the electrochemical reaction takes place, which controls the rate of the reaction based on
the necessity of power. The gas diffusion layer is effectively the electrical conductor that
transports the electrons to and from the catalyst layer [9]. The reactant gases, hydrogen and
oxygen, are supplied to the anode and cathode via the flow ducts of bipolar plates. Electric
current is generated by the electrochemical reactions, accompanied by heat development.
Therefore, the bipolar plates must be cooled by coolant, for which inlet and outlet ducts
must be introduced.

Stackhouse  Multiple Cells Current Collector

Medium Pressure
Plate

Hydrogen
from Fuel

e

—)

Catalyst Layer
Catalyst Layer

Membrane Output H;0
Electrode
Assembly

Figure 1. Schematic representation of PEM fuel cell and its working principle.

Lightweight design is an important factor in reducing the fuel consumption of vehicles
using combustion engines and/or increasing the driving range of electric vehicles. Various
forms of research have been carried out to reduce the weight and redesign the bipolar
plates [10-13] to improve the efficiency of PEM fuel cells. Liu et al. performed a 2D
shape optimization on the endplate of fuel cells, converted this optimized shape into a 3D
structure, and performed FE analysis to check its structural rigidity [14]. A structural study
to evaluate the contact pressure of end plates based on bolting strategies was researched by
Dey et al. [15].

The body structures of vehicles must often be strongly modified if PEMFCs are to be
used as power sources due to their spatial requirements, which results in higher devel-
opment and manufacturing costs. Package saving in the fuel cell may thus contribute to
a faster transition from combustion engines to fuel-cell electric vehicles. Package space
saving should ideally be realized in components meant for structural rigidity or support,
like Fuel cell housing or the medium-pressure plate, which is the topic of this work. The
saved package can be used to increase the number of fuel cells, which helps increase the
overall power, and the power output of the stack can be increased [16,17].
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1.1. Medium-Pressure Plate

The MPP, commonly manufactured by aluminium casting or steel plate, functions as
a manifold through which hydrogen, air and coolant are supplied and regulated to the
PEMEC Stack [6]. As the name suggests, it also ensures a large contact force is applied to
the bipolar plates, on the stack side, within the stackhouse. Bolted at different locations
to the stackhouse, it also needs to guarantee an impervious working condition of the fuel
cell stack [15]. The last bipolar plate is in contact with a titanium plate, which acts as the
current collector.

The PEMEC stack can be subjected to various loading and stress conditions based
on utility in real-time scenarios, where the PEMFC should have a >40,000 h static work
lifetime and >5000 h automotive application lifetime [18]. Yan et al. have also reported
that the performance of PEMFC is also influenced by temperature and humidity, which
affect the charge transfer resistance of the stack [19]. These stress conditions increase the
emphasis on the material characteristics of the fuel cell system.

The reference MPP of this work is made of aluminium casting with a layer of glass
fibre-reinforced polyphenylsulfide (PPS) material with 30% glass fibre reinforcement per
weight, injection molded on the cast aluminium. The FRP layer here acts as an insulation
between the aluminium and current collector [20].

A PEM fuel cell system is typically operated between 65 °C up to 125 °C [21] using
perfluorosulfonic acid HCOO-CF(CF;3)-O-CF,CF,-SO3H (PFSA) polymers such as Nafion
as membranes for their superior conductive and chemical properties [22]. PFSA can also
be shortly represented as R¢-CF,COOH, where R represents the non-reactive part of the
Nafion molecule. The chemical requirement of MPP is that it should exhibit high resistance
to moisture, hydrogen, and acid mediums as there is direct contact with these mediums.
Chemical degradation of PFSA is a major issue in PEMFCs. This degradation is due to the
dissociation of hydrogen peroxide molecular bonds, which is due to the presence of metal
ions like Fe Cu through the corrosion of cell or stack materials [8].

Metal ions (M<Z“>) + H0p — MZ 4+ +HO' + H* (1)

Radical Hydrogen ions get washed out due to the dissociation of hydrogen perox-
ide (H20O;). Oxidative hydroxyl (HO") and hydroperoxyl (HOO") are also produced due
to the decomposition of hydrogen peroxide. The oxidative hydroxyl groups react with
the carboxylic acid group (-COOH), as shown in Equations (2) and (3), giving rise to a
degrading effect on the PEMFC membrane. This phenomenon is termed an “unzipping
mechanism” [8,23].

R — CF,COOH + HO' — R; — CF, + CO, + H,O @)
R¢ — CF, + HO" — R; — CF,OH — R; — COF + HF 3)
R¢ — COF + H,O — R; — COOH + HF )

The hydrogen ion attacks the washed-off fluorine atoms from PFSA and forms a
hydrogen fluoride (HF) acidic medium, which is termed free radical attack. Hydrogen
fluoride is particularly aggressive towards the FRP materials used to create the insulation
layer on MPP, including the glass fibres. The reaction of hydrogen fluoride with glass fibres
can subsequently increase the pH values within the fuel cell system, which can lead to
detrimental effects. Due to the acidic medium, it was imperative that the FRP should be
free of any cracks as the acidic medium will seep into the microstructure of FRP and rapidly
degrade it.

Currently, many polymers are used in the manufacturing of PEMFCs. Gaskets within
the fuel cell systems may comprise various polymers such as polyester, polyimide, polyethy-
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lene naphthalate, and polyethylene terephthalate. Gas diffusion layers are made using
porous substrate comprising of fluorinated polymers such as polytetrafluoroethylene
(PTFE) and fluorinated ethylene propylene (FEP) [24]. Due to its ability to transport gases
or components of dissolved liquids, a widely used polymer in PEMFC is PPS-based FRP
material [25].

On the functional side, the MPP has six through holes for various fluid mediums to
pass in and out of the stack. For the development of the new plastic-intensive MPP, it was
important to capture the entry and exit cross sections of these through holes as it enables a
smooth transition of the newly developed MPP into the existing fuel cell systems. However,
there were few adaptions made in the geometrical boundary conditions of these through
holes, which will be discussed in the following chapter.

On the other side of the medium-pressure plate is the medium interface unit (MIU),
which is a combination of MIU housing (see Figure 2) onto which different pumps, sensors
and piping systems are bolted that regulate the flow of different fluid medium in and
out of the fuel cell stack [26]. Although not prescribed with stiffness requirements, the
MIU housing needs to be stiff enough for the various neighbouring components to be
bolted upon.

Stack Side

. ‘ Reference Component Plastic | .| Reference Component Aluminum ‘

. ‘ Medium Interface unit housing ‘ .| Current Collector

Figure 2. Reference medium pressure plate with medium interface unit.

In this work, the MIU housing will be integrated into the MPP to achieve component
integration. Hence, the space occupied by the current MIU housing will be considered
for the FRP design space for topology optimization. Due to the larger overall thickness of
the MIU housing, it should also be able to carry loads to achieve an improved mechanical
property of the entire MDP. Therefore, both material selection and the geometric design of
MIU housing are important. Since FRP components are predominantly manufactured with
ribs for reinforcements and functionality, the design and placement of these ribs need to
be conducted to withstand loads. A topology optimization is one way to predict the rib
structure for a given load case.

1.2. Topology Optimization

Topology optimization is basically optimization where a pre-defined design space is
created, which is then applied with geometrical and manufacturing constraints based on the
functionality of the resulting component. During a topology optimization, an FE simulation
is carried out over different iterations along with a design objective. The optimization
variables are continuously adjusted over the different iterations until iterative tolerances
are achieved [27]. On reaching convergence, the final result is normally a rib geometry with
the best possible scatter of material in terms of load-bearing capacity.
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The methodology behind topology optimization is a density-based approach incorpo-
rating the solid isotropic material with the penalization method (SIMP). In this method,
the material density of each element (p) of the design space is set as a design variable and
varied continuously between 0 and 1 [28]. Here, the densities 0 and 1 correspond to the
condition of void or presence of an element, respectively. As the optimization tends to
reach convergence, the penalty factor (p) eliminates elements with intermediate densities.
In Equation (5) K is the penalized stiffness matrix, and K is the real stiffness matrix [15,28].

K(p)=p"K ®)

An optimization with an overall goal of attaining a rib structure with a fraction of mass
removal from the design space allowed is normally set with a compliance minimization
criterion. Compliance, as given in Equation (6), is defined as the flexibility of the component
and the inverse of stiffness. This means a structure’s global compliance (C) is the addition of
the strain energies of the elements of the design space. Reduction of the global compliance
maximizes the global stiffness as given in Equation (7), where e are elements in the design
space [29].

C= %uTKu (6)
N
minC({p}) = . (9) [u"] (K][u )

The culmination of methodology with optimization constraints and objectives is set
into an iterative phase, wherein different rib structures are built based on the goal, and
eventually, a raw rib structure is formed which is in compliance with the given load case
and at the same time adhering to the applied manufacturing constraints.

1.3. Compression Molding

A well-known manufacturing technique used in the automobile industry to pro-
duce Fibre-reinforced plastic parts is injection molding. During the injection phase, fibre
lengths reduce through shearing of the rotating screw and typically have lengths between
400-700 microns. This fibre length is further reduced through the injection nozzles. Increas-
ing the fibre length can significantly increase mechanical properties, especially strength and
energy absorption [30,31]. The property that increases fibre length gives better mechanical
properties and paves the way for compression molding.

Compression molding employs similar machines to produce the raw FRP compound
with a given percentage of fibre content. As the name suggests, in compression molding, a
vertical press machine is used to press the parts into shape rather than a horizontal machine
used in injection molding [32]. A schematic representation of compression molding is
shown in Figure 3. Due to the delayed introduction of fibres in the extruder, fibre damages
are mitigated. Here, the molten FRP taken from the extruder is placed in the open mold
cavity and pressed into the cavity contour through press force, where a fibre length of up
to 25 mm could be achieved in the final part [33].
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Figure 3. Compression molding schematic.

The advantage of achieving high fibre lengths in parts makes compression molding
a useful manufacturing method that will be used for the manufacturing technique for
this work.

1.4. Target of the Work

Liu. B et al. [14] have presented research on the virtual shape optimization of pressure
plates by studying the shape-related parameters that influence the final design of pressure
plates. Similarly, in the works of Liu [14], Lin. P et al. [13] and Dey. T et al. [15] have also
presented a virtual design solution for pressure plate designs through various optimiza-
tion methodologies. These studies end with only the virtual design and development of
different pressure plates. This opens the avenue for the authors of this paper to not only
virtually develop a new design concept for the medium-pressure plate but also extend this
development chain into the suitable material selection, manufacturing the new concept
and performing mechanical tests.

Furthermore, the benchmarked fuel cell stack and the corresponding MPP shown
in Figure 2 are foreseen for Fuel Cell Units of bigger passenger vehicles like sport utility
vehicles (SUV). Therefore, the target of the current work is to develop a new steel plus
plastic-intensive medium-pressure plate that can save package space and reduce weight. In
order to achieve this goal, another kind of FRP material must be used instead of standard
PPS with higher strength and Young’s modulus. The idea is to use the FRP not only as
an insulator but also as a structural component of the pressure plate. Since compression
molding enables a higher strength of FRP, this technique should be used, and both material
properties and the manufacturing process for the pressure plate should be investigated
using this process. In addition, the chemical resistance of the FRP materials must be
measured for the final material selection.

The new plastic-intensive MPP should also enable a high component integration be-
sides high strength and rigidity, which should be obtained by using topology optimization.
The new space-saving MPP should enable the usage of fuel cells in smaller vehicles instead
of larger SUVs.

2. Conceptualization and Process Framework

In order to achieve the above-mentioned goals, certain adaptations to the installation
space had to be taken into consideration. These adaptations were decisions made in close
cooperation with the OEMs with a futuristic view of the fuel cell system requirements.

The basic idea of the new plastic-intensive MPP is to integrate the MIU housing into
the MPP and use FRP material with enhanced E-modules and strength compared to the
state-of-the-art. The functionality of MIUs should be combined with their stiffness and
strength so that the MPP can be designed with reduced thickness. In addition, since the
specific bending stiffness of aluminium is not higher than that of steel, a steel plate should
be used to reduce the thickness of MPP by more than 50%.

111



Vehicles 2024, 6

As shown in Figure 4, the overhang of the MIU housing in the Z-direction and a
few sensor hole features were neglected to reduce the complexity of manufacturing the
reference medium-pressure plate (Figure 4a) after discussion with the OEM. Opening
for the coolant out has been moved to the new position, as shown in (Figure 4b). The
cavity for the cooling channel, depicted in orange in Figure 4b, behind the current collector,
was deemed unnecessary and thus removed. In addition, it was decided that the bolting
locations for various module units had to be recreated as in the reference MIU housing.
Gasket lines, where necessary, were also recreated exactly as in the reference MIU housing
to facilitate the ease of assembly integration and the use of existing parts.

.‘ Reference Component Plastic ‘ .‘ Medium Interface unit housing ‘ .‘ Reference Component Aluminum

D‘ New Position of Coolant Outlet ‘ [H Removal of coolant flow field ‘

Figure 4. (a) Adaptations in the existing medium interface unit housing and (b) adaptations in the

reference pressure plate.

Once the conceptual adaptations were fixed, a methodology was developed to achieve
the goal of this work. The methodology takes into account all the key constraints and
boundary conditions like stiffness and function requirements. As shown in Figure 5, the
process starts with the reference phase, where stiffness performances of the existing MPP
are benchmarked through FE Simulation of the critical load case. Additionally, the package
space required for the existing MPP and MIU was taken into account.

[
! REFERENCE PHASE o CONCEPTPHASE || MATERIAL SELECTION !
: Loadcase definition Reference : : Design Design Parameter : : :
Different Max disp, 1 Space Manufacturing
: Standard || \FeEren (= :;e;;p I»: Creation of o constraints, volume : ! Chemical Material !
|| cAp Model package [ Design fraction, compliance | I “al al |
| creation space, weight ||| | Space CAD definition \ 1| Characterization [| Characterization ||
sl — ——— ! - - - - —-_-_---—-—-—-—-—-=< ymmm - !
Selected material ‘ E
£
______________ 1 T T TS T T T T T T T T T g
DESIGN PHASE ' ITERATION PHASE H 3
Rib Structure Conversion - : Best Rib Topology :._ ﬁ
to Final Product CAD : Structure Optimization :

T

Concept Reevaluation |

(Manufacturing Constraints)

Figure 5. Process framework.

This was followed by the concept phase, where the design space for the topology
optimization was first created, and further conditions, such as manufacturing and geo-
metrical conditions, such as rib height, rib thickness, and draw directions, were defined.
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These conditions eventually determine the outcome of the rib structure over an iterative FE
analysis coupled with optimization. In the material selection and characterization phase,
suitable materials were chosen and characterized for their strength and chemical behaviour.
The obtained rib structure is taken into the design phase, where it is built around and
converted into the final plastic-intensive MPP in a CAD environment, capturing important
functional aspects like sealing lines or neighbouring component bolt locations. Here, within
the sub-phase of concept revaluation, the final MPP is subjected to the critical load case to
see if it meets the expected structural requirements.

For the topology optimization and the final FE calculation of the MPP performance,
the properties of the FRP must be determined as FEM material input data. Several FRP
materials were thus analysed in comparison to the reference materials.

Once the final CAD was approved, the concepts for tool design for the manufacturing
were developed, and the press tool was developed. Here, manufacturing constraints
used during the topology optimizations were fed as input for the press tool development.
The new plastic-intensive medium-pressure plate was manufactured with the press tool
manufactured and taken into commission.

3. Materials
3.1. Material Characterization

As mentioned in Section 1.3, the newly developed MPP in this work will incorporate
a higher percentage of FRP material in its construction and use steel plates for stiffness
and strength purposes. As mentioned in Section 1, the fuel cell stack works at extreme
conditions of temperature and working mediums, which raises the requirements of the
materials being used for the manufacturing of MPP. The existing reference MPP has an
injection molded short glass fibre-reinforced PPS layer with a 30% fibre content. Within
the scope of this work, four different materials described in Table 1 were investigated and
characterized. Compared to the reference PPS material, polypropylene (PP) and polyamide
(PA) are standard thermoplastic materials and very much cheaper. It could be used to
reduce the cost and increase the performance of MPP if their properties are acceptable or
even better than the PPS reference.

Table 1. Materials selected for characterization.

Material Name

Sample Norm and Manufacturing

Technique Material Description

DIN EN ISO 527-4 Type 2, Rectangular Polypropylene-based glass mat thermoplastic

PP-X121 F42 g ) with 42% glass fibre content, including 2 layers
sample—water-jet-machined .
of woven fibres
3 Polypropylene-based glass mat thermoplastic
PP-X103 F61 DIN EN ISO 527-4 TYPE 2 Regtangular with 61% glass fibre content, including 2 layers
sample—water-jet-machined .
of woven fibres
DIN EN ISO 527-2 Type 5A, shoulder Polyamide-based thermoplastic with 50% short
PA66-GF50 : . -
sample—water-jet-machined glass fibre
Reference PPS GF30 DINENISO 527-2 Type 54, shoulder 30% short glass fibre content

sample—direct-injection molded

The materials were analysed in terms of their chemical and mechanical behaviours.
The chemical behaviour includes mainly the resistance of the material against the acid
medium, and the mechanical properties were measured by quasi-static tensile tests. The
same samples were used for both analyses.

Depending on the fibre length of the material, the sample norm was selected. The
material architecture of PP-X121 F42 and PP-X103 F61, delivered by Mitsubishi Chemical
Advanced Materials, consists of layers of woven fabrics and chopped glass fibres of length
50 mm. In order to avoid damage to the long glass fibres of the PP-based FRPs, rectangular
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samples of standard DIN EN ISO 527-4 Type 2 were cut using water jet machining. The
PA66 50% glass fibre material was manufactured as flat plates using injection molding from
which DIN EN ISO 527-2 Type 5A samples were taken out using water jet machining. The
Reference PPS material with 30% short glass fibre was directly manufactured as DIN EN
ISO 527-2 Type 5A shoulder samples using injection molding.

A major difference here was that the rectangular samples of PP-based materials and the
shoulder samples of PA66-based materials had open fibre ends on the waterjet machined
edges; however, the injected molded shoulder samples had an injection polymer skin,
which acts as a protection layer for the fibres.

For chemical characterization, no common standard exists. Therefore, in this work,
the authors proposed the following chemical solutes and testing procedures in cooperation
with OEM partners. Firstly, a solution with a mixture of distilled water and concentrated
sulphuric acid (H,SO4) was prepared until an acidity level or pH level of 3 was 3 reached.
To this mixture, 30 mg of Sodium Fluoride (NaF) salt was added per litre. This solution
was termed product replacement water and recreates the worst-case working environment
scenario in a PEMFC. The addition of NaF salt releases sulphate ions (SO*~), sulphite ions
(SO%7), hydrogen sulphate ions (HSO*"), and hydrogen fluoride (HF) acid is also produced.

Three samples from each material in Table 1 were placed inside a neutral, inert
container filled with the fuel cell product replacement water at 95 °C. After a period
of 720 h (1 month), the pH level of the product replacement water from each sample
container was measured using a pH level detector. Here, an increase in pH level means
an increase in acidity level, which can have detrimental effects on the fuel cell system. In
addition to this, the samples were weighed before and after the immersion process to check
the level of water absorption by the samples. High levels of water absorption are bad for
electrical isolation, which is one of the major responsibilities of the layer of plastic on the
MPP [6].

It can be seen from Table 2 that the pH value of the water rose less for the reference
PPS-based FRP material than for the other materials. The reason can be found in the sample
preparation and material composition. As can be seen in Table 1, the reference PPS material
has less glass fibre content and no open edges since it was directly injection moulded,
whereas the other three materials have higher glass fibre content with open edges due to
the water jet cutting of the sample. It can be seen that the product water taken from the
PP-based materials container has a lower pH value than that of the PA-based materials.

Table 2. pH values, conductivity, and water absorption of the selected materials.

Sample Sample Weight
Material Fibre H Value Conductivity ~Weight before  after Immersion  Difference  Difference
Orientation P (uS/cm) Immersion Period (g (%)
(g) (g)
Product
replacement - 3 414 - - - -
water
° .72 2 19.497 19. .1 71
PP-X121 F42 0 6 66 9.49 9.636 0.139 0
90° 6.76 271 19.412 19.511 0.099 0.51
PP-X103 F61 0 6.73 257 21.077 21.305 0.229 1.09
90° 6.52 261 22.098 22.240 0.142 0.64
PA66-GF50 7.25 328 6.122 6.272 0.150 2.45
Reference FRP
PPS GF 30 5.49 210 9.877 9.940 0.063 0.64

Considering the water absorption of the different FRP materials, the change in the
sample weight shows that the PP-based materials have absorbed less water than the PA-
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based FRP materials. The values of PP-based materials are quite comparable to those of the
reference PPS material.

Furthermore, a second step of chemical characterization was carried out. The chemical
characterization was conducted by an Inductively Coupled Plasma Optical Emission Spec-
troscopy method (ICP-OES) using an Arcos-2 ICP-OES analyser apparatus from Spectro
Analytical Instruments, with a micro-mist cross-flow nebulizer. Argon gas was used as a
plasma gas. As operational parameters, 1.4 kW plasma power with 30 RPM pump speed
and a coolant flow rate of 13 L/min was used. ICP-OES is an analysis technique used
to measure the element content in a sample following the principle that ions have the
ability to absorb energy and reach excited states, which eventually release light at a certain
wavelength [34]. ICP-OES analysis was carried out by taking 5 mL of product water from
the stored sample containers after a period of 720 h to determine the washed-out elemental
composition.

Table 3 shows the concentration of glass fibre components in product replacement
water measured using ICP-OES analyses. Considering the reference PPS material as the
benchmark values, the PA66- and PP-based FRP materials were evaluated. PP-based
materials had comparable or lesser leaching content of Al, B, Li and Mg elements when
compared to the reference PPS material; however, Ca, K and Na have leached out more. A
comparison between the PA- and PP-based materials clearly shows that except for Si and
Na, all the other elements had leached out at higher quantities by the PA-based materials.

Table 3. Concentration of glass fibre components in product water.

Material Fibre Al B Ca K Li Mg Si Na Sr
Orientation [mg/L]  [mg/L] [mg/L]  [mg/L] [mg/L] [mg/L] [mg/L] [mg/L]  [mg/L]
Product water - - 0.30 - - 15.68
0° 0.63 0.47 24.12 2.26 0.03 - 40.73 20.42 0.04
PP-X121 F42
90° 1.16 0.28 26.49 2.71 0.05 1.17 41.77 20.33 0.04
0° 1.29 1.37 27.22 3.74 0.04 1.66 40.78 19.70 0.08
PP-X103 F61
90° 0.58 1.57 24.02 3.95 0.04 37.82 20.62 0.08
PA66-GF50 2.26 2.55 21.08 7.98 0.05 1.54 90.98 17.90 0.25
Reference FRP
PPS GF 30 1.37 1.70 21.20 0.58 0.04 1.58 32.53 17.40 0.06

The above two material characterization studies have shown that PA-based materials
show large differences in pH value, conductivity, and water absorption rates, which is
not desirable for the working conditions of the fuel cell system. Moreover, through the
ICP-OES analysis, it was seen that the leaching of glass fibre elements was also large for the
PA-based materials. Hence, it was decided at this stage that the PA-based materials will not
be used for the present work. The PP-based material showcased a performance that was
slightly different from the reference PPS material. It was thus carried forward and further
investigated by tensile tests.

The tensile tests were carried out with three samples each at room temperature, 80 °C
and 95 °C. In addition, three samples of each material, which were previously stored in
the acidified product replacement water, were also tested at 95 °C. The quasi-static tensile
tests were carried out using an Ibertest Testcom-50 test machine with a testing speed of
2 mm/min. For the tensile tests at 80 °C and 95 °C, a thermal climatic chamber was
used. The displacements were recorded using an extensometer. Before the start of the
temperature-dependent test, the chamber is kept at a set temperature for 90 min to ensure
homogenous heat distribution.

The tensile testing results shown in Figure 6a clearly show that with increasing testing
temperature the strength of the reference PPS material decreases considerably. The low
short fibre content in the reference FRP material does not provide enough strength for the
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Reference FRP PPS GF30 - True Stress vs True Strain
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material, especially at higher temperatures. The tensile strength of around 150 MPa at room
temperature falls to around 60 MPa at higher temperatures.
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Figure 6. Tensile test results at different temperatures (a) for reference PPS material, (b) for PP-X121
F42 material.

The tensile test for PP-X121 F42 material was conducted on probes made from 2 layers
of material pressed together. Due to its higher glass fibre content along with the four layers
of woven fabric, the PP-X121 F42 GMT material shows superior performances at all testing
conditions in comparison with reference PPS material. At room temperature, the PP-X121
F42 was able to reach a tensile strength of around 226 MPa, and at a higher temperature of
95 °C, the loss in tensile strength was also comparatively small, as can be seen in Figure 6b.
The performance of the PP-X121 F42 material in impact load cases is also superior due to
the underlying material architecture, as can be seen in [35].

The major mechanical values of both materials are summarized in Tables 4 and 5. In
this work, on the basis of the superior performance in the tensile tests, PP-X121 F42 FRP
material was selected as the material to create the rib structure of the plastic-intensive MPP.

Table 4. E-modulus and tensile strength of reference PPS material at different temperatures.

Material Properties
Reference PPS

Room Temperature

o o 95 °C Immersed in
80°c %5°C Product Water

E-Modulus [GPa]

11.5 10.05 7.57 8.31

Tensile Strength [MPa]

145.4 100.7 82.4 67.2

Table 5. E-modulus and tensile strength of PP-X121 F42 material at different temperatures.

Material Properties

95 °C Immersed in

Reference PP-X121 F42 Room Temperature s0°c 9%5°C Product Water
E-Modulus [GPa] 10.6 9.88 9.1 9.26
Tensile Strength [MPa] 226.6 187 147.4 122.1

3.2. Architecture of PP-X121 F42

The PPX121-F42 has a complex architecture. As shown in Figure 7, each pre-fabricated
extrudate of this fibre-reinforced composite comprises two layers of endless fibres, and the
remaining layers have chopped glass fibres of length 50 mm embedded in the polymer
matrix, altogether resulting in a 40% weight in fibre content.

The endless glass fibres form a layer of woven fabric with an 80-20% architecture,
where there are 80% of the fibres in the longitudinal direction and 20% of the fibres in the
transverse direction with a biaxial plain weave. The chopped glass fibres are smeared into
the polymer matrix.
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Figure 7. (a) PP-X121 F42 GMT schematic layup; (b) microscopic scan picture of PP-X121 F42 GMT.

Although the high fibre content of endless and chopped glass fibre has a positive effect
on the mechanical properties of the material, it has its drawbacks in product manufacturing
and development. Due to the complex architecture of woven fabrics and chopped glass
fibres of length 50 mm, when using the extrudate for forming a component with rib
structures, it was seen in Figure 8 that the ribs do not get entirely filled with fibres. When
the extrudate is pressed into the desired rib structure through compression molding, the
fibres flow only up to a certain depth of the ribs. The fibres undergo a phenomenon called
the “bridging effect”, where, due to the complex fibre architecture, the fibres tend not to
flow the complete length of the ribs and stop halfway through the rib [35,36].

Actual depth of the rib
Part of the rib filled with fibres

Figure 8. CT ccan of U-profile component with a middle rib [36].

Figure 8 shows a CT scan performed on a compression molded U-profile component
with a vertical middle rib. The white areas show the presence of fibres, and the dark areas
in the component show the regions only with polymer. This drawback of GMT material
was also the reason for not choosing the PP-X103 F61 FRP material, which has an even
higher percentage of fibre that hinders the flow. For product development, this fact must
be kept in mind. Since the fibre filling of this kind of GMT material cannot be simulated
using FEM, many detailed testing and analysis works are required for each specific part to
be developed. The material properties for the FE model must be assigned manually for the
deeper ribs.
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3.3. Steel

For the steel plate, S355MC steel was used to obtain the necessary thickness based
on the topology optimization results. Steel plate based on the final CAD design was cut
to contour using water jet machining. The through holes for the fluid medium to flow
through were cut in accordance with the cross-section of the holes. The steel plate will be
placed and inserted into the press tool onto which the plastic GMT is pressed.

4. Fem Methodology and Target Setting

As mentioned in [11], the MPP undergoes high axial loads through the assembly
of fuel cell stacks in order to reduce contact resistance and avoid any slippage of stacks
under high vehicle accelerations. Prior to designing the new plastic-intensive MPP, the
existing MPP needs to be benchmarked for its stiffness and rigidity to obtain the reference
requirements for this work.

The geometry considered for the reference FE calculation is shown in Figure 9, which
consists of the reference medium-pressure plate of aluminium with a layer of FRP mantled
on the aluminium. Here, aluminium is defined as Young’s modulus of 70 GPa and yield
strength of 200 MPa. The reference FRP PPS material is defined as a Young’s modulus of
11 GPa and yield strength of 145 MPa based on the data obtained in Section 3 on reference
injection molded PPS FRP material. The MIU is not considered in the FE calculation as it is
an additional component which is later screwed onto the MPP and thus does not contribute
to the stiffness requirement of the system.

Axial Load 88%

Axial Load 12%

Figure 9. Load case description.

For simplification purposes, the ideal node-to-node connection is applied between
the aluminium and FRP. An isotropic elastic—plastic material model was used for both
aluminium and FRP layers. On top of this FRP layer is the current collector, which has
frictional contact defined by the FRP layer. As depicted, the current collector transfers
the axial load onto the medium-pressure plate. The load is split into two parts, whereas
a major part of the load (around 88% = 53.7 kN) acts on the middle region of the current
collector, where the majority of the force of bipolar cells acts. The remaining part of the
load (around 12% = 7.96 kN) acts on the periphery region or on the gasket region. The load
implementation was carried out based on the OEM specifications.

The components were meshed with tetrahedral elements with a mesh size of 3 mm.
The medium-pressure plate is fixed in the bolt locations using RBE2 elements with the
independent node fixed in all degrees of freedom. An implicit conjugate gradient solver
with convergence criteria of le-6 was set to perform the simulation of this non-linear static
load case in Optistruct by Altair. This FE methodology will later be used to evaluate the
new plastic-intensive MPP.

It can be seen from Figure 10 that the highest displacement occurs in the middle region
of the medium-pressure plate, where the highest axial force of the stack occurs. The stresses
are highest around the bolting location in the aluminium part. For the given axial load, the
stresses in the aluminium reach a maximum of 120 MPa, and the FRP reaches a maximum
of 15 MPa.
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Figure 10. FEM results of reference medium-pressure plate.

5. Development of New Mpp
5.1. Topology Optimization Setup

Once the FE Calculations for the reference MPP were carried out, the design space for
the topology optimization was constructed. As mentioned earlier in this work, the new
plastic-intensive MPP will need to combine the functionalities of the MIU and perform the
operations of MPP by guaranteeing strength requirements and holding the bipolar plates
in place. Henceforth, the package space of the existing MIU is also taken into consideration
for the topology optimization. Here, a steel plate of thickness of 10 mm was considered
because MIU components like pumps need to be directly bolted into the steel plate with
a required bolt thread depth of 8 mm in the steel plate. The rest of the design space, as
shown in Figure 11, was considered to be FRP material.

.| Design Space Plastic | . ‘ Steel Plate | . ‘ Current Collector |D MIU Housing |

Figure 11. Design space comparison and topology boundary conditions.

For the topology optimization, an isotropic elastic material model for both steel and
PP GMT was used. The Young’s modulus for steel was considered to be 210 GPa with
Poisson’s ratio of 0.3 and a density of 7850 Kg/m?. Since PP-X121 F42 GMT material was
chosen during the material investigation in Section 3, its material properties were applied
for this optimization. The average Young’s modulus is 10.6 GPa, Poisson’s ratio is 0.3, and
the density is 1500 Kg/ m3 (see also Table 5). Here, a single material topology optimization
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was set up, and all the design constraints and variables were set up for the FRP design
space. As shown in Figure 11, the axial load from the current collector is applied to the
steel plate through a tied contact. The FRP design space is attached to the steel plate with
node-to-node equivalence. The non-design space elements here define the regions through
which fluid medium flows through the fuel cell system and were hence not considered in
the domain for topology optimization. RBE2 rigids were used to fix the steel at the 18 bolt
locations in all degrees of freedom, similar to the load case as defined in Section 4.

As part of the design constraints, the FRP design space is set to a volume fraction of
an upper bound of 0.5. This allows the optimizer to remove only a maximum of 50% of the
available design space elements in the iterative process of converging to the load-compliant
rib structure design. In addition to this, a compliance variable is applied to the plastic design
space. As discussed in Section 1.2, the target is to minimize the compliance or to maximize
the stiffness. Minimizing compliance in Equation 6 translates to reducing displacements for
a given constant load. Hence, the compliance variable of the plastic design space is called
into a designing objective, which sets a target of minimizing compliance with the plastic
design space and achieving an even distribution of materials for the given load case. The
minimization of compliance can be represented by elaborating Equation (7) as

. o[C(p)—Cmin 19V
minimze : {wl {m} } (8)

where wy is the weighting coefficient, and q is the volume fraction, weighted as 1 due
to single objective optimization in our case, which is bending. For multiple load cases,
the weightage will be divided based on critical criteria, having different values between
0 and 1. C(p) is the function of compliance to density, and Cmax is the corresponding
compliance response of structure at each iteration. At each iteration, in relation to the given
volume fraction and volume distribution, the overall compliance matrix of the structure
is solved. Here, each iteration is converged with a particular volume distribution and a
corresponding stiffness of the structure [13]. Eventually, total convergence is attained with
the most optimal rib distribution and minimal displacements.

Additionally, manufacturing constraints were set to the plastic design phase, which
includes a minimum thickness of member, min. dim. = 3.0 mm, a maximum thickness of
member, maximum dim. = 6.0 mm, a minimum spacing between the structural members,
minimum gap = 15 mm and a draw direction of y = 1. These constraints were selected
based on the feasible rib design guidelines prescribed for plastic components.

5.2. Topology Optimization Results

With the boundary conditions as defined in Section 5.1, the topology optimization was
carried out. The optimal rib structure needed to withstand the applied load converged after
55 iterations. Figure 12 shows the evolution of material distribution to which the solver
converges over these 55 iterations. It is seen that between iterations 0 to 10, the solver first
removes the complete material from the plastic design space. From iteration 10 onwards
up to 40, the solver distributes material in possible ways to counteract the force by which
the system is loaded. Within these iterations, the solver tends to distribute material across
the steel plate. The 40th iteration shows longitudinal disjointed rib structures being formed
along the Z direction. In this iteration, the rib structures have formed a clear path against
the load. However, the optimization continues further as the discontinuous rib structures
are not robust enough to withstand the load.

The optimization further continues until iteration 55 to reach convergence. The con-
verged 55th iteration shows continuous stable rib geometries. It can be seen that the final
rib structures, with element densities of 1, formed directly beneath the load path, with
continuity and where the highest deformations occur. In certain areas, the longitudinal ribs
cross paths, depicting the necessity for these ribs to be supported with ribs running across
the X-direction of the design space.
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Figure 12. Topology optimization results, view from MIU side.

5.3. Conversion of Rib Geometry to Final Plastic-Intensive MPP

Once the topology optimization results were obtained, the raw rib structure was
exported as an STL file and imported into the CAD environment. The obtained raw rib
structure had to be utilised in the best possible way in creating the plastic-intensive MPP,
whereby the functional aspects of the MPP and the MIU housing were adhered to, and
manufacturing constraints were met as well. Additionally, the constraints of the material
discussed in Section 3 were also taken into consideration while creating the rib structures.
Figure 13 shows the results of topology optimization overlaid with the existing MIU. The
obtained rib structure overlaps many existing functional features. This hinders the exact
replication of the rib structure in the designing of the plastic-intensive MPP. It also shows
that some of the functional features of MIU lie directly on the load path where a high
concentration of rib structures was produced from the topology optimization.

. Rib Structure from
Topology Optimization
] Existing MIU

Figure 13. Comparison between topology optimization result and existing MIU housing.

5.4. Plastic-Intensive MPP—Stack Side

Upon discussion with the OEM, we found that the current collector was smaller than
the old collector. The new collector, made of aluminium, will contact only the critical
area of neighbouring bipolar stacks where the compressive load from the single bipolar
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stacks is also high. The aluminium current collector needs to be insulated from the Steel
plate, and hence, a layer of plastic with rib structures is constructed into which the current
collector is embedded. This plastic layer also incorporates the cross sections of the through
holes through which the various fluid materials will flow in and out of the fuel cell system.
The cross sections for the fluid medium holes on the stack side were directly replicated
from the existing medium-pressure plate for ease of integration with the existing fuel cell
stack system.

Furthermore, the slots for the gasket around the fluid medium holes were also repli-
cated from the existing medium-pressure plate, which will enable the reuse of existing
gaskets. The plastic layer here has a base thickness of 3 mm, and the ribs have a height
of 5 mm and draft angle of 1°. As shown in Figure 14, the new current collector has a 3°
undercut draft angle, which enables a snug fit with the plastic.

[seciman | whl
o |

Stack side
. ‘ New Current Collector | . ‘ Plastic | .

Figure 14. Newly developed MPP—Stack-side design.

5.5. Plastic-Intensive MPP—MIU Side

Figure 15 shows the rib construction of the plastic-intensive MPP on the MIU side. For
this, firstly, all the bolting regions for the different pumps and cross sections of different
fluid mediums were taken over directly from the existing MIU housing. Around these
features the rib structures were designed. Similar to the construction on the stack side, a
3 mm layer of plastic was first constructed onto which the ribs were constructed. The rib
structures were restricted to a height of 12 mm, as deeper rib structures would not be filled
with fibres and rather filled only with polymer, as shown in Figure 8 [36].

|
[seconna |mpi
N |

W [Peste | [0 [steel]

Figure 15. Newly developed MPP—MIU dide.
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5.6. Plastic-Intensive MPP Concept Evaluation

Once the final CAD design of the plastic-intensive MPP was done, its stiffness was
calculated through FE Simulation. The FE setup and boundary conditions defined in
Chapter 16 were used to set up the FE simulation for the plastic-intensive MPP. Only the
materials were replaced by the new materials, steel for the reinforcement plate and PP-X121
F42 GMT for FRP rib structures. The steel plate was defined a Young’s modulus of 210 GPa
and a yield strength of 360 MPa corresponding to that of S355MC grade steel. Although
the PP-X121 F42 GMT is an anisotropic material, in this scope of work, the authors have
represented it using an elastic-plastic material. The GMT was defined as an isotropic
elastic—plastic material model with Young’s modulus of 10.6 GPa and the corresponding
plastic flow curve of PP-X121 F42. In the plastic-intensive MPP concept, the current collector
that applies the load onto the MPP was made smaller than the existing design. Hence, the
load was not split as discussed in Chapter 16, Figure 9, but rather completely applied on
the middle region where bipolar plates contact the current collector.

Figure 16 shows the displacement and stresses that occur in the plastic-intensive MPP.
It can be seen that the displacements in the Y direction have increased to 0.22 mm when
compared to the displacements in reference MPP, which is 0.13 mm. The increase in the
displacement is attributed to the fact that the complete axial load is applied on the middle
region of the plastic-intensive MPP through the new current collector. The stress plot shows
that the stresses in the plastic reach a maximum of 50 MPa, which is within the tensile and
compressive strength of the PP-X121 F42. The highest stresses are concentrated on the ribs
holding the current collector in place and near the bolting locations. The stresses in the
steel plate reach a maximum of 300 MPa in the regions near the bolting locations, which is
well within the yield stress of the steel material used.
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Figure 16. Newly developed MPP—FEM results.

On evaluating the plastic-intensive MPP for its package space, it has an overall height
of 45% of the reference plate in the Y-direction, which is 55% less than the existing MPP
and MIU housing together, as depicted in Figure 17. Comparing the weights, the plastic-
intensive MPP has an 8% weight reduction compared to the existing MPP and MIU housing
put together. The saved space in the new MPP can be used to assemble 50 more bipolar
plates in the fuel stack, which increases the power of the fuel stack by approximately 15 kW.
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Figure 17. Package space and weight comparison between reference and new MPP.

6. Manufacturing

Once the final design was approved by the OEM, the press tool to manufacture
the plastic-intensive MPP through compression molding was designed. The goal of the
plastic-intensive MPP design was to achieve a high-component integrated design and
manufacturing process. Figure 18 shows a schematic representation of the press tool design
for the plastic MPP. It consists of an upper plate and dies for the formation of ribs on the
MIU side. The MIU-side die slides into the Down holder cavity, which is connected by gas
springs to the upper plate. This forms the upper half of the press tool.

springs

Die — MIU side

Downholder

Cone Structures —
Fluid medium holes

Final Component
Steel plate holder

Die Stack side

Bottom Plate
Figure 18. Press tool design for plastic-intensive MPP manufacturing.

The lower half of the press tool has a bottom plate positioned stationary on the press
table, and the stack side die, which forms the rib structure on the stack side, is connected
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Positioning of Aluminium
current collector

Positioning
Plastic
GMT-Stack
side Ribs

to the bottom plate. Cone-like structures, which have the shape and cross-section of the
fluid medium holes, were attached to the die correspondingly, which helped form the fluid
medium holes.

The press tool, specifically the dies, which come into contact with the plastic GMT,
needs to be heated to a certain temperature. For this purpose, both the MIU side and Stack
side dies were heated to 80 °C using thermal heating elements placed inside the dies.

Prior to the manufacturing, the required plastic PP-X121 F42 GMT was heated in an
infra-red oven to up to 190 °C. The pre-fabricated steel plate was heated to 120 °C in a
separate heating plate. The pre-fabricated aluminium current collector was placed into the
press tool a few minutes ahead of the actual manufacturing start, which is in contact with
the stack side die. As the stack side die was heated up by the thermal heating elements, the
aluminium heated up simultaneously.

Once all the components have reached their required temperatures, the manufacturing
procedure, as depicted in Figure 19, starts by placing first a layer of heated GMT on top of
the aluminium current collector. Then, the heated steel plate was placed and positioned on
the steel plate holder. A layer of heated plastic GMT is placed on the steel plate. Finally, the
press is closed, where, due to the uncompressed state of the gas springs, the downholder
comes in contact with the steel plate first, compressing the gas spring and holding it in
position against the steel plate holder. On further pressing, the upper die moves further
down due to further compression of the gas springs. This forms the rib structures on the
MIU side. Simultaneously here, the stack-side die forms the rib structures on the stack side.

Positioning Positioning Closing of Compression Opening of
of Steel Plastic GMT Press of Gas spring press
insert — MIU side to complete
ribs close of press

Figure 19. Process steps in compression molding of plastic-intensive MPP.

Once the press is completely closed, it is held in the closed position for up to 50 s to
allow the plastic layer to solidify and cool down to reach the mold temperature. Thereafter,
the mold is opened, and the final part is taken out and checked for complete filling of ribs
surface quality. Based on the quality check, the temperature of the press tool dies, and the
press force varies until a good quality part is produced. Figure 20 shows a final part which
had a good surface finish on both the stack side and MIU side.

Figure 20. Plastic-intensive MPP after compression molding; stack side (left) and MIU side (right).
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Once the part was taken out of the press tool, it was machined to incorporate the bolt
holes into which the different pump systems would be bolted. Once the bolt holes were
machined, the bolt supports and plastic inserts from the existing MPP and MIU housing
were pressed into the plastic-intensive MPP. The inserts were heated and pressed to a snug
fit into their corresponding position, as shown in Figure 21.

Plastic inserts

Bolt Supports

Bolt Supports Bolt holes drilled on steel plate

Figure 21. Plastic-intensive MPP after bolt supports and inserts were pressed.

7. Testing and Validation

The manufactured plastic MPP was then tested for its performance to verify the FE
model suggested in Section 5.1. The test setup, as shown in Figure 22, consists of the
plastic-intensive MPP placed on supports in the length direction at selected regions and
held fest on either side in the cross direction. A dial gauge is placed directly beneath the
line of the impactor, and its measuring sample is placed in contact with the plastic-intensive
MPP on the MIU side.

indenter

Plastic
intensive
MPP

Rigid supports Rigid supports

Dial gauge Rigid support

Figure 22. Test Setup for FEM verification.

Instead of a uniformly distributed load on the current collector, a rectangular indenter
was used to press the MPP because it can be realized easily using a tensile test machine,
as can be seen in Figure 22. The test was done using a Zwick100 tensile and compression
testing machine. The displacement was measured using the dial gauge. The force was
applied at 1 mm/min, and the movement of the dial gauge was recorded. On testing, the
displacement reading noted on the dial gauge was 0.9 mm at the bottom-most point of
measurement.

The test setup was also simulated using FEM, where the exact test setup was modelled,
as shown in Figure 23a. Here, the FE model was the same as described in Sections 4 and 5.4.
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Axial Load 100% W =

However, instead of the bolting locations shown in Figure 9, the MPP was placed on
supports as depicted in Figure 23a, mimicking the testing boundary conditions in Figure 22.
The load was not shared amongst the nodes of the current collector as applied in the FE
Model in Figure 9 and Section 5.4, but it was applied using an indenter just as in the
test setup.

Displacement [Y] mm
0.917

(a) (b)

.| Plastic FRP ‘ -‘ Aluminum Current Collector ‘ EH Steel Plate | .| Impactor |

Steel Suppport fixed in all DOFs — in
. Frictional contact with Steel plate

Figure 23. (a) Test setup in FEM simulation; (b) displacement plot.

The displacement calculated from the FEM simulation, as shown in Figure 23b, is 0.91
mm which produces a minimal error of 2% with the testing as compared in Table 6. The
reason for the very high displacement in FEM simulation and testing is the fact that the
entire axial load is concentrated through the slender indenter on a very small area of the
cross-section on the current collector. Due to the good agreement between test results and
FEM, the FE model used in Sections 4 and 5.4 can be considered as verified and thus also
the entire development described up to now.

Table 6. Comparison of displacements in testing and simulation.

Displacement Value In Testing In Simulation
0.9 091

% Deviation 2%

8. Conclusion and Outlook

This work was aimed at developing a new plastic-intensive medium-pressure plate
with a new manufacturing technique where weight and especially package space reduction
were set as end goals. A methodology for this development was developed, which started
with benchmarking the existing medium-pressure plate. Quasi-static FE analysis of the
existing MPP was carried out and the displacements were determined and set as the target
for the new MPP. Different FRP materials were pre-selected and analysed using mechanical
and chemical testing. In close discussion with the OEM, design space and functional
adaptations for the plastic-intensive MPP were fixed. Eventually, the following goals were
achieved through this work.

1.  PP-X142 F42 GMT material was chosen for the plastic-intensive MPP. Its mechanical
properties are superior, and its chemical properties are comparable to those of the
reference PPS material.

2. Using topology optimization, load-optimized rib structures for the MIU side were obtained.

3. An 8% weight reduction and a 55% package space saving were achieved through the
new design, which could potentially place nearly 50 more bipolar plates and thus
increase the power of the complete PEM-FC stack by 15 KW.
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4. The final plastic-intensive MPP design was approved to be feasible for manufacturing:
A press tool to manufacture the MPP was so designed that the pre-fabricated steel
plate and aluminium current collector were placed as inserts, and the plastic rib
structures were formed in accordance with the final design.

5. Manufacturing parameters which affected the final quality of the product were sys-
tematically studied within the limited number of manufactured parts.

6.  The final plastic MPP design achieved a multi-component 3-in-1 design with the
new current collector, medium-pressure plate and medium interface unit housing
integrated into one single component. Bolting locations for the various neighbouring
components were also taken into consideration.

7. The proposed FE model for MPP design was verified by tests on produced plastic-
intensive MPP.
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Abstract: Due to the increasing complexity of vehicle software, it is becoming increasingly difficult
to comprehensively test all requirements. This inevitably means that alternative test methods,
e.g., simulation-based methods, must be used more frequently. However, the challenge involves
identifying appropriate requirements that can be technically tested in a simulation environment
initially. The present work is aimed at evaluation and optimization of the effectiveness of software-in-
the-loop (SiL) simulations in the testing process of vehicle software. The focus is on supporting the
testing process by shifting specific test cases from hardware-in-the-loop (HiL) test benches to SiL-
based simulations. For this purpose, a systematic approach was developed to analyze and categorize
requirements, enabling precise and efficient allocation of test cases. Furthermore, a detailed review
and recommendation for improving the ProSTEP iViP standard for virtual electronic control units
(VECU) was carried out. The developed matrix associates the defined requirement clusters with
different classifications of VECUs, facilitating the identification of suitable test environment types
for conducting specific test cases. By assigning test cases to appropriate VECU levels, the testing
processes can be targeted and cost-optimized. Finally, the theoretical results were evaluated in an SiL
simulation environment. It was observed that a significant part of the requirements could effectively
be tested using a VECU. These findings confirmed the potential of SiL simulation environments to not
only support, but also enhance, the testing process for vehicle software by providing a cost-effective
and flexible complement to traditional HiL test benches.

Keywords: automotive software testing; virtual electronic control units; software-in-the-loop;
AUTOSAR standard; validation and verification

1. Introduction

The ongoing digital transformation in the automotive industry necessitates continuous
adaptation and development of testing and validation procedures for automotive software.
With the introduction of advanced functionalities such as advanced driver assistance sys-
tems (ADAS), autonomous driving (AD), and cyber security, the complexity of automotive
software is increasing rapidly. Modern vehicles may comprise up to 100 electronic control
units (ECUs) and around 100 million lines of code that must work together seamlessly to
ensure safe and reliable operation of the vehicle [1]. By 2030, the number of lines of code
per vehicle is expected to increase to up to 300 million [2]. As the scope of software expands,
the corresponding testing effort increases [3]. Compounding the challenge, there is a trend
towards reducing the number of prototypes. This paradigm shift highlights the growing
importance of virtual testing methods, positioning them as essential supplements and alter-
natives to traditional approaches like test driving [4-6]. These methods offer significant
advantages, including frontloading, cost efficiency, scalability of test environments, and
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faster development cycles [7]. The issue is clearly evident: as the number of functions in cars
increases, so does the testing effort. Meanwhile, the number of prototypes continues to be
reduced, making virtual testing methods, as mentioned in [6,8], increasingly indispensable.
Virtual testing methods are commonly understood to be “X-in-the-Loop” (XiL) systems.
These are categorized in the literature as model-in-the-loop (MiL), software-in-the-loop
(SiL), hardware-in-the-loop (HiL), and vehicle-in-the-loop (ViL). Figure 1 illustrates that in
the early phases of vehicle development, tests are predominantly carried out in a virtual
environment. As development progresses, real components are increasingly integrated into
the tests. With the test drive phase, the testing takes place entirely in the real environment,
leading to an increased test accuracy due to the use of real components [9].
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Figure 1. Overview of vehicle testing methodologies. The illustration has been modified and extended
according to [9].

In the survey by Altinger et al. [10], it was reported that approximately 17 to 23%
of software tests in the areas of research, pre-development, and series development are
already being conducted using SiL. Hardware-specific tests with the whole vehicle, HiL,
or PiL still constitute the majority of tests. Since hardware resources are often limited for
prototypes, PiL or HiL-specific tests, software testing sometimes needs to be conducted
in an MiL or SiL environment, to ensure comprehensive test coverage. However, the
implementation of SiL. environments depends on overcoming technical limitations, an
aspect that is often not mentioned in the existing literature. Furthermore, as indicated
by [11], the scope of these sources is limited to functional and behavioral aspects, simulation
modeling, and optimal control modeling, which represent only a fraction of the relevant
areas in the broad field of software development and testing. As a result, an SiL cannot
test all the functionalities that a HiL is capable of assessing. This work aims to bridge this
gap by devising a methodological framework to determine the feasibility of implementing
functional and non-functional requirements within an SiL. environment, thereby optimizing
the testing process efficiency.

Virtual ECUs, as a crucial element within the SiL. environment, are software-based
simulations of physical ECUs used in vehicles. Instead of physical hardware, the functions
of the ECUs are simulated in a virtual environment, so that developers and testers can
examine the software and its interactions with other systems without having to rely on the
target hardware. The ECU software is configured to be cross-compiled on the simulation
host (typically an Intel x86 server or desktop) [7]. The ProStep iViP standard classifies
vECUs into five different abstraction levels [12]. Figure 2 illustrates the development of
VECU abstraction levels in the context of realism and accuracy. It becomes evident that,
as the abstraction level increases (from vECU Level 0 to VECU Level 4), the degree of
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realism in the simulation also increases. This is visualized by a shift from MiL through
SiL to HiL. While vECU Level 0 is primarily located in the MiL. domain, Levels 1 to 4
reflect the SiL domain, with a progressive approximation to real hardware conditions in
the HiL. domain. The end of the spectrum represents the physical ECU—a physical ECU
containing the compiled source code original to the target hardware. The deltas (A0 to
A3) depicted in Figure 2 represent the discrepancies for individual vECUs, indicating how
many requirements and associated test cases cannot be tested compared to a physical ECU
due to technical limitations. The higher the level of a VECU, the smaller the delta and,
consequently, the more requirements or test cases that can be tested. This difference is
based, among other factors, on the extent of unchanged source code, allowing for various
levels of realism to be represented in the simulation. The amount of unchanged source
code also enhances the credibility of the simulation environment. This is because changes
and adaptations of the source code for a different target hardware represent an additional
source of errors, which in the worst case may have nothing to do with the original software.
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Figure 2. vVECU-Levels and their associated realism from MiL to HiL.

vECUs can be in proprietary formats (e.g., Silver by Synopsys as in [13], VEOS by
dSPACE as in [14], or MATLAB/Simulink by MathWorks), each offering specific advan-
tages, depending on the application and system requirements. Determining which test
cases can be efficiently and realistically represented in an SiL environment remains a chal-
lenging task. In particular, for test cases with specific hardware dependencies, the SiL
method has its limitations [15]. This is because testing certain requirements may require
specific hardware components that cannot be adequately simulated in a purely virtual
environment or require significant effort to do so.

The presented paper introduces an approach to address this challenge by presenting a
generic classification of requirements for ECU software, with a specific focus on a brake
control system as an example. The aim was to develop a clear decision method that
identifies which requirements are suitable for verification in an SiL environment and which
are better tested with other methods such as HiL. This systematic approach aims to, not
only make the testing process more efficient, but also enhance the quality and reliability
of test results. Finally, the developed classification and the resulting action strategy are
validated using an example, not only to assess their applicability but also to contribute to
the further establishment and optimization of SiL-based testing and validation procedures
in the automotive sector.

2. Related Work and Research Questions

In the field of SiL, various papers have been published pursuing various research
objectives. A comprehensive overview is provided in the work by Clausen et al. [11]. Their
paper discusses, among other topics, the application domains in which SiL environments
have been utilized. In a systematic literature review, 17 of the 88 research papers were asso-
ciated with the automotive domain. Noteworthy is the detailed examination of application
areas that have benefited from SiL environments. These studies spanned sub-domains
such as ADAS, AD, and control systems for steering and braking, focusing primarily on
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functional and behavioral analysis, simulation modeling, control model optimization, and
concurrent testing during development. Another significant aspect of the automotive
industry, not mentioned in the paper, is the calibration of controller parameters, as detailed
in the sources by [13,16].

However, the limitations of SiL discussed in the papers analyzed by Clausen et al. [11]
are not exhaustive. Specific limitations mentioned include the development process, aspects
of real operational conditions, validation, interoperability, real-time requirements, scala-
bility, and a cost-benefit analysis. In particular, challenges in replicating real operational
conditions were noted, requiring clear differentiation depending on the implementation of
the SiL environment. In this context, the white paper by ProSTEP iViP [12] offers deeper
insights into various approaches specific to the automotive sector that are implementable
in an SiL context. Different abstraction levels of vECUs are defined, providing guidelines
on how closely the original software is represented. However, the assignment of which
tests can be conducted with the various vVECU abstraction levels remains an open question.
This leads to the following key research questions that this paper aims to answer.

RQ1: What issues are associated with the abstraction levels for virtual ECUs, and how
might these be improved? It must be emphasized again whether the existing definitions
are sufficient for the use cases, or whether they need to be refined.

RQ2: What software testing requirements can be identified in the automotive sector?
To better assign restrictions, it must first be defined which clusters are present in software
testing in the automotive sector.

RQ3: How can the abstraction levels of vVECUs be meaningfully assigned to different
testing areas in the automotive sector? Given that not every SiL offers the same conditions,
a gradation must be made to better explore the limits of an SiL.

3. Requirement-Based Testing and Standardization of vECUs

Our methodical approach is based on the following two concepts: requirement-based
testing and the associated testing process, as well as the AUTOSAR standard, which also
serves as a basis for classifying VECUs. The following Section 3.1 covers the fundamentals of
requirement-based testing and discusses the structured process through which software is
systematically evaluated and verified. In Section 3.2, the AUTOSAR standard is introduced,
which defines the interoperability and modularity of software components. Building on
this, Section 3.3 delves into the ProSTEP iViP standard, which defines various vECU levels.

3.1. Requirement-Based Testing in the Automotive Sector

Requirement-based testing is a type of testing that aims to determine the extent to
which a system meets specified functional and non-functional requirements. There are
different types of software tests, as introduced in [17]. The goal is to verify whether the
finished software product complies with and conforms to the specified requirements. This
approach is intended to uncover inconsistencies in the software early on, in areas such as
performance, reliability, extensibility, user-friendliness, and security [18]. Each requirement
should be associated with a test result to ensure traceability. Requirement-based testing, as
a testing method, is embedded in a validation process [19].

The validation process aims to systematically detect potential bugs in the software,
forming the basis for creating reports on the release and development status, which are
essential for the subsequent software release process. This process can be understood as
a cycle with three central components (see Figure 3). It is initiated by creating a test plan
and specifying the tests. Subsequently, the tests are executed. The results of these tests
represent the discrepancies between the desired target state and the actual state. If errors
are identified during test specification or test execution, appropriate corrective actions
are taken.
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Figure 3. Schematic representation of a test process. The illustration has been modified and extended
according to [20].

In the test plan, based on the project and feature release plans, the scheduling of
individual test executions for the respective features with their abstraction levels takes
place. Test executions should be created according to the requirements specified in the
feature release plan, including release timeframes. For conducting tests in specific test
environment types, a test case description is required. In the case of requirement-based
testing, this test case description is based on the underlying requirements and their as-
sociated verification criteria. ISO 26262 serves as the authoritative guideline, offering
differentiated recommendations for test methods based on the automotive safety integrity
level (ASIL) [21].

The specification of test cases should logically follow from the test design, to ensure
traceability back to the foundational requirements. The instructions for creating these speci-
fications and implementing the test cases are defined within the test concepts of individual
test instances. Different test instances provide various test environments, such as overall
test drive, system HiL, ECU HiL, or SiL. The determination of the type of test environment
in the verification criteria of the test design is intended to indicate where specific types of
tests should logically occur. The responsibility for assessing the test environment lies with
the test manager. Ideally, the required properties of the test environment should be defined
before provisioning, based on the verification criteria. In the testing process, decisions are
made based on the verification criteria, to allocate specific test cases to the corresponding
test environments.

The relevance of this scientific research is demonstrated by the necessity for proficiently
allocating requirements to an appropriate testing environment. Due to the finite availability
of test benches and prototypes for software testing, it is imperative to validate as many
requirements as feasible within a scalable testing environment, such as SiL, to maximize
efficiency and coverage. A essential point is the variance in the abstraction levels of vVECUs,
which complicates the specific assignment of test cases. The appropriate assignment of
test environments in the verification criteria and the early definition of their properties
are important, in order to efficiently utilize the different types of test environments. This
presents the challenge of developing a systematic method for evaluating and classifying
test environments (in this paper, SiL) that aims to maximize test coverage and make more
efficient use of test resources.

3.2. AUTOSAR Classic Platform

The Automotive Open System Architecture (AUTOSAR) is an international standard
for software architectures in vehicles. The aim of the standard is to manage the increasing
complexity in the development of ECU software. Another key idea is to separate the
functional software from the underlying hardware, to facilitate a seamless exchange of
software components across different hardware platforms, vehicle models, and even differ-
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ent original equipment manufacturers (OEMs) [22]. In the past, software was specifically
written for the hardware it would run on [23]. With the AUTOSAR standard, programmers
do not need expertise on how the hardware is structured and can generate the source code
independently (see Figure 4). By separating the application layer from the underlying
hardware architecture, vECUs can be developed, while keeping the functional software
unchanged [24].

Software Application Software
standardized
AUTOSAR
HW-specific
Hardware Hardware

Figure 4. Legacy SW and AUTOSAR-based SW implementation [25].

This standard for software architecture, consisting of a set of specifications, application
interfaces, and a methodology, already exists in two variants: AUTOSAR Adaptive and
Classic. The AUTOSAR Adaptive Platform, based on a dynamic, POSIX-compliant operat-
ing system, is designed for applications with higher computational requirements, such as
automated driving and infotainment systems [26]. For a comprehensive understanding, it
is noted that this paper exclusively focuses on AUTOSAR Classic, because the standards
have different structures and various application areas, necessitating a separate approach.

The architecture of the AUTOSAR Classic Platform (see Figure 5) comprises three soft-
ware layers running on a microcontroller: the application layer, the runtime environment
(RTE), and the basic software (BSW). The application layer, which contains the functional
software, is mostly hardware-independent. Communication between software components
and access to BSW are facilitated through the RTE, which serves as the complete interface
for applications. The individual layers will be described in more detail below [22].
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Figure 5. AUTOSAR Classic Platform software structure [22].

1.  Application Layer
The application layer is at the top and includes all parts of the functional software that
are mostly hardware-independent. The application layer is divided into individual
software components (SWCs), each carrying a functional implementation. According
to the AUTOSAR standard, SWCs can be categorized into the following groups [27]:

e  Sensor/Actuator Software

135



Vehicles 2024, 6

e  Composite Software
e NVBlock Software

e  Parameter Software
e Application Software
e  Service Software

Due to the abstraction principle of AUTOSAR, software programmers do not need to
specify internal interfaces for connecting to other components or determine which
data need to be sent to other ECUs via bus systems when developing an SWC.
Runtime Environment

All interfaces of SWCs communicate through the RTE (see Figure 5, in blue), which
serves as an implementation of the virtual functional bus (VFB) within an ECU. The
RTE acts as a kind of transport layer and forms a virtual communication platform
that enables interaction between individual SWCs and the connection to the under-
lying basic software layer, including the operating system. This allows for abstract
and hardware-independent communication. The RTE standardizes communication
mechanisms, thus facilitating the portability and reuse of software components across
different hardware platforms [28].

Basic Software

In the subsequent layer, the BSW is divided into three further sublayers. Directly
adjacent to the RTE is the service layer (see Figure 5, in purple). This layer includes,
among other things, the operating system and provides modules for memory manage-
ment, communication control, as well as a range of other services for administration
and monitoring. Apart from the operating system, these components are designed to
be largely hardware-independent.

Following the service layer is the ECU abstraction layer (see Figure 5, in yellow),
which represents the abstracted layer of the driver interface. This segment includes
modules for input/output hardware abstraction and interface modules for various
bus systems and memory. Specific hardware dependencies begin to emerge at this
level, particularly in terms of the selection and configuration of data transmission
channels. Complex device drivers (CDD) are a special case that are not standardized.
The primary goal of CDDs is to enable the implementation of complex sensors and the
control of actuators by directly accessing the microcontroller via specific interrupts or
extended microcontroller peripherals or external devices.

The bottom layer of the BSW is the microcontroller abstraction layer (MCAL), which
contains internal hardware drivers for internal microcontroller peripherals such as a
serial peripheral interface (SPI), watchdog, controller area network (CAN), or analog—
digital converter (ADC), etc. The software is directly dependent on the specific hard-
ware implementation, leading to a close integration of software and hardware [22].
Software libraries (e.g., fixed-point mathematical, bit handling, atomic multicore-safe
operations, etc.) provide standardized algorithms for basic software modules (BSWM)
and SWCs. These include functions in C code that can be in either source or object
code and can be used by the BSW, SWCs, the RTE, or complex drivers [29].

In addition to the three software layers (service layer, ECU abstraction layer, and
microcontroller abstraction layer), a vertical division into functional subgroups can be
made, which will be briefly described below [30].

e Input/Output (I/O): Standardized access to sensors, actuators, and ECU periph-
erals.

e Memory: Standardized access to internal and external (non-volatile) memory.

e Crypto: Standardized access to cryptographic primitives, including internal and
external hardware accelerators.

¢ Communication: Standardized access to in-vehicle network systems, ECU on-
board communication systems, and internal ECU software.
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e Off-board Communication: Standardized access to Vehicle-to-X communication,
wireless network systems in the vehicle, and ECU-external communication sys-
tems.

e  System: Provision of standardizable services (operating system, timers, fault
memory) and ECU-specific services (ECU state management, watchdog man-
ager), as well as library functions.

This concept ultimately serves to abstract the microcontroller’s hardware from the
application software. Developers can thus develop their applications independently of
the hardware, making the software more portable and reusable. Building on this sec-
tion, various standards for vECU levels have emerged, which will be discussed in the
following section.

3.3. Standardization of vECUs

In general, two different types of vECUs are distinguished: host-compiled vECUs and
target hardware-compiled vECUs. Host-compiled vECUs are characterized by the process
of cross-compiling ECU software on a simulation host, which typically uses an Intel x86
architecture [7]. This methodology allows for a flexible development environment, but
without direct involvement of an ECU hardware model, which requires abstraction of lower,
hardware-dependent layers through the simulation of software APIs at defined interfaces
in the software stack. The resulting virtual prototype does not represent the complete
production code. Certain software layers must be modified or replaced with simulation
equivalents to ensure compatibility and functionality within the virtual environment.

In contrast, target hardware-compiled vVECUs use compilers tailored to the specific
microcontroller or system on chip (SoC). These types of vVECUs include detailed hardware
simulation models that provide a comprehensive representation of the ECU hardware
and peripherals, allowing the execution of production software without any modifications.
The software is compiled exactly as intended for the physical ECU in the actual vehicle,
requiring extensive and precise modeling of all ECU hardware components.

These two VECU architectures offer their own advantages and use cases, depending on
the specific requirements of the development and testing process in the automotive industry.
The choice between host and target hardware-compiled vECUs is significantly influenced
by factors such as the required accuracy, development speed, available hardware, and
specific goals of the software validation. Furthermore, a granular differentiation of vECUs
is made with regard to certain scopes of unchanged source code. Table 1 provides an
overview of the standard and it is briefly explained below.

Table 1. Abstractions levels of vVECU types [31].

Runtime OS, Drivers,
Level vECU Application SW . Basic Software Complex
Environment Drivers

Level 0 vVECU Controller Model - - -

Level 1 vECU Production Code  Simulated Code - -

Level 2 vVECU Production Code Production Code  Simulated Code -

Level 3 vVECU Production Code Production Code Production Code  Simulated Code

Level 4 vECU Binary Code Binary Code Binary Code Binary Code

e Level 0 VECU
A Level 0 vECU includes only the behavioral model itself (e.g., as a MATLAB Simulink
model) or the C code generated from the behavioral model (e.g., as a functional mock-
up unit (FMU) or dynamic link library (DLL)). A Level 0 vECU does not contain
production code and is limited to the individual SWCs or functions of the application
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layer. The extent of the application layer is irrelevant. Behavioral models focus on
testing the functional and logical behavior at an early development stage. For other
tests, such as software interface tests, more complex vECU types that are closer to the
physical ECU’s production code are required. A Level 0 vECU also falls into the MiL
category, because it uses a behavioral model (see Figure 2).

e Level 1vECU
A Level 1 vECU includes the production code of the application software. The BSW is
removed and supplemented with basic runtime and I/O simulation code, to enable
the operation of the application software. The simulated code is specifically created or
generated for the vVECU. In the case of AUTOSAR Classic, this includes the RTE and
functionalities that allow the VECU to send and receive data, for example. The vVECU
can include all parts or only a subset of the application software for a physical ECU.

e Level2vECU
Based on a Level 1 vECU, a Level 2 vECU additionally implements simulated BSW
functionalities. The basis for the simulated BSW is the production code, which is
abstracted and modified at a high level. Unlike Level 1 vECUs, which primarily
communicate at the signal level, Level 2 vECUs can enable advanced communica-
tion capabilities that operate at both the bus and network levels, such as simulating
common vehicle communication protocols like CAN or Ethernet.

e Level 3vECU
A Level 3 vECU enhances the BSW with the original production code. The essential
condition is that both the application and BSW layers are implemented in a hardware-
independent manner to ensure smooth integration and functionality within the vECU.
In terms of the AUTOSAR standard, hardware dependencies should only occur in the
components of the MCAL, the operating system, and certain parts of complex device
drivers. Although Level 3 vECUs include a larger coverage of the production code,
they can still be complemented with simulated software components, to optimize the
completeness and functionality of the vECU. This is relevant for functions that cannot
be directly adopted from the production code due to hardware dependencies.

e Level 4 vECU
A Level 4 vECU contains the entire production code compiled directly for the target
system, i.e., the physical ECU. It is also possible to include hardware dependencies.
This integration allows for the inclusion of all software layers, including the MCAL,
the operating system, and complex device drivers, while also considering hardware
dependencies. A significant advantage of Level 4 vVECUs is that the software uses the
same build process for both the simulation and the physical ECU. This eliminates the
need for code changes between the VECU and the physical ECU. It also ensures direct
transferability of test results and insights between the virtual and real worlds [12].

Synopsys has extended the vECU standard by introducing another sub-level within
Level 4 vECU, as depicted in their white paper. This differentiated approach manifests itself
in two specific sub-levels (see Table 2). Level 4a and Level 4b, with Level 4b corresponding
to ProSTEP iViP’s Level 4 classification. Level 4a represents a new approach, allowing
certain software functions to be bypassed, aiming to increase flexibility and simulation
speed [7].

Table 2. Abstractions levels of vECU types according to [7].

Runtime OS, Drivers,
Level vVECU Application SW . Basic Software Complex
Environment .
Drivers
Level 4a vECU Binary Code Binary Code Binary Code + Binary Code +
Bypass Bypass
Level 4b vECU Binary Code Binary Code Binary Code Binary Code
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The VDA also addressed the standard in their recommendation VDA 710, but further
specified the aspect of signal and message-oriented communication. A signal-oriented
implementation facilitates direct communication at the runtime environment (RTE) level.
Specifically, data and values are transmitted in a signal-oriented manner through this
high-cut interface. In contrast, the low-cut implementation covers the communication layer
of the BSW. The signal transmission is message-oriented, characterized by appropriate
signal quantization and targeted message packaging within the vECU. For Level 2 vECUs,
it is explicitly mentioned that no specific interfaces have been defined as a reference for
orientation so far [32].

4. Materials and Methods

The aim of this section is to present a clear and structured process for the analysis and
consolidation of requirements and vECU standards in the automotive industry. Figure 6
provides a schematic representation of the applied approach.

( Section 5.1 (RQ1) ) Section 5.3 (RQ2)
Consolidation of vECU- Identification of relevant require-
Level definitions and issues ments and clustering criteria
( Section 5.2 (RQ1) 1 Section 5.3 (RQ2)
Recommendations for improve- Approach for a cluster
ment of vECU definitions of software requirements
( Section 5.4 (RQ3) ]
Technically testable requirements overview

for vECUs )

Figure 6. Schematic representation of the applied methodology.

For the identification of requirements, an extensive literature review was conducted to
consolidate the existing VECU standards and definitions. This review not only considered
common standards but also delved into the differences, challenges, and issues arising from
various definitions. From the analysis of existing standards and the identified practical
problems currently encountered, recommendations for improvement were developed.
These recommendations aim at refinement of vECU definitions, to better align them with
the practical requirements of the automotive industry.

To answer the first research question, several SiL. environments were compared, to
identify differences. Various vECUs were utilized in this process. It was examined whether
and to what extent SiL environments are used across different departments. To ensure a
meaningful analysis, while keeping the effort manageable, four different SiL. environments
from three distinct domains were investigated, incorporating five different vVECUs. Some of
the SiL environments from the chassis domain were partially extended and commissioned
in-house. A consistent environment, including a residual bus simulation, had to be created
to ensure error-free operation of the vECUs. The four SiL environments are summarized in
Table 3.
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Table 3. Overview of analyzed SiL environments.

Environment vECUs Tools Additional Models
Chassis 1 Electronic Stability MATLAB/Simulink + Brake Hydraulic +
Control CarMaker Brake Booster
Chassis 2 Electronic Stability MATLAB/Simulink + Brake Hydraulic +
SIS Control CarMaker Brake Booster
Electronic Stability
Chassis 3 Control + Zone Silver + CarMaker Brake Hydraulic
Controller
. Battery Management
Powertrain Engine Control Silver + Coolant Circuit +

Module Electric Machine

The first two SiL environments have a similar setup and were implemented in a MAT-
LAB/Simulink environment. Since these are two brake control systems, a vehicle dynamics
model was also implemented and supplemented with a brake hydraulic model as an s-
function. For better integration of the vehicle dynamics model with MATLAB/Simulink,
CarMaker for Simulink was used. An electronic stability control (ESC) with a behavioral
model of a brake booster was integrated as the vECU.

The third environment also encompassed a brake control system, but it was imple-
mented in Silver. This environment includes an ESC and a zone controller capable of
implementing more extensive driving functions. Additionally, a residual bus simulation
and brake hydraulic model was included. While the ESC was implemented as an FMU in
Silver, a zone controller was specifically created for Silver. This environment was again
operated in co-simulation with CarMaker.

The fourth SiL environment was from the powertrain domain and was also imple-
mented in Silver. The engine control module (ECM) was supplemented with an additional
behavioral model, such as an electric machine, battery management, or coolant circuit.

For further analysis of the SiL environments, the differences in commissioning and
actual handling were examined. Standard functional tests were conducted, and it was
also investigated to what extent advanced tests, such as diagnostics, could be performed.
Communication with suppliers was established, to understand how the vECUs were
created and to what extent they could also be classified by suppliers. The focus of the
analysis was always on the properties and limitations of the vECUs.

To obtain a comprehensive and representative set of requirements for physical ECUs,
a data analysis of project-specific specification documents and test case catalogs was
conducted. By systematically reviewing these documents using specific clustering criteria,
relevant requirements could be identified. The specific criteria for clustering were partially
based on the number of requirements related to similar properties. Additionally, relevant
test cases for specific software releases were considered. This approach aimed to answer
the second research question.

Based on the requirements, an assignment to the vECU levels was carried out. Ulti-
mately, an analysis was conducted to determine the technical prerequisites a vVECU must
meet in order to test a specific requirement cluster. Finally, this methodical approach
provides a solid foundation for evaluating and categorizing testing processes using vECU
standards in the automotive industry. The results of this method are detailed in Section 5.

5. Results

In this section, the results are summarized, divided into four subsections, each ad-
dressing specific aspects of vECUs and the virtual software testing process, along with the
associated challenges and solutions.

140



Vehicles 2024, 6

The first subsection focuses on practical problems with the established ProSTEP iViP
standard as they arise in real-world application scenarios. The analysis of discrepancies
between theory and practice aimed to shed light on a new approach, including recommen-
dations and modifications, which will be discussed in the second subsection. The proposed
adjustments and additions not only serve as suggestions but also form the basis for the
final subsection.

The third subsection presents systematically developed clusters of requirements for
software validation. These clusters are the result of in-depth analysis, expert interviews,
and practical experience. The resulting categorization of requirements aims to assess the
technical constraints of virtual methods in the validation process.

The concluding subsection provides a comprehensive overview of which of the defined
requirement clusters can be technically tested with different levels of vECUs. It delves into
the technical prerequisites that vECUs must meet to validate the categorized requirements.
Furthermore, it discusses the remaining restrictions resulting from volatile development
methods. This holistic perspective offers a methodical approach to assess the suitability of
various VECU configurations for specific requirements and provides valuable insights for
the further development and optimization of testing processes in the automotive industry.

5.1. Analysis and Identification of Issues with the Standard for vECUs (RQ1)

The analysis draws on practical experience from day-to-day operations and conversa-
tions with suppliers involved in the development of vECUs. Various vECUs were used
and analyzed, some created with different development methods and executed in various
simulation environments, including proprietary formats or using the FMI standard. This
diversity spans across five different suppliers and covers vECUs in areas such as the chassis
and drivetrain. An overview of the analyzed vECUs is presented in Table 4. Some suppli-
ers provided their vECUs in two different formats (FMU and DLL). For anonymization
purposes, the names of the suppliers were changed.

Table 4. Overview of analyzed vECUs.

Tier 1 Level vECU ! Domain in Vehicle File Format
Supplier A Level 3 Chassis DLL + FMU
Supplier B Level 2-3 Chassis FMU
Supplier C Level 2-3 Chassis FMU
Supplier D Level 3 Powertrain DLL + EMU
Supplier E Level 2 Zone controller DLL

! Assessment from the supplier.

The following subsection will take a closer look at this variance and show how the
current definitions could be sharpened to meet the challenges and requirements of this
dynamic landscape.

5.1.1. Uncertainties in the Classification of vECUs

While the first two abstraction levels of VECUs are relatively straightforward to in-
terpret, the distinction between Level 2 and Level 3 in the VECU classification is often
unclear and can lead to confusion. The uncertainties become apparent in practice, because
developers lack clear criteria for when the transition from one level to the next begins.
Frequently, this results in a blurry classification, as seen with two of the five suppliers who
classified their vECUs as hybrids between vECU Level 2 and 3. This challenge is further
exacerbated by the introduction of the new FMI standard 3.0, which is opening up new pos-
sibilities for vECUs [33]. VECUs provided as FMUs, due to their lack of message-oriented
communication according to the standard, are typically assigned a maximum of vECU
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Level 2. However, theoretically, most parts of the software, with few exceptions, could even
be presented as production code within an FMU, possibly extending up to the MCAL layer.

The restrictions on signal-oriented communication arise from the technical require-
ments of the FMI standard. It is, however, possible to implement simulation models as C
code for hardware components. Furthermore, within the FMU, signal processing can take
place to prepare signals for the communication interface, as schematically illustrated in
Figure 7. Within the FMU, signals coming from outside are processed to be prepared for
the communication stack as protocol data units (PDU).

FMU

Production
code

o HH i;r::lated
Stack
I IIIIIIIIIIIIIIIIIIIIIIIIIII

Not
‘HHHHHHHH o
” E Data
Header DD DDDDDDDDDD Trailer PDU Additional internal
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Figure 7. Mechanisms for implementing message-oriented communication within the FMU.

The FMI standard allows for only signal-oriented communication outward, which
implies that, in practice, only a high-cut interface can be provided, as mentioned in [32].
This might lead one to believe that implementing the BSW functionalities within this
scope is not feasible. However, a solution arises through the implementation of additional
software within the FMU, which serves as a supplement to the actual ECU software. This
adaptation allows for the augmentation of signals with information and processing them
into PDUs. This approach involves packaging data into PDUs, adding information, and
scheduling, which is particularly relevant, as bus signals are usually sent cyclically. In
a typical scenario, an error management would detect when the prescribed cycle times,
for example, of CAN messages, are not adhered to, which should lead to a diagnostic
trouble code (DTC). However, this contradicts the continuous reading of inputs within an
FMU, which occurs at a specified step size. To bridge this discrepancy, two approaches are
possible: either the error management is deactivated or bypassed, or an attempt is made to
assign a specific cycle time to each message within the FMU. The second method allows
messages to be correctly processed in the lower software layers of the COM stack. This is an
important step to ensure the functionality of the FMU in line with existing communication
protocols and requirements. Some proprietary software formats offer advanced solutions
for simulating the communication interface by integrating the possibility of a virtual CAN
bus, enabling message-oriented communication. Two examples of such software solutions
are VEOS from dSPACE and Silver from Synopsys. Another interesting approach is that the
FMI standard can be used as an interface for vECUs, where the actual vECU is provided
in a different proprietary format. This can bypass certain restrictions of the FMI standard,
especially in version 2.0.

Interestingly, a supplier classified their vECU as Level 2 due to these communication
limitations, even though almost the entire software code was adopted unchanged, which
would normally meet the requirements of a Level 3 vVECU. Two different factors are being
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mixed: the amount of unchanged source code in the vECU, and the additional technical
functions provided by the supplier. Important aspects such as providing a virtual CAN
bus or access to non-volatile memory (NVM) for configuration also need to be considered.

In summary, it can be noted that the classification of vECUs is complicated by the
absence of clear, hard boundaries and definitions. This ambiguity has become evident in
practice. In particular, the concepts of high-cut and low-cut interfaces introduce additional
uncertainties into the determination and classification of vECUs.

5.1.2. The Variance in the Technical Scope of vVECUs

Regardless of the specific implementation of the original source code, it is the technical
capabilities and features of a vECU that play a crucial role, both in terms of validating the
simulation environment and ensuring testability according to specific requirements. The
technical capabilities significantly impact how effectively and comprehensively a vECU
can be used to perform the necessary tests and simulations.

In practice, it is evident that different suppliers develop their vECUs differently, lead-
ing to a variance in functionality, even with similar vECU classifications. This disparity can
arise, among other factors, because the implemented source code does not necessarily corre-
late with the functionality of the vVECU. A prominent example of this is error management,
which exists as source code, but the developer does not provide a means to read diagnostic
trouble codes (DTCs). These differences in development result in varying capabilities
and functions of vECUs, which, in turn, have direct implications for their applicability in
different test scenarios. Some examples of technical capabilities that can be considered
during the development of vECUs include the following:

1. Communication interface

Common communication interfaces in the automotive sector include CAN, local inter-
connect network (LIN), Flexray, and Ethernet. When it comes to the communication
interface for vECUs, there is a fundamental distinction between signal-oriented and
message-oriented communication, each of which has specific application areas and
advantages. Signal-oriented communication is often sufficient for component testing,
especially when all involved simulation models do not require message-oriented com-
munication within the same environment. In this method, signals are directly injected
into the vECU, without more complex communication protocols such as arbitration,
checksum calculation, or message counters. They are typically processed immediately
at a higher software level. This type of communication is well-suited for virtual
test environments, where direct signal transmission is sufficient. The advantage is
that, initially, less effort is required to create the vVECU. In contrast, message-oriented
communication involves the implementation of additional protocol and security as-
pects, such as identifiers, checksum calculation, and message counters. This type of
communication theoretically allows the vVECU to communicate with physical ECUs if
a compatible hardware interface is available. Often, proprietary formats that provide
such virtual communication interfaces are required for implementation. Typically, the
hardware components of the communication interface also need to be emulated. A
significant advantage of this method is the ability to test specific fault patterns in the
bus system, such as incorrect cycle times, timeouts, or errors in checksum calculation.
vECUs that support message-oriented communication are particularly well-suited
for HiL test benches, where they can easily be used as residual bus simulations, since
communication can be processed at the same level as with physical ECUs through
hardware interfaces. A prerequisite for this is that they can be simulated in at least real
time. This enables realistic simulation and testing of ECUs under various conditions
and scenarios.

For completeness, the last possibility is mentioned again, which is typical for Level
4 vECUs, for example, when a hardware emulation of a CAN transceiver is im-
plemented. In this method, communication takes place at the lowest level of the
communication protocol, the physical layer. However, the disadvantage is that the
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signals exist as physical bits in a virtual simulation environment and are difficult to
process further. A direct transmission medium is required. Analogous to the open
systems interconnection (OSI) model, communication occurs in the first layer.
Memory access

The implementation of non-volatile memory is essential, especially when integrating
the BSW of the memory stack. It enables the management and utilization of non-
volatile memory within the vECU. Non-volatile memory, typically in the form of an
electrically erasable programmable read-only memory (EEPROM), plays a critical
role in physical ECUs. It is used for storing essential parameters, calculated values,
coding, and diagnostic trouble codes (DTCs), regardless of the power supply status.
This type of memory is particularly required for information that extends beyond
a single driving cycle, such as stored DTCs that can be read in a workshop or by
a dealer. During system startup, in the initialization phase, and during normal
operation, this non-volatile memory undergoes several cyclic redundancy checks to
ensure the integrity of the stored data and the memory cells themselves. Since it
significantly contributes to the storage of relevant parameters and DTCs, simulating
this component is of great importance, especially in the context of on-board diagnostics
(OBD). In the implementation of non-volatile memory in vECUs, a simple text file
is often used to store the data as hexadecimal values. These pieces of information
are organized and stored according to memory addresses. This approach facilitates
handling and the gives possibility to manually verify or modify data if necessary.
The implementation of non-volatile memory and the ability to modify it form the basis
of the configuration and calibration of the vECU. Furthermore, meaningful validation
of the vECU can be carried out based on this information by utilizing a dump of an
EEPROM from a physical ECU for validation purposes.

Calibration

Calibration allows for the adjustment of an ECU’s functions through application
parameters, which can include control parameters or characteristic curves, typically
stored in non-volatile memory. Especially for virtual tests of the powertrain or chassis,
it is essential that the VECU contains the same parameters as those used in the
physical vehicle. Various parameters can significantly influence behavior. A typical
example of parameter data in the powertrain area, specifically in the ECU, is the
engine map. In principle, writing a parameter set is possible by providing non-volatile
memory in the form of a text file. However, it would be very cumbersome to save the
corresponding parameter datasets as hexadecimal numbers at the correct memory
addresses. Therefore, some suppliers offer toolchains that can read in the parameters
in the appropriate file formats during the initialization phase. The ability to adjust
parameters in a simulation also opens up new possibilities for application in general.
In real-world testing, changing and calibrating data is very time-consuming. In
contrast, it is conceivable to perform optimization procedures in a simulation where
parameters are optimized according to certain criteria. The determined parameters
could then be used in the actual vehicle. This would not only save time and costs but
also provide the opportunity for more precise and efficient calibrations.

Another important aspect is the adjustment and reading of specific internal signals
for certain test cases to monitor the internal states of the ECU during runtime. These
internal signals are usually stored in the microprocessor’s RAM and can be read,
for example, using the Universal Measurement and Calibration Protocol (XCP). For
this purpose, the software supplier must ensure that, for instance, an XCP over
Ethernet port is provided. In general, these capabilities go hand in hand with the
implementation of the first two points (communication interface and memory access).
Nevertheless, it is not a given that these capabilities are actually implemented.
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5.2. Approach and Recommendation for Improving the Standard (RQ1)

Given the various special cases observed in practice, a new approach is proposed here
to create a better foundation for the final section and the assignment to the requirement
clusters. One main issue is that the ProSTEP iViP standard blends the scope of unchanged
source code with the technical functions of a vVECU, leading to unclear classifications from
some suppliers, especially in connection with the FMI standard. Below, the ProSTEP ap-
proach to classification is taken up and expanded with information on the technical scope.
However, the definitions of the levels should exclusively refer to the scope of unchanged
source code and the target hardware for which the source code is compiled. In particular,
with regard to the ambiguities between Level 2 and Level 3 vECUs, the following explana-
tion is intended to provide a better overview. As a result, the following recommendations
(see Table 5) mainly relate to the share of production code. The percentage breakdown
refers to the source code, but simply counting lines of code is not an effective method of
evaluation. A clearer method is the categorization into SWCs and BSWMs. The number of
SWCs varies depending on the specific project and the scope of implemented functions. In
the context of ECUs developed according to the AUTOSAR Classic Platform specification,
implemented, for example, with Vector Microsar software, an approximate guideline for
the number of BSW modules in such a project can be assumed to be around 40 modules.
This value serves as a rough reference for the number of BSWMs that can be expected in a
typical project of this kind.

Table 5. Overview of the vECU classification with details of the unmodified source code.

Level vECU Application Software RTE Basic Software OS, Drivers, CDDs
Level 0 Controller Model ) ) }
>1%
Level 1 Production Code Production/ } )
eve >1% Simulated Code
Production Code Production Code Production Code .
Level 2 90-100% 100% <90% Simulated Code
Production Code Production Code Production Code .
Level 3 100% 100% 90-100% Simulated Code
Level 4 Binary Code Binary Code Binary Code Binary Code
100% 100% 100% 100%

e Level 0 VECU
For Level 0 vECUs, everything remains unchanged, so any portion of the source code
or SWCs can be implemented as a behavioral model.

e Level 1vECU
For Level 1 vECUs, there is already production code in the application layer, but this
proportion can vary. However, to enable communication between SWCs, the RTE
and possibly some portions of the BSW need to be implemented, although these are
minimal and not listed in Table 5.

e Level2vECU
A Level 2 vECU should primarily consist of unchanged source code in the application
layer, with minimal exceptions. Therefore, a benchmark of at least 90% production
code is used as a reference. This value is taken as a guideline because it can be easily
achieved, and a tolerance range is allowed in case some SWCs are missing. The
RTE must be implemented as a complete communication interface. In contrast to the
ProSTEP standard, an adjustment is made in the BSW. The majority of BSW can be
implemented as simulated source code, but there is the possibility to supplement the
BSW with production code for specific functions. It is conceivable that functional
blocks in a vertical orientation (see Figure 5), such as the COM or memory stack, could
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be realized up to the MCAL. To implement such software components, portions of the
hardware peripherals may need to be simulated.
e Level 3vECU
A Level 3 vECU should primarily consist of production code, with the entire applica-
tion layer present. All BSWMs that do not require a direct hardware interface should
also be in their original source code. However, it has been observed in practice that
the implementation of certain modules, such as crypto services, can be associated with
significant effort. Therefore, a certain degree of variability is allowed here. None of
the five suppliers, for example, integrated the cyber security functionality into the
vECU. For Level 3 vECUs, simplified hardware simulations may also be required.
Specifically, memory access for the memory stack must be implemented. Since the
communication stack is implemented up to the lowest level of the basic software, a
low-cut interface should normally be present as well. In this case, the vECU expects
PDUs as input data, for example.
e Level 4 vECU

The definition of a Level 4 vECU remains unchanged, as at this level, the entire ECU
hardware is emulated. This level of simulation allows for the use of the unmodified
binary code of the ECU. While the inclusion of the Synopsys definition is theoretically
possible, it represents a proprietary configuration specifically developed for their
toolchain and has not seen widespread adoption.

In addition to specifying the unmodified source code, which is represented by the
level classification and provides a rough indication of how closely a vVECU corresponds to
the original software, an extension with technical content will be introduced. This extension
encompasses two essential technical areas that include a variety of functions. The problem
identified in Section 5.1 is that the quantity of source code does not necessarily correlate
with the technical functional scope. Therefore, it is proposed that suppliers should have the
option to declare the specific functional scopes using an extended nomenclature. This is
particularly relevant for certain test cases that rely on memory access or the communication
interface. These functional scopes are mainly relevant for Level 2 and Level 3 vECUs, as
they require a certain proportion of basic software functions. The additions will have no
impact on Level 0 and Level 1 vECUs, as they do not implement any components of the
basic software. Consequently, only Level 2 and Level 3 will be considered further, as they
are the most relevant in practice.

To specify the implementation of a communication interface for message-oriented
communication, the letter “c” for “Communication” is added to the nomenclature. For
example, an implementation that meets the requirements mentioned above would be
referred to in the nomenclature as “Level 2c vVECU”. The addition of “c” signifies that the
VECU has the necessary interface for message-oriented communication at the network level.
In Figure 8, the communication stack is shown in more detail to illustrate where the PDUs
are externally injected. With a comprehensive implementation of the communication stack,
for example, in a CAN protocol, the frames are injected either between the CAN interface
and CAN driver or below the CAN driver. In the case of signal-oriented communication,
this processing chain is missing, and the signals are injected directly into the RTE. As
mentioned above in the FMU example, a VECU that has implemented the communication
stack may still only include signal-oriented bus communication.
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Figure 8. Detailed illustration of the communication stack in AUTOSAR [34].

Due to these requirements, the FMI standard is not suitable for message-oriented
communication, because it does not support the corresponding external communication.
Instead, a proprietary format is needed, which may also need to simulate parts of the driver
or hardware. Such a communication interface is relevant for manipulating the bus system,
as it constitutes a significant part of the test cases. Additionally, implementation of the
XCP interface should be considered to enable real-time measurement of internal signals.
This interface is essential for monitoring the vECU'’s internal parameters during operation,
allowing for in-depth analysis of system behavior. The second significant technical imple-
mentation relates to NVM, which is essential for storing parameter data, encoding, and
DTCs. This memory is relevant for numerous technical functions. To symbolize that the
relevant aspects of non-volatile memory have been implemented, the nomenclature will
be extended with the letter “m” for “Memory”, analogous to the communication interface.
The following functions should be ensured by this designation:

e The coding of the vECU is feasible
e Parameters on the VECU can be rewritten
e  DTCs can be read

Although the implementation of NVM is already necessary to meet the requirements
of a Level 3 vECU, significant challenges exist in making it accessible and usable for users.
Without specific knowledge of the storage locations of individual pieces of information
within an NVM, a document filled with hexadecimal numbers is hardly usable for the
user. Therefore, it is crucial to provide users with simple tools or scripts for accessing
and interacting with the memory. Implementation of non-volatile memory could also be
considered for a Level 2 vECU, requiring certain parts of the BSW to be implemented. This
results in three additional levels, which are briefly described in the following Table 6.
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Table 6. Proposed new abstraction levels of vECU types.

Non-Volatile Me‘ssage- Adaptable as a Adapte?ble s
Level vVECU Oriented Proprietary
Memory s FMU
Communication Format
Level 2 - - - -
Level 2¢ - v - v
Level 2m v - v
Level 3 v - v
Level 3¢ v v - v

The additional nomenclature allows for a clear and strict differentiation between
the extent of unchanged source code and technical functions. In a Level 2c vECU, the
scope of the original source code for the BSW may be limited, but the COM stack can
still be implemented for specific use cases. In contrast, a Level 2m vECU could also have
certain limitations in production code, preventing it from reaching Level 3. However, the
implementation of NVM can be highly relevant for some test cases, which is why this
designation is included.

Three out of five suppliers delivered a Level 3 VECU according to their definitions,
all of which also implemented an NVM with fault memory, encoding capabilities, and
parameterization. Therefore, the scope of a Level 3 vVECU should adhere to these criteria
by default. However, message-oriented communication is not necessarily guaranteed,
even if the original source code is fully implemented up to the MCAL. This is because
additional signal processing can occur within an FMU, resulting in the VECU exhibiting
signal-oriented communication externally. The drawback is that this additional processing
is unrelated to the original software. It is a potential source of errors, which should be
considered and potentially validated during vECU development. Due to these restrictions,
Level 3c and 2c vECUs cannot be implemented with the FMI standard.

If the proposed approach were applied to the vVECUs mentioned at the beginning
(Section 5.1), it would provide a more precise classification. The vECUs could be better
assigned to a level, and it would be evident which vECUs provide a low-cut interface for
communication. According to this approach, the levels would look as shown in Table 7.

Table 7. Overview of analyzed vVECUs with new classification.

Tier 1 Level vECU ! Level vECU 2 Doma.m mn File Format
Vehicle
Level 3 DLL
Supplier A Level 3 evel e Chassis
Level 3 FMU
Supplier B Level 2-3 Level 3 Chassis FMU
Supplier C Level 2-3 Level 2m Chassis FMU
Level 3 DLL
Supplier D Level 3 evel e Powertrain
Level 3 FMU
Supplier E Level 2 Level 2¢ Zone controller DLL

1 Assessment from the supplier. 2 Assessment with new approach.

The results obtained here provide an initial approach and recommendations for further
refining the definition of VECUs. The identified problems and challenges are limited to the
analyzed vECUs and reflect the diversity of approaches for creating such vECUs, including
highlighting special cases. However, a more precise definition of vECUs can help establish
clear requirements and standards for vECUs in the future. This becomes particularly
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relevant when an OEM plans to use vVECUs for specific test cases as part of software
releases. Clear criteria and prerequisites will need to be established for this purpose.

5.3. Requirement Cluster for Software Validation (RQ2)

The release of software for use in a vehicle is based on a software release process that
ensures the requirements for the product, especially the software, are met. As explained in
Section 5.1, the verification criteria define which requirements are addressed by which types
of test environments. This, in turn, depends on which technical functions are implemented
in a simulation environment with vVECUs and how much original source code is imple-
mented in a VECU. It does not make much sense to use a VECU for test cases that contain a
small amount of production code. Therefore, the development of a new method for the test-
ing process using vECUs starts with the creation of requirement clusters. The generation of
a cluster takes into account various criteria. A crucial criterion for clustering is the location
of the software components to be tested according to the AUTOSAR standard, as shown
in the corresponding figure (see Figure 5). This standardization allows for a systematic
identification of software components and their functions within the vehicle architecture. A
crucial aspect in requirement analysis is the availability of software components. If specific
parts of the software are missing, testing of these components is not possible. This insight
is fundamental because it directly affects the testability and thus the reliability of the entire
testing process. The clustering carried out primarily provides an overview of whether
and what fundamental limitations exist regarding the testing of software components. In
addition to considering the AUTOSAR architecture, other criteria that are specific to the
validation of VECUs are included in the cluster formation. These criteria include, among
others, time-critical requirements that must ensure that the vECU reflects valid timing
behavior. In relation to control functions, such tasks within the vVECU should be properly
mapped. Safety requirements, classified according to ASIL, are also relevant. Furthermore,
requirements for dynamic functions and logical functions located in the application layer
are taken into account in the evaluation. These factors play a significant role in defining the
test strategy and help reduce the complexity of the testing processes and increase efficiency.

The resulting requirement clustering is therefore not only a methodological basis for
systematic test development but also a strategic tool to ensure the integrity and performance
of vehicle software. This systematic approach creates a basis for future test scenarios that
can secure both the technical and safety-relevant aspects of ECU software. The basis for the
requirement analysis was created through expert interviews, project work experience, and
a systematic review of the individual requirement documents from which the requirements
arise. Taking the brake control system as an example, this resulted in approximately
18,000 requirements that needed to be tested throughout the project. However, for certain
release processes, especially at the beginning of a project, not all of these requirements were
used, because the functions were developed in the different steps. The goal of the analysis
was to assign these requirements to specific clusters, to better align them with the vECU
classifications. The following sections will introduce and describe the identified clusters,
which cover nearly all requirements.

1.  Flashing
The commissioning of an ECU is an important step that precedes actual testing.
This process involves various steps, including flashing the software, encoding, and
writing a dataset. During the flashing process, the actual software is transferred
to the flash memory of the ECU’s microcontroller. This requires the presence of a
suitable bootloader on the microcontroller. The main goal of this process is to ensure
that the software can be flashed onto the hardware without any issues. The most
common method is flashing via the on-board diagnostics (OBD) interface, which is
standardized in modern vehicles [35].

2. Coding
Coding an ECU refers to the ability to adapt the software so that it is suitable for a
specific vehicle variant and functions according to the specific equipment features.
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Typically, the software on an ECU has a wider scope, providing various variants
and parameters for different vehicle versions. This, of course, assumes that the
corresponding hardware is installed in the vehicle.

A good example of this is the trailer stability function in electronic stability control
(ESC), which is available as an optional feature in some vehicle variants when a
trailer hitch is present. The function is generally present in the software for all
variants but is only activated through appropriate coding. This can also affect the
bus communication when additional ECUs are installed in the vehicle. Coding is an
essential part of the initial commissioning process, because the software would not
function properly without the correct coding. During the testing process, all possible
and relevant codings are checked to ensure that they can be coded correctly. At the
same time, non-configurable vehicle variants should not be codable. Coding is also
done via OBD.

Dataset

Another important part of commissioning is the dataset stored in the ECU’s EEPROM.
This dataset includes various control parameters for functions and is usually not
modified during a test campaign. Changing and writing the dataset is more relevant
for the calibrators who tune the vehicles and make individual adjustments. However,
a well-tuned dataset still plays a crucial role in evaluating the software. Especially in
the chassis area, proper parameterization can have a significant impact on vehicle be-
havior. Parameterization allows adapting the software’s behavior and performance to
specific requirements and conditions, which is essential for assessing and optimizing
the software. Writing the datasets can also be performed via OBD.

Cyber Security

Cyber security requirements, according to [36], are a response to the increasing po-
tential for cyberattacks on the vehicle network. To ensure data integrity, authenticity,
and timeliness, additional security measures are taken. These measures include data
source authentication, message integrity verification, and ensuring confidentiality
through encryption of relevant data segments. In this context, specific critical CAN
messages containing safety-critical signals are encrypted to prevent manipulation
from external sources [37]. Security mechanisms must also be thoroughly tested, to
ensure their effectiveness in protecting against cyberattacks.

Diagnostics

The diagnostics category includes all tests that can be controlled via OBD. Standard-
ization covers not only emission-related electronic modules in a vehicle but rather
the entire electronics. This area accounts for a significant portion of test cases and
offers a variety of functions that are particularly important for workshops, developers,
and maintenance work. The software implements legally required features, including
selective monitoring of emission-related systems and monitoring of all major ECUs
whose data are accessible through the software. Error messages can be retrieved later
through standardized interfaces [35].

The standardized interface used in this context is unified diagnostic services (UDS).
UDS is a diagnostic communication protocol used in the field of automotive ECUs
and is specified in ISO 14229 [38]. This protocol enables efficient and standardized
communication between diagnostic tools and the various ECUs in the vehicle [39].
To perform this function, some components in the basic software (BSW) must be
implemented, including the diagnostic communication manager (DCM), which is
located in the service layer (see Figure 9).

150



Vehicles 2024, 6

Developmen:\ I
% Diagnostic [l —
« > Tool

Service

Offboard Onboard
AUTOSAR Application
Ped
e o e

Manufacturing

*DCM: Diagnostic Communication Manager

Figure 9. Diagnostic communication between offboard and onboard [40].

There are numerous functions that fall under this cluster, and it is not possible to
detail each one individually. However, some of the most important functions include
reading DTCs. OBD defines an extensive list of standardized DTCs, which serve to
identify and diagnose vehicle issues more easily. Additionally, relevant input and
output data can be monitored in real time. OBD provides real-time data on various
vehicle parameters, including engine speed, speed, air temperature, fuel consumption,
and more. The selection of this cluster was based on its relevance to the technical
requirements of a vVECU. It constitutes a significant portion of the test cases, which
will be explained in more detail later.

Electrical tests

The electrical tests are divided into component tests and software tests. Component
tests are carried out, for example, to determine the durability of components under
certain voltage conditions or short-circuit currents. In contrast, software tests must
ensure that the software responds correctly to specific electrical events such as short
circuits, over-voltage, or under-voltage conditions and detects them. It is checked
whether the corresponding DTCs appear in the fault memory.

Interfaces

The requirements for interfaces encompass all physical connections that an ECU has
outside of typical bus communications. These often include sensors and actuators
directly connected to the ECU. During the testing phase, it is ensured that these
interfaces function correctly. An example of this would be the ESC, where wheel
speed sensors play a relevant role. These sensors capture wheel speeds and can
transmit measurement values through their protocol in the case of active wheel speed
sensors. Another example would be the electronic parking brake, which is controlled
by the ESC and serves as an actuator. Finally, human-machine interfaces like control
or display interfaces are also included, often supported by specific protocols. These
specific interfaces must be tested for certain requirements. Due to the variety of
protocols used, the range of requirements for these interfaces can be quite broad.
Bus communication

The bus communication cluster encompasses all tests related to the correct imple-
mentation of requirements in the bus system. Various aspects are verified, such as
compliance with prescribed cycle times for message transmission. It ensures that
transmitted values fall within the specified minimum and maximum value ranges.
Furthermore, it checks whether the ECU is capable of detecting errors like incorrect
message counters or errors in the cyclic redundancy check (CRC) calculation. If such
errors occur and a predefined monitoring time has been exceeded, the ECU should
report a corresponding DTC.

Network management

The network management cluster primarily focuses on verifying requirements related
to monitoring and controlling the internal states of the ECU. This includes ensuring
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10.

that relevant network management messages are transmitted correctly. Furthermore,
it checks whether the ECUs enter and wakes up from the sleep mode at the correct
times, as specified. A malfunction in this area can lead to the failure to achieve
proper bus sleep in the vehicle network. This, in turn, can result in various network
participants keeping each other active, leading to unnecessary power consumption
and communication issues.

Functions

The functions cluster includes all the classic application functions that need to be
specifically developed for each ECU and project. While other clusters may contain
generic requirements, the requirements in this area are tailored to the specific function-
ality of the ECU. These functions can be generally categorized into three categories
relevant for testing: conditional functions, control functions, and routine functions.
Conditional functions can be further divided into if conditions, statement conditions,
and logical functions. Conditional functions are expected to implement a specific
response based on certain conditions.

Control functions are functions that represent a control loop. They set a reference
value and respond to feedback and/or disturbances using a controller. Examples
include the lambda control in an internal combustion engine or ESC in dynamic
driving situations. Figure 10 illustrates a general control loop.

wit) _ e(t) u(t) us(t) y(t)

Yu(t)

Controller Actuator Plant

Sensor

Figure 10. Illustration of a simple control loop, modified and extended according to [41].

A routine function, implemented as a function, influences one or more variables
as input variables to change other variables as output variables based on the given
control arrangement. In this case, the output variable does not affect the input variable,
due to the lack of feedback. As an analogy to regulation, consider the example of the
accelerator pedal position as an input variable taken by the driver, which represents
an open-loop system. Setting a cruise control to maintain a certain speed would be a
closed-loop system with feedback and, therefore, a form of regulation.

Conditional functions are also a focus of the validation process. In particular, with
conditional functions, a strict approach is applied following the specified specifica-
tions, to verify whether certain output variables exist when certain input variables are
provided. A simple example of this is the brake disc wiping function in ESC, which
requires certain conditions (e.g., activation of the wipers) before it is activated. Subse-
quently, a cyclic routine is executed, which builds up slight brake pressure in the brake
cylinders for a short period to dry the brake discs during wet weather conditions.
Control functions can be evaluated and tested both objectively based on specific evalu-
ation criteria and subjectively. To continue with the cruise control example, a subjective
evaluation may involve assessing whether the speed would be adjusted too abruptly
through rapid deceleration or acceleration. An objective criterion could be that the
control system is stable and can compensate for control deviations without oscillations.
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5.4. Mapping of Requirements That Can Be Tested with vECUs (RQ3)

In this section, a systematic overview is provided based on the findings from the
previous sections. It outlines the specific requirement areas that can be technically tested
with different levels of VECUs. This evaluation is particularly relevant for refining the
requirements that an OEM should impose on its suppliers, especially when software-related
tests are to be conducted in SiL simulation environments. The assessments presented in the
matrix are based on experiences gained from projects involving vECUs.

The matrix (Table 8) provides insights into the technical testability of various require-
ments depending on the level of the vECU. Flashing software onto ECUs requires specific
hardware, including at least one microcontroller, to implement the software code. This
requirement is only met by a vECU at Level 4. For coding, the use of NVM is necessary.
Therefore, this function is only suitable for vVECU levels that can simulate NVM, which is
available from Level 2 m. The same requirement applies to parameterization and datasets.
The implementation of cyber security measures is associated with significant effort in
practice. This effort also depends on whether the security features were implemented in the
original system on the software or hardware side. For this reason, such tests should either
be conducted on real hardware or with emulated hardware. Diagnosis functions, on the
other hand, require NVM and certain parts of the BSW. Furthermore, the implementation
of the UDS protocol is relevant for equating the handling of these requirements with a HiL
environment. Due to the number of requirements in diagnosis, they should receive special
attention. Electrical tests are only possible if the hardware is either emulated or physically
present, which is why these requirements strictly do not fall within the scope of vECUs.
Interface tests are highly dependent on the hardware. Depending on the implemented
hardware components in a Level 3 vECU, some of these tests can be conducted. Bus
communication is an important aspect of many test scenarios. Most requirements in this
area can be fulfilled as long as a virtual communication interface is available, which applies
to all vECU levels with a “c” in the designation. Network management, due to the need to
emulate electrical circuits, is also a challenge. However, the states that occur during active
operation can be simulated when a communication interface and the corresponding BSW
modules are available. The user layer, which includes the logic of the actual software, can be
partially tested at a logical level even with a Level 0 vVECU, although the complete original
source code is usually not available. This also applies to Level 1 vECUs, which often do not
contain the entire source code of the user layer. Starting from Level 2, nearly the entire user
layer becomes available, allowing for the testing of such requirements. With each increase
in the level within the vVECU matrix, as you move further to the right, more production code
is present. This ensures that the real software exhibits the same behavior and minimizes
potential sources of errors that could arise from simulated code and software cuts in the
vECU.

The evaluation of a Level 3 vECU for ESC was validated through random testing.
Representative test cases from various requirement clusters, usually tested in HiL tests or
directly in the vehicle, were used. The test cases were conducted within a simulation envi-
ronment using the vECU. It was shown that the vECU was capable of covering the majority
of test cases. This included testing different coding variants and datasets, which can be
easily implemented on the vVECU. With current architectures, cybersecurity requirements
cannot be met. The necessary components are not integrated into the vECU. In the diagnos-
tic area, there are also some limitations since the UDS protocol is not implemented, resulting
in only those diagnostic aspects that the vVECU developers have provided interfaces for
being testable. Another obstacle arose in testing the hardware interfaces to wheel speed
sensors, which were not feasible due to the lack of physical interfaces. In these test cases,
the protocol of the wheel speed sensors was checked. However, an additional simulation of
the wheel speed sensors would be required. In terms of network management, the vECU
was capable of modifying states through specific CAN messages of the network. When
testing the application layer, almost all requirements can be covered, but a comprehensive
simulation environment, including some track models, is necessary. In summary, it can be
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stated that approximately 80% of the requirements could be tested using this vECU. The
most extensive test scopes were found in the diagnosis, bus communication, and function
test areas. These results underscore the efficiency of the vVECU in the testing process but
also highlight the limitations imposed by the simulation level and the availability of specific
protocol implementations.

Table 8. Overview of which requirements can be technically tested with vECUs.

< £ 9]
=] - o~ [\ o~ (3} o0 -
Requirements o) ) o) ] < < = ]
> > > > > > > >
Y v L v @ L L L
= - | - = = Jos| -
Flashing - - — - _ v
Coding - - - - v v v
Dataset - - - - v v v
Cyber Security - - - - - - - v
Diagnostic - - - - O v v v
Electrical tests - - - - - — _ v
Interfaces - - - - - ‘) D v
Bus communication - - - v - - v v
Network management - - - - - v v v
Functions o © , v v v v v

Amount of production code

v Should be completely possible; © Should be partially possible; — Not possible.

6. Discussion of Limitations

In this section, the limitations of this method are highlighted, and suggestions for
future approaches are provided.

6.1. AUTOSAR-Specific Limitations

The method presented in this paper is specifically designed for the AUTOSAR Classic
Platform. This standard provides a robust framework for the development of embedded
software in vehicle ECUs. However, a clear limitation arises for ECUs that do not adhere
to the AUTOSAR standard. For such ECUs, the applied method is less suitable, because
the specific architecture and software structure of non-AUTOSAR systems cannot be
easily assessed using the procedures described here. Therefore, the method cannot be
directly applied to the AUTOSAR Adaptive Platform without modifications, as it is based
on different principles that enable a more dynamic and flexible software architecture.
Within this study, only AUTOSAR-compliant ECUs and hybrid solutions that include both
AUTOSAR components and proprietary software elements were considered.

6.2. Variance

Another limiting factor is the variance in the production of vVECUs. The results of
this study clearly show that there is no uniform approach to creating vECUs. Different
manufacturers use different tools and apply varying degrees of resources and efforts
to simulate hardware components. As a result, the quality and scope of VECUs vary
significantly, directly affecting the amount of original source code that can be implemented
and the number of technically testable requirements. The analysis of five different ECUs
confirmed that each ECU was developed using different tools and approaches, partially
limiting the comparability and transferability of the results.
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6.3. Credibility

The final limitation pertains to the validation of the technical feasibility compared to a
real system. Empirical investigation into the extent to which vECUs accurately replicate the
logic and timing behavior of physical ECUs was not conducted, as demanded by Hansen
et al. [42]. Physical ECUs often work with multiple processor cores that process tasks in
parallel, handle interrupts, and operate in real time. On the other hand, PCs, which are
commonly used for running VECUs, generally execute only a single task at any given
moment. Furthermore, microcontrollers often operate in microsecond time frames and
control analog signals with response times of less than 1 ms—a scenario that is difficult
to simulate with a vECU. These aspects are central to understanding the performance
and limitations of vECUs, and they should be more comprehensively examined in future
studies, to assess and understand their impact on test results.

7. Conclusions

In the present paper, the growing importance of virtual test methods for software
validation in vehicle ECUs has been emphasized. In this context, vVECUs are of central
importance, but a clear methodology for assessing their suitability for certain software vali-
dation tasks is still lacking. In particular, it was unclear which requirements can be tested
using VECUs and what limitations may arise. To address this gap, this paper proposed
a revision of the existing vECU standard according to ProSTEP iViP and introduced new
approaches and additions to enable a better classification and assessment of VECUs.

The study was based on the examination of five different vECUs provided by various
suppliers. In parallel, comprehensive analysis and categorization of various requirements
were conducted, serving as the basis for requirement-based testing and considering differ-
ent types of test environments. By using a matrix that assigns various requirement clusters
to corresponding VECU abstraction levels, a better allocation of test cases to specific test
environment types could be achieved. The results of the study showed that a significant
portion of requirements can be virtually implemented through the targeted use of SiL
simulation environments. This ultimately reduces costs and time in the testing process.

Finally, an empirical verification was conducted using an SiL simulation environment
that implemented a Level 3c vECU for a brake control system. The results of this sample
confirmed the findings discussed earlier, indicating that approximately up to 80% of
requirements can be successfully tested using such a vECU. This confirmation underscores
the practicality of the proposed methodology and demonstrates its potential to enhance the
efficiency and effectiveness of virtual testing processes.

In the future, the accuracy of the results obtained in this study could be further
enhanced by implementing automation of the simulation environment. Such automation
would allow for systematic execution of test cases and objective evaluation of results.
This could enable precise quantification of the requirements that can actually be realized
in an SiL environment. Additionally, automation provides the opportunity to directly
compare results from the SiL environment with results from HiL tests. This comparison is
particularly valuable as HiL test benches incorporate real hardware components and the
physical interfaces of the vehicle, serving as a good reference for validation. By comparing
results from both environments, the validity and limits of SiL-based simulations can be
determined even more accurately.
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CAN Controller Area Network
CDD Complex Device Driver
COM Communication
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DCM Diagnostic Communication Manager
DLL Dynamic Link Library
DTC Diagnostic Trouble Code
EEPROM Electrically Erasable Programmable Read-Only Memory
ESC Electronic Stability Control
FMI Functional Mock-up Interface
FMU Functional Mock-up Unit
HiL Hardware-in-the-Loop
LIN Local Interconnect Network
MCAL Microcontroller Abstraction Layer
Mil Model-in-the-Loop
NVM Non-volatile Memory
OBD On-Board-Diagnose
OEM Original Equipment Manufacturer
OsI Open Systems Interconnection
PDU Protocol Data Unit
RTE Runtime Environment
SiL Software-in-the-Loop
SoC System on Chip
SPI Serial Peripheral Interface
SWC Software Component
ubs Unified Diagnostic Services
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Abstract: Recently, with climate deterioration and environmental pollution, consumers are becoming
more and more aware of the use of sustainable energy. In particular, the demand for electric vehicles
that use sustainable energy is also increasing. In addition, due to the simple driving principle of pure
electric vehicles, many electric vehicles developed by electronics companies are continuously being
launched. Electric vehicles not only use renewable energy to protect the environment but also save
on various usage expenses, so they are expected to become the main products in the mobile travel
equipment market in the future. This study aims to explore the impact of product design dimensions
on electric vehicle (EV) purchase intentions, provide a theoretical basis for companies” differentiation
strategies, and reflect the impact of product design on purchase intention. This study uses Davis’s
TAM combined with environmental awareness (EA) for analysis; an online survey was conducted on
Chinese (1 = 468) and Korean (1 = 409) consumers, both male and female, aged 20-60 years and above.
We found that, for Chinese consumers, the aesthetic and symbolic dimensions do not affect perceived
usefulness and perceived ease of use, but they do affect environmental awareness, while the functional
dimension affects not only perceived ease of use and usefulness but also environmental awareness.
For Korean consumers, the aesthetic, functional, and symbolic dimensions all affect perceived ease
of use and environmental awareness, but perceived usefulness is only affected by aesthetics and
environmental awareness. Through simulation analysis, the results show that perceived ease of use,
usefulness, and environmental awareness all directly affect purchase intentions. Perceived ease of
use and environmental awareness are particularly important for Chinese consumers, while Korean
consumers pay more attention to the test drive experience and environmental awareness. The results
show that electric vehicle manufacturers should develop new technologies for the Chinese market to
attract consumers, while in the Korean market, they should improve perceived usefulness through
test drives and pay attention to environmental awareness. Specific statistical data show that both
Chinese and Korean consumers assign importance to the impact of environmental awareness on
purchase intention, proving the importance of environmental awareness. The results of this study will
be of great reference value to electric vehicle manufacturers, policymakers, and consumer behavior
researchers, helping them to better understand the role of product design in improving the market
acceptance of electric vehicles.

Keywords: TAM model; structural equation modeling; product design; electric vehicle purchase intention

1. Introduction

Electric vehicles are improving the environment and modern people’s lives, with
various appearances and functions. Modern people’s definition of cars is also constantly
changing. For example, the electric car released by China’s Xiaomi in 2024—a case in
which a company that manufactures electronic products successfully transitioned into the
automotive industry—has attracted global attention. With people’s increasing awareness
of environmental protection, electric vehicles, as mobile tools that can reduce pollution and
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effectively save nonrenewable energy, have gradually become a new development trend in
the automobile industry [1].

According to Statista, a global statistical data and market research platform, global
sales of new electric vehicles increased significantly by 55.1% in 2022, with sales exceeding
10.25 million units [2]. Expected trends show that EU countries will push for the imple-
mentation of CO, emission standards and steadily move toward zero-emission vehicle
regulations. This indicates that the development trend of electric vehicles will continue. In
other words, more consumers will use electric vehicles in the future, and various demands
have been generated for them. In order to meet these consumer needs, electric vehicles
with various high-tech technologies and unique shapes have emerged.

In other words, in order to satisfy consumers, the demand for electric vehicles with
unique styling, environmental protection symbolism, and advanced technology contin-
ues to grow [3,4]. In the future, when the electric vehicle market reaches the saturation
stage, product design will become the only competitive advantage of each automobile
manufacturer [5].

Therefore, it is of great significance to study consumers” demand and consumption
cognition for electric vehicles. However, to date, most of the research on electric vehicles has
been about battery and charging technology [6], consumer characteristics [7], supervisory
norms with respect to electric vehicles, perceived behavior [8], perception and adoption of
new technologies and other studies; that is, research on electric vehicle product design is
currently limited to technology or consumer attitudes.

In response to these limitations, some recent studies have tried to explore the appear-
ance of electric vehicles from a design perspective [9-12]. However, research on electric
vehicles is still limited to appearance styling or the future trends of electric vehicle styling;
there has been no analysis of the relationship between consumer cognition and willingness
to buy. In addition, in terms of research methods, research using the technology acceptance
model has also been attempted [13], but there are limitations in expanding or improving
existing research. Based on these research deficiencies, this study starts from the product
design dimensions (i.e., aesthetics, function, and symbolism) in electric vehicle purchase
intention, establishes an empirical analysis model, and analyzes the variables that affect
electric vehicle purchase intentions. To this end, we develop an extended technology ac-
ceptance model (TAM) to explain the relationship between product design and technology
acceptance based on new technologies, and to provide prediction results for electric vehicles
through the identified predictors and estimation results. Development provides implica-
tions, and in terms of measurement, the impact of environmental awareness is added along
with product design and cognitive acceptance in order to apply the extended model.

Finally, when studying the willingness to purchase electric vehicles (EVs), it is impor-
tant to choose Chinese and Korean consumers as comparison objects. The Chinese market
is growing rapidly, with strong policy support and subsidies, and local brands such as
BYD and Xiaopeng are actively promoting market development. Although the Korean
market is relatively small, the government is also actively promoting the popularization
of EVs, and brands such as Hyundai and Kia have performed well in the global market.
Comparing these two markets can reveal the impact of different policy environments on
consumer purchase intentions, as well as reflecting differences in culture, economic level,
and consumer behavior. In addition, the development of charging infrastructure, market
size, and the influence of local brands are different in the two countries. Studying these
differences can provide in-depth understanding of the complexity of the EV market, along
with valuable insights for relevant policymakers and companies.

For companies, cross-cultural surveys can help them to better understand the needs
and preferences of different cultural markets, so as to develop more effective marketing
strategies and product designs. Cross-cultural differences in design tastes are common.
Cultural background is one of the important determinants of consumers’ perceptions of
product design [14]. In order to explore consumers’ purchase intentions and provide a
basis for the differentiation strategies of enterprises, this study uses Chinese and Korean
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consumers as samples, explores the impact of product design dimensions on the purchase
intentions of consumers in the two countries, and analyzes the differences in their purchase
intentions for electric vehicles. Such research helps electric vehicle manufacturers in various
countries to understand the characteristics of consumers in various countries, and it can
also serve as a reference for other studies in the future.

2. Literature Review
2.1. Concept of Product Design

As one of the four Ps of marketing (product, price, place, and promotion), the im-
portance of product design was proven long ago (e.g., Bloch,1995 [14]; Davis,(1989) [15]).
Nussbaum'’s research (1988) [16] shows that when consumers can choose between two prod-
ucts with the same price and function, they will buy the product that they think is more
attractive. Han (2021) [17] believes that product design trends should be understood
from the perspective of social trends, consumer lifestyles, and work. The elements of
product design are defined differently depending on the purpose of the research. For
example, Kellaris (1993) [18] and Bloch, PH (1995) [14] divide product design into ele-
ments such as shape, proportion, rhythm, proportion, material, color, reflectivity, deco-
rativeness, and texture based on the consumer’s product image; and in Sascha Mahlke’s
research (2007) [19], the user experience research was conducted by combining aesthet-
ics, symbolism, and emotional user response with a user interaction experience method.
Lee (2017) [20] studied consumers’ purchase intentions through form (appearance) and
feature design. Srinivasan et al. (2012) [21] proposed a customer-based product design
framework based on customer experience design—the total product design concept (TPDC),
which they defined as three elements of a product—function, aesthetics, and meaning—in
order to understand the role and impact of the product.

However, the existing research has shortcomings in several respects. First, most
studies have only focused on a specific field or design element, lacking a comprehensive
perspective. Second, the mechanism of how product design specifically affects consumers’
willingness to buy is still unclear. To make up for these shortcomings, Homburg et al.
(2015) [22] and others have developed and validated a new scale to measure product
design from three dimensions: aesthetics, function, and symbolism. In addition, they also
studied the impact of these design dimensions on purchase intention, word of mouth, and
willingness to pay. In summary, this study finally adopted the product design dimensions
of aesthetics, function, and symbolism, as described by Homburg et al. (2015) [22], as
measurement variables for our research.

2.2. Technology Acceptance Model

The technology acceptance model (TAM) is based on the model proposed by
Davis (1989) [15]. It is a modified and developed model based on the causal relationship
between attitude and intention to use, as proposed by Ajzen and Fishbein (1980) [23]—the
theory of rational action (TRA).

Davis (1989) [15] pointed out through research that the “perceived usefulness (PU)
and “perceived ease of use (PEU)” of a particular technology affect the acceptance of
new technologies. PU refers to the individual’s belief that using a particular technology
will improve their performance, while PEU refers to the individual’s belief that using a
particular technology is trouble-free. By studying the impact of a particular technology
(external variable) on PU and PEU, one can understand the individual’s acceptance of
new technologies.

Later scholars established an extended TAM based on this model by adding external
variables and other factors. For example, Venkatesh and Davis (2000) [24] added rele-
vant external variables such as social influence and cognitive process to the TAM and
proposed TAM2. Venkatesh and Bala (2008) [25] further refined perceived ease of use and
perceived usefulness on the basis of TAM2, explored how intervention measures affect
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these factors, and proposed a more comprehensive model for user acceptance and use of
technology: TAM3.

Subsequent studies introduced factors such as social influence and perceived risk
when expanding the TAM. For example, Wang et al. (2013) [26] applied the TAM to study
the influencing factors of new-energy vehicle purchase intentions; Hu et al. (2015) [27]
combined the TAM with the perceived risk theory to study the willingness to purchase
new-energy vehicles; Yin et al. (2019) [1] combined the TAM and perceived risk theory
to analyze the impact of consumers’ personality traits on their willingness to purchase
new-energy vehicles when facing uncertainty. These studies verify that environmental
awareness is an important variable affecting the acceptance of EVs.

In addition, Wang (2018) [28] explored the relationships between variables based
on PEU, PU, and attitudes toward the intention to use electric motorcycles; Yuan et al.
(2018) [29] confirmed through the TAM and rational behavior theory that users’ environ-
mental awareness (EA) has a significant positive impact on their attitude and willingness
to use shared cars; Zhang (2022) [30] used the TAM as a theoretical framework based on
variables such as PU and PEU, introduced extended variables such as social influence and
environmental awareness, and established a willingness analysis model for the Mobility as
a Service (MaaS) platform; He et al. (2018) [31] also showed that personality types such as
personal innovation and environmental concern directly affect the willingness to purchase
electric vehicles. Therefore, these previous studies can confirm that EA is an important
variable in consumer acceptance of EVs.

However, the TAM also faces some challenges. First, the TAM focuses on the initial
acceptance of technology’s use, but there is less research on long-term usage intentions.
Second, the model rarely considers the impact of social, cultural, and emotional factors on
technology’s acceptance.

2.3. Electric Vehicles (EVs)

Electric vehicles (EVs) can be divided into battery electric vehicles (BEVs), plug-in
hybrid electric vehicles (PHEVs), fuel cell electric vehicles (FCEVs), hybrid electric vehicles
(HEVs), etc., according to the driving system (see Figure 1) [12,13,32-35].

/ PHEV \ / FCEV \ / HEV \

Fuel Battery Fuel Tank

Fuel Tank Fuel Cell Battery

Battery Fuel Engine

Engine Hydrogen Tank Electric Motor
Electric Motor Electric Engine Regenerative
Charging Socket Breaking
Regenerative Charging Socket
Breaking

Figure 1. Electric vehicle classification.

1. Battery electric vehicle (BEV): Refers to a car that uses electricity to drive the motor
and does not use any fuel, such as gasoline. The battery provides electricity to drive
the motor, which drives the vehicle. A BEV is a vehicle that only needs a battery
to drive the electric motor, and it requires fewer parts than an internal combustion
engine vehicle (e.g., Tesla Model S; Nissan Leaf; Audi Bolt EV; BYD tang EV).

2. Plug-in hybrid electric vehicle (PHEV): A vehicle that can be charged and run on
gasoline. The battery capacity is larger than that of ordinary hybrid vehicles. A PHEV
is usually driven by electricity, but when the battery is exhausted, it switches to a
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conventional internal combustion engine (e.g., Toyota Prius Prime; Chevrolet Volt;
Mitsubishi Outlander PHEV; Hyundai oniq Plug-in Hybrid).

3. Fuel cell electric vehicle (FCEV): Uses environmentally friendly energy such as
methanol and hydrogen to generate electricity, and relies on the converted electricity
to drive the car, so it does not pollute the environment. However, the power system is
driven by the chemical combination of hydrogen in the vehicle tank and oxygen in
the air to generate electricity—not batteries (e.g., Toyota Mirai; Honda Clarity Fuel
Cell; BMW i Hydrogen NEXT; Mercedes-Benz GLC F-CELL).

4. Hybrid electric vehicle (HEV): Does not support external charging. An HEV is a
vehicle that combines an internal combustion engine and an electric motor, using an
electric motor or a generator to run. It is equipped with two or more energy storage
systems and energy conversion to allow the car to charge the electric motor while
driving, and it rotates the transmission at the same time to make the gasoline engine
and electric motor work (e.g., Toyota Prius; Honda Accord Hybrid).

2.4. Willingness to Buy (WTB)

Willingness to buy (WTB) refers to an individual’s thoughts or plans for a specific
action—that is, the consumer’s intention to purchase a certain product [36]. Excellent
design can differentiate products by creating and conveying value to customers, thereby
improving customers’ acquisition and retention of products [37,38].

Song et al. (2018) [7] studied the WTB and satisfaction of early adopters of electric
vehicles based on satisfaction and anxiety about mileage, subjective knowledge, and
important attributes. Lieven et al. (2011) [39] weighed personal priorities with social
preferences and determined the WTB of individuals who were considered to be potential
EV buyers through empirical research on German consumers. Kim et al. (2019) [40] studied
the WTB of Chinese consumers for EVs based on the theory of planned behavior. Based on
the above, Table 1 (Ashraf et al., 2020) [41] was compiled.

Table 1. Literature review.

No. Research Key Findings Weaknesses Suggested Solutions
Bloch (1995) [14]; Importance of Lack of comprehen- Intrg duce multi-dimensional
1 Davis (1989) [15] roduct design sive perspective design elements and
P & persp comprehensive evaluation
2 Nussbaum (1988) [16] AttraCthel‘leS.S .affects Resegrch llm{tu.ed to Expan@ to different product
purchase decisions specific conditions categories and markets
Design should be . . . ..
3 Han (2021) [17] understood from a Lack 1'(1)f empirical re- Combmg Wlth empirical
lifestyle perspective searc data verification
Developed a new scale to  No involvement in Apply to the electric
4 Homburg etal. (2015) [22] measure product design  electric vehicles vehicle field
5 Davis (1989) [15] TAM explains Ignorlr.lg long-term Introdu.ce long-term
technology acceptance usage intentions use variables
Venkatesh and Add emotional and
6 Davis (2000) [24]; Venkatesh ~ Extended TAM Lack of emotional factors socio-cultural factors
and Bala (2008) [25]
Wang et al. (2013) [26]; Comb.mmgvTAM with Mainly focused on Study long-term use and
7 . perceived risk to study N .
Hu et al. (2015) [27]; . initial acceptance market maturity
new-energy vehicles
Song et al. (2018) [7]; .
3 Lieven et al. (2011) [39]; Factors affecting Immature market, Conduct more market and

Kim et al. (2019) [40]

purchase intention

insufficient research

consumer perception research
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Although existing studies have shown that the electric vehicle market continues to
grow, the research and market are still not fully mature. There are currently few studies on
consumer perceptions of electric vehicles, and there have not been many cases that studied
the appearance design of electric vehicles in detail. Therefore, this study aims to explore
the relationship between product design and consumer perceptions, in order to fill this
research gap.

Through reviewing and analyzing the existing literature, this study explores the
impact of product design on electric vehicle purchase intentions from a multi-dimensional
perspective in order to make up for the shortcomings of existing research.

3. Conceptual Framework and Hypotheses
3.1. The Impact of Product Design on Technical Models and Environmental Awareness
3.1.1. The Impact of Aesthetics (Aes) on Technical Models and Environmental Awareness

Veryzer Jr, R. W. (1993) [42] believes that the aes response refers to a person’s reaction
to an object (e.g., based on their perception of the object). Aes is sometimes more important
than technical features and is important in ensuring the success of a new product. Kotlw
and Raih(1984) [43] also believe that good design can be transformed into high-quality
product perceptions, bringing greater market share and higher profits. The connection
between aes and technology acceptance is very important because aes design directly
affects users’ experience and acceptance. Elegant and intuitive interfaces not only improve
perceived ease of use and make users feel that the operation is simple, they also enhance
perceived usefulness and increase trust in the technology’s function. In addition, aesthetic
design can stimulate positive emotional responses, increasing users’ satisfaction with the
technology and long-term willingness to use it. An attractive visual and interactive design
can also strengthen the brand image, further affecting users” acceptance of the technology.
Therefore, aes not only affects the appearance of technology but also profoundly affects
users’ acceptance and use of technology, which merits further exploration in technology
acceptance research [44,45].

Therefore, based on the above theoretical background, this study makes the follow-
ing assumptions:

Hypothesis 1. The higher the aesthetics dimension of product design, the greater the impact on
PEU, PU, and EA.

H1-1. The aes dimension of product design has a significant positive impact on the PEU of EVs.
H1-2. The aes dimension of product design has a significant positive impact on the PU of EVs.

H1-3. The aes dimension of product design has a significant positive impact on the EA of EVs.

3.1.2. The Impact of Function (Func) on Technical Models and Environmental Awareness

Functional design of products, in terms of practicality and functionality, involves
product performance, reliability, and whether the product meets the basic needs of users.
Fu et al. (2008) [46] proved through research on the functional requirements and intrinsic
quality of automobiles that automobile technology plays a key role in automobile styling
design. Chakrabarti and Bligh (2001) [47] believe that an ideal functional reasoning en-
vironment should have the following characteristics: able to support a variety of design
tasks, whether routine or innovative; able to handle designs at any level of detail; and
able to provide support between designs at different levels of detail. The functions of
EVs have attracted much attention from researchers and users in the EV design process.
Lv et al. (2014) [48] and Agarwal and Prasad (1998) [49] pointed out that the novelty of
technology will affect practicality and ease of use, thereby affecting usage intention.
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In addition, Agawal and Karhanna (2000) [50] showed that cognitive absorption
significantly affects individuals” PU and PEU with respect to information technology,
thereby affecting their intention to use it. Therefore, an individual’s perceived technological
innovativeness can be explained by cognitive absorption. Based on the discussion of
these previous studies, this study proposes the following hypotheses on the role of func
dimensions of product design in EV acceptance:

Hypothesis 2. The higher the function (func) dimension of product design, the greater the impact
on PEU, PU, and EA.

H2-1. The func dimension of product design has a significant positive impact on the PEU of EVs.
H2-2. The func dimension of product design has a significant positive impact on the PU of EVs.

H2-3. The func dimension of product design has a significant positive impact on the EA of EVs.

3.1.3. The Impact of Symbolism (Sym) on Technical Models and Environmental Awareness

Symbolism (sym) refers to the symbolic meaning and cultural value of a product; it
involves how products express the user’s identity, status, and personal taste [42,51-54].

Xing (2022) [55] in order to promote the spread of Macao culture and the development
of the tourist souvenir industry, took the symbolic meaning of cultural symbols as the start-
ing point and explored effective methods for the design of Macao tourist souvenirs; Zhang
et al. (2001) [56] pointed out that this is related to functional indicator symbols. Compared
with packaging, the design and recognition of symbols on packaging are more complex.
However, the connotative meaning conveyed by a symbol is usually broader and deeper
than the denotative meaning of the symbol. Belk et al. (1989) [57] and Verganti (2008) [58]
believe that sym is as important as func because consumers have a strong desire for mean-
ing. In fact, sym can become the basis for consumers to experience personal value. Based
on the above research, this study proposes the following hypotheses:

Hypothesis 3. The higher the symbolism (sym) dimension of product design, the greater the impact
on PEU, PU, and EA.

H3-1. The sym dimension of product design has a significant positive impact on the PEU of EVs.
H3-2. The sym dimension of product design has a significant positive impact on the PU of EVs.

H3-3. The sym dimension of product design has a significant positive impact on the EA of EVs.

3.2. The Impact of the Technology Acceptance Model and Environmental Awareness on Willingness
to Buy (WTB)

The technology acceptance model (TAM) has been widely used by many scholars at
home and abroad to study the use of innovative technologies from different perspectives.
The model proposes using PU and PEU as the main indicators for measuring technology
acceptance behavior. PU refers to the individual’s belief that using a specific application
system can improve their work performance—i.e., users feel that using this innovative
technology can bring convenience to their work or life—while PEU refers to the individual’s
belief that it is relatively easy to use or master a system or innovative technology [20].

The study of Jamal and Sharifuddin (2015) [59] shows that PU can positively promote
the willingness to purchase products. Chitra (2007) [60] pointed out that consumers’ EA has
become an important factor affecting their willingness to pay. The stronger the consumer’s
EA, the higher the price that they are willing to pay for environmentally friendly products.
Li (2001) [61] believes that efforts should be made to cultivate people’s EA, so that they can
clearly understand the interdependence between humanity and nature and humanity and
the environment, and consciously pay attention to and actively participate in environmental
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protection. He et al. (2015) [62] demonstrated that consumers’ PU and PEU with respect to
innovative technologies of new-energy vehicles can significantly and positively affect their
willingness to purchase such vehicles [1].

Based on these previous studies, we believe that PU, ease of use, and EA affect the
WTB for EVs. Therefore, this paper proposes the following hypotheses and verifies them
through empirical analysis:

Hypothesis 4. The higher the PU, PEU, and EA, the greater the impact on the WTB.
H4-1. PEU has a significant positive impact on the WTB for EVs.
H4-2. PU has a significant positive impact on the WTB for EVs.

H4-3. EA has a significant positive impact on the WTB for EVs.

3.3. Measurement Model

As mentioned above, this study is based on the extended TAM. The scale of the TAM
is affected by multiple factors. Model complexity increases with the increase in the number
of variables. More variables (such as user characteristics and environmental factors) will
make the model larger, thereby increasing the amount of calculation and the analytical
complexity. The size of the dataset is also critical. Large-scale datasets require more complex
models to capture subtle differences, while simultaneously posing computing and storage
challenges. Variable selection is equally important. Adding more external variables (such as
social influences and personal characteristics) will make the model more complex, thereby
affecting the effectiveness and efficiency of the model.

For the external variables, we selected Aes, Func, and Sym as product design variables,
with PU, PEU, and EA as mediators and WTB as the dependent variable, to study EVs. In
measuring perceived acceptance, this study not only included the influence of usefulness
and ease of use on WTB, but also EA, because as people’s awareness of environmental
protection increases, it becomes necessary to confirm the difference between EA and
perception in WTB. This study established the following research model by reviewing
previous studies (see Figure 2).

Perceived
ease of use
Hacd
- 1/‘

Environmental
awareness

Figure 2. Structural equation modeling.

Willingness to buy
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Based on the above assumptions, the expanded TAM model was established and used
to analyze the purchase intentions of Chinese and Korean consumers toward EVs.

4. Research Methodology
Measures

The questionnaire survey of this study is designed to be divided into five parts. The
first part is the demographic statistics (seven questions); in addition to the basic gender,
age, and education level, it also includes the four user types classified by Lee (2017) [37]
in the identification characteristics of the attractiveness of car appearance design (A: car
enthusiasts, B: users who value car sym, C: users who value car functions, and D: users who
are not interested in cars), in order to confirm the potential awareness of most consumers
about cars. The second part measures the participants’ attitudes toward the aes (four ques-
tions; question codes Q1, Q2, Q3, and Q4), func (three questions; Q5, Q6, and Q7), and
sym (four questions; Q8, Q9, Q10, and Q11) of EV design. The questions are adapted from
the works of Bloch, P. H. (1995) [14], Srinivasan et al., 2012 [21], Homburg et al., 2015 [22]
and Gilal et al., 2018 [44]. The third part measures the participants’ PEU (three; Q12, Q13,
and Q14) and PU (three questions; Q15, Q16, and Q17) of EVs. The questions are adapted
from the works of Davis [15,24,63—-65] and Venkatesh et al. [24,25,64]. The fourth part
measures the participants’ attitudes toward EA (five questions; Q18, Q19, Q20, Q21, and
Q22); the items are adapted from the works of Van et al. (2023) [66], Carley et al. (2013) [67],
and Bunce et al. (2014) [68]. The fifth part measures the participants” willingness to pur-
chase EVs (three questions; Q23, Q24, and Q25); the items are adapted from the works of
Agarwal et al. (2000) [50], Zhang et al. (2011) [69], Park et al. (2020) [70], and Patara and
Monroe (2008) [71] (see Table 2).

The second to fifth parts of the scale are measured by 7-point Likert scales, from
high to low: 7 points = strongly agree; 6 points = somewhat agree; 5 points = agree;
4 points = neutral; 3 points = somewhat disagree; 2 points = disagree; 1 point = strongly
disagree. After the scale design was completed, it was first reviewed by relevant experts and
scholars, and then appropriately modified. Then, in order to distribute the questionnaire to
Chinese and Korean consumers at the same time, the English questionnaire was translated.

Finally, in order to ensure measurement invariance, the final questionnaire was trans-
lated in two stages. First, all items of the questionnaire were translated from English
to Chinese by two Chinese professors who were fluent in English, and from English to
Korean by two Korean professors who were fluent in English. In the second stage, accord-
ing to the double translation procedure, five other independent professional translators
conducted back-translation checks on the Chinese and Korean questionnaires. After com-
paring the original English version and the translated versions of the questionnaire, and
adding some minor changes to the Chinese version, the Chinese and Korean questionnaires
were finalized.

To determine the validity of the questionnaire, a small-scale pre-survey was conducted
in a group chat on a Korean software platform (KakaoTalk version 10.8) 42 people, with
ages ranging from 20 to 65). The questionnaire was revised for the second time based on
the survey results, and the final version of the questionnaire was determined. Before the
final questionnaire data were collected, all participants, including Chinese and Korean
consumers, were informed of the purpose of the study, the benefits and risks of participating
in the study, and how their data would be used. All tests were conducted after obtaining
the consent of the participants, and the questionnaires were completed anonymously
and voluntarily.

Although the overall population bases of China and South Korea are very different, the
representativeness of the samples can be ensured through appropriate sample selection and
analysis methods. If the sample sizes from China and South Korea are more than 400 each,
they may still be statistically valid. The key is to ensure the representativeness of the
samples in terms of key characteristics such as gender, age, and income. Stratified sampling
and weighted adjustment methods can be used to reflect the overall characteristics, and the
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representativeness of the samples can be confirmed through validation data and sensitivity
analysis. Appropriate sample selection, weighted adjustment, and data verification can
improve the reliability and validity of the research results.

Table 2. Measurement scales for variables.

No. Variable Name Code Measurement Question Reference Source

Q1 I think electric cars look good

Q2 I think electric car designs are attractive

! Aes Q3 I think electric car designs are eye-catching
Q4 I think electric car designs are impressive
Q5 I think electric car functionality is important

Bloch, P. H. (1995); [14]
2 Func Q6 I think electric car designs are safe Srinivasan, R et al. (2012) [21];
Homburg, C et al. (2015) [22];

Q7 I think electric cars are very functional .

Gilal, N. G et al. (2018) [44];
Q8 I think electric cars can show my social status
Q9 1 think electric cars can show that I value

3 Sym environmental awareness

Q10  Iportray part of my lifestyle through electric cars

Q11 I want to define myself through electric cars

Q12 I think it is easy to use electric cars

4 PEU Q13 I think electric cars are easy to learn to use
find i h th el ; Davis, E. D. (1987); (1989 [15]);
Q14 I find it easy to do what I want to do with electric cars (1992) [63]; (2000) [24],
Q15 I think using electric cars will improve my life Venkatesh et al. (2003) [64];
5 PU Q16 I think using electric cars will be useful (2008) [25];

Q17 Tthink using electric cars is effective

Q18 I think environmental issues are important

I usually take practical actions to protect the environment

QL9 (such as garbage sorting) Bunce et al. (2014) [68];

6 EA Q20 i ;1;1(1);;1811};) 11:386 environmentally friendly products as much ?;;Ege fta i],( 2%(2);5)[ 6[2:
Q21 Ithink we should use environmentally friendly products Carley et al. (2013) [67];
Q2 If it is an environmentally friendly product, I will buy it

even if it is expensive

Q23 I plan to buy an electric car in the future Wang et al. (2013) [26];
Agarwal et al. (2000) [50];

Q24 Next time I buy a new car, I will buy an electric car

7 WTB Zhang et al. (2011) [69];
Q25 I will recommend buying an electric car to people Park et al. (2020) [70];
around me Patara and Monroe (2008) [71]
5. Study

5.1. Chinese Consumers
5.1.1. Chinese Participants and Measures

This study used convenience sampling and conducted an online survey using the
Chinese market research company “wjx.cn” from 11 April 2024 to 27 June 2024; wjx.cn
(https:/ /www.wijx.cn/, accessed from 11 April 2024 to 27 June 2024) is a popular online
survey platform in China. Since its launch in 2006, users have published more than 274 mil-
lion questionnaires and collected more than 21.307 billion questionnaires. The platform
has maintained an annual growth rate of more than 100% and a market share of more than
60%. This study used the company to collect data from men and women aged 20 to over
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60 in China in order to understand the WTB for electric vehicles. A total of 497 people
were sent online surveys, of which 468 people’s responses (excluding questionnaires with
repeated answers or too short an answer time) were used for the final analysis. In terms
of demographic characteristics of the survey subjects in the questionnaire collection for
Chinese consumers, there were 257 males, accounting for 55%, and 211 females, accounting
for 45%. In terms of age, 94 people (20%) were in their 20s, 174 people (37%) were in their
30s, and 109 people were in their 40s (23%); 14% (27 people) of the participants were over
50 years old, and 8% were over 60 years old. In terms of education level, the majority of
the respondents were college graduates, accounting for 66% (307 people). In terms of the
lifestyle of Chinese consumers, the proportions of respondents who thought that cars could
show their social status and those who were interested in cars were similar, accounting for
127 and 125 people, respectively. In China, the majority of respondents owned electric cars,
accounting for 239 people (51%), and the number of respondents who owned fuel cars was
156 (33%). For details, see Table 3.

Table 3. Demographic characteristics of the Chinese sample.

No. Measure Item Count %
Male 257 55

! Gender Female 211 45
20~29 years old 94 20

30~39 years old 174 37

2 Age 40~49 years old 109 23
50~59 years old 64 14

<60 years old 27 6

High school 39 8

Junior college 97 21

3 Education level University 307 66
Graduate school 24 5

Other 1 0

I'am attracted to the exterior of cars and I like cars 125 27

I am not interested in cars 119 25

4 Lifestyle I think the functionality of a car is important 97 21
I think cars express my social status 127 27

I'don’t have a car 73 16

5 Car ownership I'have a car with an internal combustion engine 156 33
I'have an electric car 239 51

1 day or less per week 193 41

2~3 days per week 178 38

6 Driving frequency 4~5 days per week 58 12
More than 6 days per week 39 8

5.1.2. Analysis of Results
Reliability and Validity Test

This study first used SPSS27.0 for reliability and validity testing. When performing the
KMO (Kaiser-Meyer-Olkin) test and Bartlett’s test of sphericity, the KMO value was 0.902
(greater than 0.7), and Bartlett’s test showed that the significance of sphericity was 0.000.
The Cronbach’s « test results of variables such as aes (measurement items AD1~AD4), func
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(measurement items FD1~FD3), sym (measurement items SD1~5D4), PEU (measurement
items PEU1~PEU3), PU (measurement items PU1~PU3), and EA (measurement items
EA1~EA5), and WTB (measurement items WTB1~WTB3) also showed that the Cronbach’s
o of each dimension of the questionnaire was greater than 0.7 [72]. At the same time, the
CITC values of the questionnaires were all higher than 0.5, indicating that the correlation
between the scales is good and suitable for further analysis (for details, see Table 4).

Table 4. Chinese proportion attributes.

KMO and Bartlett’s Test

KMO sampling suitability measure 0.902
Approximate chi-squared 6533.05
Bartlett’s test of sphericity Degrees of freedom 300
Significance 0.000
Reliability Analysis of the Questionnaire
Variable Name Measurement Ttem Correction Total After Deleting the Item’s Each Variable’s
Correlation (CITC) Cronbach’s « Value Cronbach’s « Value

AD1 0.759 0.879
AD2 0.771 0.874

Aes AD3 0.803 0.863 0901
AD4 0.781 0.871
FD1 0.663 0.710

Func FD2 0.601 0.775 0.801
FD3 0.675 0.697
SD1 0.720 0.837
SD2 0.795 0.808

Sym SD3 0.709 0.841 0871
SD4 0.678 0.853
PEU1 0.684 0.752

PEU PEU2 0.659 0.777 0.824
PEU3 0.694 0.742
PU1 0.658 0.759

PU PU2 0.695 0.727 0.816
PU3 0.666 0.760
EA1 0.694 0.884
EA2 0.765 0.868

EA EA3 0.735 0.875 0.896
EA4 0.710 0.880
EA5 0.813 0.857
WTB1 0.676 0.804

WTB WTB2 0.738 0.744 0.840
WTB3 0.702 0.782

Next, the data were extracted for principal components to obtain the initial eigenvalue,
variance contribution rate, cumulative variance contribution rate, etc. The results are shown
in Table 5. According to the extraction principle that the eigenvalue is greater than 1, seven
factors were extracted; the cumulative variance contribution rate was 74.12%, and the
commonality corresponding to each item was above 0.5, indicating that the seven factors
extracted from 25 questions (component numbers 1,2, 3, 4, 5, ..., 25) provide a relatively
ideal explanation for the original data.

Finally, the Kaiser standardized maximum variance rotation method was used to
rotate the factor loadings, and the results are shown in Table 6 (aes (measurement items
AD1~AD#4), func (measurement items FD1~FD3), sym (measurement items SD1~5D4), PEU
(measurement items PEU1~PEU3), PU (measurement items PU1~PU3), EA (measurement
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items EA1~EA5), and WTB (measurement items WTB1~WTB3)). The loadings of each item
on the corresponding factor are all over 0.5; color and bold are used in the table, so there is
reason to believe that the scale of this study has good structural validity.

Table 5. Chinese variance explanation.

Initial Eigenvalues Sum of Squares of Rotating Loads
Component i i Commonali

P Total Variance Cumulative % Total Variance Cumulative % v

Percentage Percentage
1 8.402 33.606 33.606 3.566 14.262 14.262 0.754
2 2.637 10.549 44.156 3.156 12.625 26.888 0.764
3 2.232 8.929 53.084 2.969 11.874 38.762 0.800
4 1.733 6.932 60.016 2.278 9.111 47.873 0.783
5 1.279 5.117 65.133 2.269 9.076 56.949 0.730
6 1.186 4.744 69.876 2.189 8.758 65.707 0.670
7 1.060 4.241 74.117 2.103 8.410 74117 0.749
8 0.579 2.315 76.433 0.729
9 0.535 2.142 78.575 0.800
10 0.497 1.987 80.561 0.729
11 0.440 1.760 82.322 0.676
12 0.432 1.728 84.049 0.716
13 0.403 1.611 85.660 0.757
14 0.398 1.591 87.251 0.748
15 0.384 1.538 88.789 0.750
16 0.361 1.443 90.232 0.716
17 0.347 1.390 91.621 0.773
18 0.324 1.295 92.916 0.661
19 0.293 1172 94.088 0.759
20 0.283 1.131 95.219 0.707
21 0.265 1.058 96.277 0.677
22 0.253 1.010 97.288 0.795
23 0.247 0.987 98.275 0.735
24 0.235 0.939 99.214 0.791
25 0.197 0.786 100.00 0.757

Extraction method: principal component analysis.

Table 6. Load matrix after rotation.

Measures Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6 Factor 7
AD1 0.107 0.853 0.032 0.038 0.045 0.070 0.072
AD2 0.099 0.850 0.074 0.042 0.126 0.030 0.091
AD3 0.137 0.870 0.114 0.024 0.047 0.027 0.088
AD4 0.140 0.862 —0.001 0.100 0.079 0.063 0.016
FD1 0.209 0.068 0.105 0.201 0.243 0.158 0.739
FD2 0.143 0.119 0.135 0.192 0.118 0.161 0.735
FD3 0.214 0.101 0.157 0.122 0.130 0.202 0.772
SD1 0.110 0.082 0.828 0.073 0.105 —0.020 0.091
SD2 0.166 0.052 0.860 0.107 0.086 0.066 0.084
SD3 0.097 0.089 0.824 0.001 0.097 0.148 0.034
SD4 0.203 —0.006 0.767 0.050 0.075 0.095 0.173
PU1 0.242 0.088 0.061 0.236 0.160 0.736 0.153
pPU2 0.184 0.019 0.123 0.178 0.154 0.781 0.207
PU3 0.196 0.086 0.101 0.082 0.100 0.808 0.149

PEU1 0.171 0.074 0.124 0.802 0.144 0.104 0.160
PEU2 0.130 0.023 0.064 0.779 0.156 0.109 0.227

PEU3 0.131 0.105 0.029 0.807 0.170 0.240 0.084
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Table 6. Cont.

Measures

Factor 1

Factor 2 Factor 3 Factor 4 Factor 5 Factor 6 Factor 7

EA1l
EA2
EA3
EA4
EA5
WTB1
WTB2
WTB3

0.727
0.815
0.776
0.735
0.828
0.196
0.184
0.142

0.085 0.150 0.018 0.237 0.152 0.154
0.139 0.125 0.163 0.152 0.100 0.031
0.151 0.126 0.105 0.081 0.177 0.129
0.178 0.161 0.102 0.054 0.133 0.220
0.065 0.144 0.164 0.120 0.161 0.136
0.183 0.078 0.151 0.782 0.089 0.125
0.077 0.141 0.164 0.810 0.160 0.149
0.056 0.164 0.182 0.784 0.159 0.183

Rotation method: Kaiser normalized varimax. Rotation converged after six iterations.

In summary, the questionnaire used in this study has good validity and is suitable for
further analysis.

In order to verify the validity of the questionnaire, confirmatory factor analysis was
conducted on each structure. Confirmatory factor analysis can measure the correlation
between latent variables in each model. This study divides the confirmatory factor analysis
into product design variables such as aes, func, and sym; perceived variables such as
PU, PEU, and EA; and WTB. The results of the analysis of the fitness of the model, using
AMOS 26.0, showed that the chi-squared—degrees-of-freedom ratio of the confirmatory
factor analysis model was 1.60, i.e., less than 3 (consistent with the standard value proposed
by Bentler and Bonett (1980) [73] and Carmines and Mclver (1981)) [74]. The RMSEA
(root-mean-square error of approximation) was 0.04, i.e., less than 0.05 and within the good
range [75]. The GFI (goodness-of-fit index) was 0.94, the AGFI (adjusted goodness-of-fit
index) was 0.92, and the RFI (relative fit index) was 0.92, i.e., all greater than 0.8 (consistent
with the recommended values of Browne and Cudeck (1992) [75], Hu and Bentler (1999) [76],
Bentler (1990) [77], Byrne (1998) [78], and Doll et al. (1994)) [79]. The NFI (normed fit index)
was 0.94, the IFI (incremental fit index) was 0.98, the TLI was 0.97, and the CFI (comparative
fit index) was 0.98, i.e., all greater than 0.9 (consistent with the recommended values of
Bentler and Bonett (1980)) [73]. As shown in Table 6, all fitting indices were within the
critical range, so it can be considered that the confirmatory factor analysis model has a
relatively good fit effect on the questionnaire data (see Table 7).

Table 7. Confirmatory factor analysis model fitness.

Fit Index

X2/df RMSEA GFI AGFI NFI RFI IFI TLI CFI

Evaluation
standard

Ideal

<3 <0.05 >0.9 >0.9 >0.9 >0.9 >0.9 >0.9 >0.9

Acceptable <5 <0.08 >0.8 >0.8 >0.8 >0.8 >0.8 >0.8 >0.8

Structural model measurements 1.608 0.036 0.935 0.916 0.939 0.928 0.976 0.971 0.976

As shown in Table 8, the standardized loadings of the items corresponding to the
seven variables (aes, func, sym, PEU, PU, EA, and WTB) were all greater than 0.5, indicating
that each latent variable has high representativeness corresponding to the measurement
item. According to the standard of Nunnally and Bernstein (1978) [80], when the composite
reliability (CR) exceeds 0.8, and when the AVE (average variance extracted) exceeds 0.6 ac-
cording to the standard of Bagozzi and Yi (1988) [81], the convergent validity is ideal. The
results of this study show that the composite reliability (CR) is 0.88 for aes, 0.85 for func,
0.89 for sym, 0.85 for ease of use, 0.86 for usefulness, 0.92 for EA, and 0.84 for WTB—all
exceeding 0.8—and the AVE is 0.65 for aes, 0.65 for func, 0.68 for sym, 0.65 for ease of use,
0.68 for usefulness, 0.7 for EA, and 0.63 for WTB. Since the average variance extracted (AVE)
for each variable in the sample of Chinese consumers is greater than 0.6, and the composite
reliability of each variable is greater than 0.8, it can be concluded that the convergent
validity of the scale is ideal.

172



Vehicles 2024, 6

Finally, the test results of discriminant validity are presented. The values on the
diagonal are the arithmetic square roots of the AVE of the seven variables: aes, func, sym,
PEU, PU, EA, and WTB (color and bold are used in the table). The values of the lower
triangular matrix are the Pearson correlation coefficients between the variables. Since the
absolute value of the Pearson correlation coefficient between the variables is less than the
arithmetic square root of the AVE, it can be inferred that the latent variables have good
discrimination—that is, the discriminant validity of the scale used in this study is ideal
(see Table 9).

Table 8. Convergent validity test.

. Average
Parameter Significance Estimate Factor [tem Composite Variance
. Measurement i iabili iabili
No. Variable o Loading  Reliability = Reliability Extracted
Unstd. S.E. t-Value 14 Std. SMC CR AVE
AD4 1 0.833 0.694
AD3 1.067  0.049 21.961 i 0.862 0.743
! Aes AD2 1000 0048 20857 % 0.829 0.688 0881 0652
AD1 1.046  0.052 20.187 b 0.810 0.657
FD3 1 0.786 0.617
2 Func FD2 0.894  0.063 14.278 i 0.694 0.481 0.846 0.648
FD1 1.032  0.064 16.102 i 0.796 0.633
SD4 1 0.742 0.551
SD3 1.097  0.067 16.346 b 0.777 0.604
3 Sym SD2 1.134 0.062 18.220 ok 0.881 0.776 0.894 0.679
SD1 1.052  0.064 16.367 i 0.778 0.606
PEU1 1 0.787 0.619
4 PEU PEU2 1.005  0.065 15.559 et 0.753 0.567 0.848 0.654
PEU3 1.045  0.064 16.349 i 0.804 0.646
PU1 1 0.779 0.608
5 PU pPU2 0.990  0.060 16.375 i 0.806 0.649 0.862 0.676
PU3 1.095  0.071 15.369 b 0.745 0.554
EA5 1 0.871 0.759
EA4 0.893  0.045 19.786 b 0.766 0.587
6 EA EA3 0938  0.046 20.573 b 0.786 0.618 0.919 0.695
EA2 0970  0.044 21.805 i 0.815 0.665
EA1 0.850  0.045 18.914 i 0.744 0.554
WTB1 1 0.756 0.572
7 WTB WTB2 1162 0.068 17.036 b 0.841 0.707 0.837 0.634
WTB3 1.192 0.072 16.495 ek 0.801 0.642
Note: ** indicate significance at the 1% levels.
Table 9. Correlation coefficient matrix and square roots of AVEs.
No. Variable 1 2 3 4 5 6 7
1 Aes 0.81
2 Func 0.408 *** 0.81
3 Sym 0.400 *** 0.417 **+* 0.82
4 PU 0.446 *** 0.506 *** 0.486 *** 0.82
5 PEU 0.340 *** 0.446 *** 0.344 *** 0.476 *** 0.81
6 EA 0.357 *** 0.309 *** 0.443 *** 0.487 *** 0.412 *** 0.83
7 WTB 0.395 *** 0.401 *** 0.463 *** 0.612 *** 0.395 *** 0.513 *** 0.80

Note: *** indicate significance at the 1% levels.
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Functional

5.1.3. Structural Equation Modeling Results-Chinese Consumers

After conducting confirmatory factor analysis, AMOS 26.0 was used to construct a
structural equation model. Through further processing, the path coefficients and significant
coefficients between each latent variable were calculated to verify the hypotheses proposed
in this study. The model path relationship diagram is shown in Figure 3.

The final model path fitness is shown in Table 10. Its chi-squared—freedom ratio is
1.7 < 3, which is within the ideal range of fitness; the RMSEA value is 0.04 < 0.08, which
is within the acceptable range; the values of GFI, AGFI, and RFI are 0.93, 0.91, and 0.92,
respectively—all greater than 0.8, and within the acceptable range; the values of NFI, IFI,
TLI, and CFI are 0.94 and 0.97, which are also greater than 0.9, i.e., within the ideal range of
fitness. In summary, it can be considered that the structural equation model has a relatively
good fitting effect on the questionnaire data.

Perceived
ease of use

Perceived
usefulness

Willingness to buy

Environmental
awareness

Figure 3. Results of structural equation modeling of Chinese consumers.

Table 10. The fitness of the Chinese consumer path model.

Fit Index ledf RMSEA GFI AGFI NFI RFI IF1 TLI CFI
Evaluation Ideal <3 <0.05 >0.9 >0.9 >0.9 >0.9 >0.9 >0.9 >0.9
standard Acceptable <5 <0.08 >0.8 >0.8 >0.8 >0.8 >0.8 >0.8 >0.8

Structural model measurements 1.699 0.039 0.930 0.912 0.934 0.924 0.972 0.967 0.972

Relationship between Aesthetics (Aes) and Perceived Variables, Environmental
Awareness (EA)

Hypothesis 1 is about the relationship between aes and perceived variables, EA.
The results show that H1-1 that with the improvement of aes, the PEU of EV will
increase (3 =0.05, T = 1.26) is not established, H1-2 that the PU of EV will increase
(B =0.04, T = —0.45) is not established, and only H1-3 that the EA of EV will increase
(B =0.05, T =3.96) is established. Contrary to the research of Filieri and Lin (2017) [82],
it can be seen that the aes of EV has not increased the purchasing intention of Chinese
consumers but can actively improve consumers’ EA. In other words, electric vehicles with
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excellent appearance cannot make Chinese consumers perceive ease of use or usefulness,
but Chinese consumers can improve their EA through appearance, thereby protecting
the environment.

Chinese Consumers: Relationship between Function (Func), Perceived Variables, and
Environmental Awareness (EA)

From the hypothesis of the relationship between func and the perceived variable EA,
H2-1 that the PEU of EVs will increase with the optimization of functions; § = 0.07, T = 8.56),
H2-2 (that PU will increase; 3 = 0.07, T = 4.60), and H2-3 (that EA will increase; § = 0.06,
T =7.80) are all established. This result explains the results of Sovacool et al. (2019) [83],
who found that Chinese consumers’ willingness to accept the use of EVs is related to the
performance characteristics of EVs. Additionally, like in Lieven et al.’s (2011) [39] study on
the German market, func is a key criterion for consumers.

Relationship between Symbolism (Sym), Perceived Variables, and Environmental
Awareness (EA)

H3-1 of the relationship between symbolic and perceived variables and environmental
protection (the PEU of EVs will increase as the value of symbols increases; 3 = 0.06, T = 0.89)
and H3-2 (the PU will increase; 3 = 0.05, T = 0.35) are not established. However, H3-3
(p =0.06, T = 4.39)—that the EA of EVs will increase—is established, which can be seen as
the Chinese government’s restrictions on carbon emissions [84] and the strengthening of
Chinese consumers’ EA [63]. In addition, the results of this study are consistent with the
findings of Liu et al. (2020) [85] and Heffner et al. (2007) [86], so it can be considered that
the most important symbolic meaning of EVs is EA, followed by aes.

Chinese Consumers: The Relationship between Perceived Variables, Environmental
Awareness (EA), and Willingness to Buy (WTB)

As with the findings of He et al. (2015) [62], our results show that H4-1 (the higher
the PEU, the higher the intention to purchase EVs; 3 = 0.06, T = 5.22), H4-2 (the higher the
PU, the higher the willingness to purchase EVs; 3 = 0.07, T = 3.08), and H4-3 (which states
that the stronger the EA, the higher the WTB electric vehicles; 3 = 0.05, T = 4.29) are all
established. This shows that PEU, PU, and EA can all have a positive impact on WTB.

Finally, consistent with the research results of Davis (1989) [15], PEU has a significant
positive impact on PU (3 = 0.06, T = 3.62), and the results prove that EA also has a significant
impact on usefulness (3 = 0.05, T = 4.29) (see Table 11).

Table 11. Results of hypothesis testing on Chinese consumers.

No. Path Relationship B B S.E. C.R. p-Value Result
Hi-1 — PEU 0.061 0.063 0.048 1.261 0.207 Fail
Hi1-2 Aes — PU —0.018 —0.021 0.041 —0.446 0.656 Fail
H1-3 — EA 0.188 0.180 0.048 3.96 o Pass
H2-1 — PEU 0.582 0.567 0.068 8.557 o Pass
H2-2 Func — PU 0.325 0.349 0.071 4.603 o Pass
H2-3 — EA 0.488 0.437 0.063 7.796 o Pass
H3-1 — PEU 0.053 0.048 0.060 0.886 0.376 Fail
H3-2 Sym — PU 0.018 0.018 0.051 0.353 0.724 Fail
H3-3 — EA 0.264 0.217 0.061 4.392 wx Pass
H4-1 PEU — 0.311 0.332 0.060 5.224 o Pass
H4-2 PU — WTB 0.219 0.212 0.071 3.083 0.002 Pass
H4-3 EA — 0.217 0.252 0.051 4.288 b Pass

Note: *** indicate significance at the 1% levels.
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5.1.4. Insights into Chinese Consumers

EVs are a new means of transportation that has been developed for environmental
protection. Unlike existing fuel vehicles, they provide a new driving experience by inte-
grating new technologies. It is expected that the EV market will continue to grow in the
future and become the main mode of transportation. As consumers’ perceptions of electric
vehicles change, this study uses Davis’s TAM to apply the aes, func, and sym of product
design to the TAM, along with EA, and explores the impact of product design dimensions
on the willingness to purchase EVs.

The results of the analysis of Chinese consumers in this study are summarized as
follows. First, in the product design dimension, aes was found to have no effect on PU and
PEU, but it had a direct effect on EA. This suggests that the aes of electric vehicles can affect
Chinese consumers’ EA, thereby triggering WTB.

Second, in the product design dimension, func has a significant impact on all per-
ceived variables and EA. As existing research mainly focuses on technology [87,88], the
new technology of EVs will have a direct impact on WTB. Additionally, as reported by
Clarkson et al. (2013) [89], consumers” knowledge can affect the novel consumption that
they seek. As consumers’ knowledge and experience increase, it can be inferred that their
demand for EVs will also change accordingly.

Finally, in terms of the symbolic dimension of product design, although it has no
direct impact on PEU and PU, it does affect EA. For Chinese consumers, PEU and EA both
positively affect PU and directly affect WTB.

5.2. Korean Consumers
5.2.1. Korean Participants and Measures

This study also adopted the convenience sampling method. From 7 April to 29 June 2024,
an online survey was conducted on 426 Korean men and women aged 20 to 60 years, using
Google’s questionnaire website “Google Forms”. The responses of 409 people (excluding
invalid questionnaires) were used for the final analysis. In terms of the demographic char-
acteristics of the survey subjects, 229 were male, accounting for 56%, and 180 were female,
accounting for 44%. In terms of age, 129 were in their 20s, accounting for 32%; 119 were
in their 30s, accounting for 29%; 103 were in their 40s, accounting for 25%; and 3% of the
participants were over 50 years old. In terms of education level, the majority of respondents
were university graduates, accounting for 274 people, or 67%. In terms of the lifestyle of
Korean consumers, the majority of respondents were interested in cars, accounting for
53%, followed by respondents who thought that cars’ functions are the most important,
accounting for 105 people, or 26%. Among Korean consumers, the majority of respondents
owned internal combustion cars, accounting for 50% (204 people) (see Table 12).

Table 12. Demographic characteristics of the Korean sample.

No. Measure Item Count %
Male 229 56

! Gender Female 180 44
20~29 years old 129 32

30~39 years old 119 29

2 Age 40~49 years old 103 25
50~59 years old 47 11

<60 years old 11 3

High school 52 13

Junior college 47 12

3 Education level University 274 67
Graduate school 34 8

Other 2 1
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Table 12. Cont.

No. Measure Item Count %
I'am attracted to the exterior of cars and I like cars 217 53

4 Lifestyle I'am not interested in cars 48 12
¥ I think the functionality of a car is important 105 26

I think cars express my social status 39 10

I'don’t have a car 166 41

5 Car ownership I'have a car with an internal combustion engine 204 50
I'have an electric car 39 10

1 day or less per week 176 43

6 Driving frequenc 2~3 days a week 84 21
sired y 4~5 days a week 76 19

More than 6 days a week 73 18

5.2.2. Analysis of Results
Reliability and Validity Testing

As with the reliability and validity testing for Chinese consumers, the reliability and
validity analysis for Korean consumers also first used SPSS 27.0. The result was that the
KMO value was 0.928 (greater than 0.7), and Bartlett’s test of sphericity was significant,
at 0.001. The Cronbach’s « of each dimension of the questionnaire (aes, func, sym, PEU,
PU, EA, and WTB) was greater than 0.7, indicating that the correlation between the scales
of Korean consumers is good and suitable for further research. For further analysis, see
Table 13.

Table 13. Korean proportion attributes.

KMO and Bartlett’s Test

KMO sampling suitability measure 0.928
6037.694 6533.05
Bartlett’s test of sphericity 300 300
0.001 0.000
Reliability Analysis of the Questionnaire
Variable Name Measurement Item Correction Total After Deleting the Item'’s Each Variable’s
Correlation (CITC) Cronbach’s « Value Cronbach’s « Value

AD1 0.717 0.852
AD2 0.744 0.842

Aes AD3 0.738 0.844 0878
AD4 0.753 0.838
FD1 0.699 0.76

Func FD2 0.703 0.756 0.832
FD3 0.673 0.786
SD1 0.737 0.832
SD2 0.726 0.837

Sym SD3 0.702 0.847 0.872
SD4 0.742 0.830
PEU1 0.721 0.765

PEU PEU2 0.721 0.765 0.842
PEU3 0.677 0.808
PU1 0.706 0.787

PU PU2 0.696 0.796 0.844
PU3 0.728 0.765
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Table 13. Cont.

KMO and Bartlett’s Test

EA1l 0.766 0.875
EA2 0.755 0.877
EA EA3 0.774 0.873 0.900
EA4 0.738 0.881
EA5 0.724 0.884
WTB1 0.725 0.794
WTB WTB2 0.708 0.810 0.853
WTB3 0.739 0.781
Next, the principal component extraction of the Korean consumer data was performed
to obtain the initial eigenvalues, variance contribution rates, cumulative variance contribu-
tion rates, etc. The results are shown in Table 14. According to the extraction principle that
the eigenvalue is greater than 1, seven factors were extracted, the cumulative variance con-
tribution rate was 74.67%, and the commonality of each item was above 0.5, indicating that
the seven factors extracted from the 25 questions provided a relatively ideal explanation
for the original data.
Table 14. Korean variance explanation.
Initial Eigenvalues Sum of Squares of Rotating Loads
Component Total Variance Cumulative % Total Variance Cumulative Commonality
Percentage Percentage %
1 10.173 40.692 40.692 3.651 14.606 14.606 0.726
2 1.979 7918 48.610 3.009 12.034 26.640 0.748
3 1.526 6.105 54.714 2.976 11.906 38.545 0.730
4 1.503 6.010 60.724 2.301 9.206 47.751 0.757
5 1.271 5.083 65.807 2.287 9.149 56.900 0.744
6 1.193 4.773 70.580 2.281 9.124 66.024 0.773
7 1.022 4.087 74.667 2.161 8.644 74.667 0.719
8 0.542 2.169 76.836 0.732
9 0.479 1916 78.752 0.723
10 0.454 1.814 80.566 0.705
11 0.446 1.785 82.351 0.758
12 0.429 1.715 84.066 0.789
13 0.395 1.579 85.644 0.792
14 0.382 1.527 87.172 0.730
15 0.362 1.449 88.621 0.763
16 0.354 1.418 90.039 0.753
17 0.337 1.346 91.385 0.780
18 0.333 1.333 92.718 0.739
19 0.311 1.245 93.964 0.740
20 0.29 1.159 95.122 0.747
21 0.273 1.093 96.216 0.691
22 0.264 1.055 97.271 0.691
23 0.25 1.001 98.271 0.788
24 0.218 0.872 99.143 0.758
25 0.214 0.857 100.00 0.792

Extraction method: principal component analysis.

Finally, the Kaiser standardized maximum variance rotation method was used to
rotate the factor loadings, and the results are shown in Table 15. The loadings of each item
on the corresponding factor are all over 0.5. Color and bold are used in the table, so there is

reason to believe that the scale of this study has good structural validity.
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Table 15. Load matrix after rotation.

Measures Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6 Factor 7
AD1 0.221 0.184 0.766 0.059 0.047 0.189 0.121
AD2 0.190 0.114 0.788 0.103 0.146 0.087 0.193
AD3 0.218 0.174 0.749 0.134 0.173 0.110 0.176
AD4 0.214 0.082 0.795 0.139 0.141 0.122 0.134
FD1 0.228 0.180 0.157 0.157 0.751 0.169 0.131
FD2 0.180 0.124 0.157 0.156 0.808 0.124 0.090
FD3 0.144 0.185 0.136 0.205 0.748 0.190 0.095
SD1 0.155 0.780 0.146 0.143 0.095 0.146 0.165
SD2 0.152 0.779 0.152 0.178 0.089 0.098 0.142
SD3 0.170 0.767 0.080 0.106 0.196 0.078 0.160
SD4 0.132 0.798 0.146 0.151 0.133 0.196 0.049
PU1 0.153 0.184 0.148 0.160 0.100 0.808 0.144
pPU2 0.141 0.208 0.169 0.151 0.114 0.808 0.104
PU3 0.164 0.092 0.138 0.095 0.304 0.741 0.158
PEU1 0.191 0.141 0.268 0.151 0.105 0.166 0.757
PEU2 0.258 0.210 0.157 0.179 0.108 0.122 0.748
PEU3 0.260 0.184 0.208 0.119 0.131 0.152 0.762
EA1 0.792 0.138 0.157 0.132 0.159 0.103 0.121
EA2 0.787 0.073 0.199 0.174 0.059 0.156 0.130
EA3 0.776 0.201 0.212 0.100 0.127 0.095 0.157
EA4 0.726 0.154 0.192 0.115 0.175 0.164 0.182
EA5 0.761 0.146 0.163 0.068 0.157 0.058 0.178
WTB1 0.198 0.219 0.127 0.798 0.099 0.160 0.109
WTB2 0.130 0.151 0.159 0.779 0.174 0.159 0.173
WTB3 0.154 0.192 0.105 0.791 0.262 0.093 0.133
Rotation method: Kaiser normalization with varimax. The rotation converged after six iterations.
In summary, the questionnaire used by Korean consumers has good validity and is
suitable for further analysis.
Confirmatory Factor Analysis
Similar to the analysis of the results of Chinese consumers, in order to verify the
validity of the questionnaire, confirmatory factor analysis was conducted on each struc-
ture. The results of the analysis of the fitness of the model using AMOS 26.0 showed
that the x?/df value of the confirmatory factor analysis model was 1.34 (less than 3), the
RMSEA was 0.03 (less than 0.05), the GFI was 0.94, the AGFI was 0.92, and the RFI was
0.94 (all greater than 0.8). Additionally, the NFI was 0.95, the IFI was 0.99, the TLI was
0.98, and the CFI was 0.99, i.e., all greater than 0.9 (Table 16). All of the fitting indicators
were within the critical range, so it can be considered that the questionnaire data have a
relatively good fitting effect.
Table 16. Confirmatory factor analysis model fitness.
Fit Index x2/df RMSEA GFI AGFI NFI RFI IFI TLI CFI
Evaluation Ideal <3 <0.05 >0.9 >0.9 >0.9 >0.9 >0.9 >0.9 >0.9
standard Acceptable <5 <0.08 >0.8 >0.8 >0.8 >0.8 >0.8 >0.8 >0.8

Structural model measurements 1.339 0.029 0.938 0.921 0.945 0.935 0.985 0.983 0.985
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Similar to the analysis of the results for Chinese consumers, the standardized loads
of each item corresponding to the seven variables aes, func, sym, PEU, PU, EA, and WTB
of Korean consumers were measured. The results showed that the composite reliability
(CR) was 0.88 for aes, 0.83 for func, 0.87 for sym, 0.84 for ease of use, 0.84 for usefulness,
0.9 for EA, and 0.85 for WTB—all exceeding 0.8. The AVE was 0.65 for aes, 0.62 for func,
0.63 for sym, 0.64 for ease of use, usefulness, and EA, and 0.66 for WTB—all exceeding
0.6 (see Table 17). Therefore, it can be inferred that the convergent validity of the scale for
Korean consumers is ideal.

Finally, the discriminant validity test results for the Korean consumer scale are pre-
sented. The values on the diagonal are the arithmetic square roots of the AVE of the seven
variables: aes, func, sym, PEU, PU, EA, and WTB (color and bold are used in the table). As
with the Chinese consumer scale, the discriminant validity of the Korean consumer scale is
ideal (see Table 18).

Table 17. Convergent validity test.

Factor Item Composite Average
. M t Parameter Significance Estimate . . s Variance
Variable eai?;;men 8 Loading Reliability ~ Reliability Extracted
Unstd. S.E. t-Value 4 Std. SMC CR AVE
AD4 1 0.813 0.661
AD3 0.997 0.056 17.91 o 0.814 0.662
Aes AD2 0.905 0.051 17.739 s 0.807 0.652 0879 0645
AD1 0.906 0.053 17.126 ook 0.777 0.604
FD3 1 0.77 0.593
Func FD2 0.994 0.065 15.291 et 0.786 0.618 0.832 0.624
FD1 1.051 0.069 15.333 o 0.812 0.659
SD4 1 0.813 0.661
SD3 0.952 0.058 16.365 ook 0.763 0.583
Sym SD2 0.93 0.054 17.073 0.791 0.626 0.872 0.631
SD1 0.967 0.054 17.836 o 0.811 0.658
PEU1 1 0.816 0.665
PEU PEU2 0.992 0.058 17.02 o 0.818 0.668 0.842 0.641
PEU3 0.919 0.059 15.668 et 0.768 0.589
PU1 1 0.795 0.632
PU PU2 0.946 0.059 16.097 il 0.787 0.62 0.844 0.644
PU3 1.005 0.059 17.023 ook 0.826 0.682
EA5 1 0.793 0.589
EA4 1.047 0.057 18.265 o 0.832 0.629
EA EA3 0.986 0.056 17.473 et 0.799 0.693 0.900 0.643
EA2 1.017 0.057 17.965 ok 0.818 0.639
EA1 0.953 0.057 16.724 o 0.768 0.668
WTB1 1 1 0.812 0.659
WTB WTB2 0.955 0.057 16.614 0.955 0.792 0.627 0.854 0.660
WTB3 1.012 0.058 17.516 1.012 0.834 0.695
Note: ** indicate significance at the 1% levels.
Table 18. Correlation coefficient matrix and square roots of AVEs.
No. Variable 1 2 3 4 5 6 7
1 Aes 0.803
2 Func 0.523 *** 0.790
3 Sym 0.486 *** 0.527 *** 0.795
4 PU 0.511 *** 0.576 *** 0.526 *** 0.801
5 PEU 0.628 *** 0.512 *** 0.554 *** 0.547 *** 0.803
6 EA 0.610 *** 0.556 *** 0.504 *** 0.493 *** 0.639 *** 0.802
7 WTB 0.472 *** 0.604 *** 0.558 *** 0.519 *** 0.549 *** 0.503 *** 0.813

Note: *** indicate significance at the 1% levels.
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Functional

5.2.3. Structural Equation Modeling Results

The same applies to the scale for Korean consumers. After confirmatory factor analysis,
AMOS 26.0 was used to construct a structural equation model. Through further processing,
the path coefficients and significant coefficients between each latent variable were calculated
to verify the hypotheses proposed in this study. The model path relationship diagram is
shown in Figure 4.

Table 19 shows the final model path fitness for Korean consumers, with a chi-squared—
degree-of-freedom ratio of 1.47 (<3), RMSEA value of 0.03 (<0.08), a GFI value of 0.93,
AGFI value of 0.91, and RFI value of 0.92 (all greater than 0.8) and NFI, IFI, TLI, and
CFI values of 0.94 and 0.98 (all greater than 0.9). Therefore, it can be considered that
the structural equation model for Korean consumers has a good fitting effect on the
questionnaire data.

Perceived
ease of use

Perceived

Willingness to buy

usefulness

Environmental
awareness

Figure 4. Results of structural equation modeling for Korean consumers.

Table 19. The fitness of the Korean consumer path model.

Fit Index x2/df RMSEA GFI AGFI NFI RFI IFI TLI CFI
Evaluation Ideal <3 <0.05 >0.9 >0.9 >0.9 >0.9 >0.9 >0.9 >0.9
standard Acceptable <5 <0.08 >0.8 >0.8 >0.8 >0.8 >0.8 >0.8 >0.8

Structural model measurements 1.470 0.034 0.932 0.914 0.939 0.929 0.980 0.976 0.979

Relationship between Aesthetics (Aes), Perceived Variables, and Environmental
Awareness (EA)

The research results between Korean consumers’ aes, perceived variables, and EA
show that H1-1 (aes affects the PEU of EVs; 3 = 0.06, T = 3.47), H1-2 (aes affects the PU of
EVs; $ =0.07, T = 4.20), and H1-3 (aes affects the EA of electric vehicles; 3 = 0.06, T = 6.43)
are all established. The results of this study show that, among Korean consumer groups,
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aesthetic factors have a significant impact on the PEU, PU, and EA of electric vehicles.
Specifically, aes can not only enhance consumers’ perceptions of the ease of use and
practicality of electric vehicles but also enhance their EA. Therefore, for Korean consumers,
aesthetic factors play an important role in selecting and accepting EV technology, and
this result reveals how aesthetic values influence Korean consumers’ attitudes toward and
adoption of new technologies in the context of Korean culture. This is contrary to the results
of Jung et al. (2021) [90], who found that Korean consumers attach great importance to
the future value of the car when buying a car but do not pay much attention to the aes of
the EV.

Relationship between Function (Func), Perceived Variables, and Environmental
Awareness (EA)

The survey results of Korean consumers show that H2-1 and H2-2, concerning the
PEU of electric vehicles ( = 0.07, T = 5.25) and EA (3 = 0.06, T = 4.32), respectively, are
established, but H2-3 (that the PU of electric vehicles will increase) is not established
(B =0.08, T =0.57). This means that Korean consumers tend to think that EVs are easier to
use and more environmentally friendly. However, the PU can only be improved after a test
drive [91].

Relationship between Symbolism (Sym), Perceived Variables, and Environmental
Awareness (EA)

From the perspective of the relationship between symbolic and perceived variables
and environmental protection, H3-1 (3 = 0.06, T = 3.19), H3-2 (3 = 0.05, T = 3.18), and H3-3
(B =0.06, T =2.81) are all valid for Korean consumers. In other words, sym can improve
Korean consumers’ PEU and PU, and it can also improve EA. This is consistent with the
findings of Beak et al. (2020) [92] that Korean consumers have a relatively high willingness
to pay for the carbon dioxide emission reduction rate of EVs.

The Relationship between Perceived Variables, Environmental Awareness (EA), and
Willingness to Buy (WTB)

The research results on H4-1, H4-2, and H4-3 clearly show that, for the Korean con-
sumers in this study, the effects of PEU, PU, and EA on the intention to purchase EVs are
all positive. The higher the consumer’s PEU for electric vehicles (§ = 0.07, T = 4.67), the
stronger the intention to purchase EVs. In other words, Korean consumers are more likely
to choose EVs that they find easy to drive and operate. PU was also shown to have a posi-
tive impact on WTB ( = 0.08, T = 3.68). This proves that Korean consumers’ perceptions of
the functionality of EVs, such as their aes, func, and sym, will significantly influence their
purchase decisions. The positive impact of EA on WTB has also been verified ( = 0.07,
T = 2.81). This shows that concern and recognition of environmental protection issues will
prompt Korean consumers to choose EVs.

In summary, in the EV market, PEU, PU, and EA have a significant impact on im-
proving Korean consumers’ WTB electric vehicles. Therefore, these factors should be paid
attention to and strengthened in marketing and product development to meet consumers’
needs and promote the popularity and market growth of EVs.

Finally, Korean consumers, much like Chinese consumers, were consistent with the
findings of Davis (1989) [15]. PEU has a significant positive impact on PU (3 = 0.07,
T =2.18), and the results prove that Korean consumers’ EA also has a significant positive
impact on perceived usefulness (3 = 0.07, T = 4.41) (see Table 20).
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Table 20. Results of hypothesis testing on Korean consumers.

No. Path Relationship B B S.E. C.R. p-Value Result
Hi1-1 — PEU 0.207 0.212 0.060 3.472 ok Pass
H1-2 Aes — PU 0.274 0.271 0.065 4.199 ot Pass
H1-3 — EA 0.355 0.383 0.055 6.425 ok Pass
H2-1 — PEU 0.379 0.351 0.072 5.245 i Pass
H2-2 Func — PU 0.043 0.039 0.075 0.57 0.569 Fail
H2-3 — EA 0.274 0.269 0.063 4.315 i Pass
H3-1 — PEU 0.255 0.252 0.064 4.057 ok Pass
H3-2 Sym — PU 0.200 0.192 0.063 3.186 0.001 Pass
H3-3 — EA 0.175 0.183 0.055 3.186 0.001 Pass
H4-1 PEU — 0.309 0.302 0.066 4.673 i Pass
H4-2 PU — WTB 0.277 0.279 0.075 3.677 e Pass
H4-3 EA — 0.208 0.192 0.074 2.814 0.005 Pass

Note: *** indicate significance at the 1% levels.

5.2.4. Insights into Korean Consumers

Similar to the analysis of Chinese consumption, the aesthetics, function, symbol-
ism, and environmental awareness of product design were applied to Davis’s TAM to
explore the impact of product design dimensions on the intention to purchase electric
vehicles. However, unlike the analysis results for Chinese consumers, in the product
design dimension of Korean consumers, aesthetics was found to have a direct impact on
perceived usefulness, perceived ease of use, and environmental awareness. This shows
that the aesthetics of electric vehicles can affect all perceived attitudes and environmen-
tal awareness, thereby triggering purchase intentions. Second, in the product design
dimension, function has a significant impact on both perceived ease of use and environ-
mental awareness; however, it has no effect on perceived usefulness. As reported by
Kim et al. (2019) [91], for Korean consumers, perceived usefulness can only be improved
after a test drive. Finally, in the symbolic dimension of product design, contrary to the
results for Chinese consumers—that it has no direct effect on perceived ease of use and
perceived usefulness, but affects environmental awareness—symbols have a positive
effect on both perceived attitude and environmental awareness for Korean consumers.
Additionally, like Chinese consumers, for Korean consumers, perceived ease of use and
environmental awareness both positively affect perceived usefulness and directly affect
purchase intentions.

6. Discussion

This study used the TAM to explore the factors that affect the intention to purchase
EVs in the product design dimension of China (the world’s largest EV market) and South
Korea (an emerging EV market). The results show that, for Chinese consumers, H1-1, H1-2,
H3-1, and H3-2 are not established. It can be concluded that Chinese consumers do not
attach much importance to the aes and sym of EVs. The study of Korean consumers showed
that the product design dimensions of aes, func, and sym have an impact on PEU, PU, and
EA and can ultimately affect WTB; however, only H2-2 is not established, indicating that
Korean consumers have a relatively low PU when accepting new technologies.

However, product preferences are influenced by cultural and social factors [93]. Cul-
tural values are widely accepted beliefs, norms, and codes of conduct that influence
people’s thinking, decision-making, and behavior. History, religion, education, economic
development, and social structure all influence cultural values, and these values affect the
acceptance of specific cultural styles [94].
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Cultural values directly affect the market position of EVs. For example, in Northern
Europe, EVs are popular due to the emphasis on environmental protection and sustainable
development, and governments have also introduced incentives. In Silicon Valley, United
States, EVs are more acceptable due to the high acceptance of technology; in conservative
cultures, promoting EVs requires more time and education. Companies need to understand
these cultural differences and develop appropriate market strategies.

Hofstede’s research (2001) [95] also explains the differences in results in different coun-
tries. China is a highly collectivist society, and consumers pay more attention to function
rather than appearance when popularizing EVs under the government’s promotion. South
Korea scores high in uncertainty avoidance, and consumers have a strong avoidance of tech-
nological innovation. Therefore, the Korean market needs to reduce the uncertainty brought
by new technologies by providing pre-driving experiences, and companies should reduce
consumer concerns and promote the acceptance of new technologies through effective
market communication and product education.

It should be added that, from a marketing management perspective, consumers’
willingness to buy EVs is also affected by other options, such as cars with oil and diesel
engines. Therefore, when studying EV purchasing behavior, one should not only consider
product design, perceived acceptance and environmental awareness, but also consider the
competition from other types of vehicles on the market, which differ from EVs in fuel,
pricing, comfort, and aesthetic features and can provide consumers with diverse choices.

Finally, just as the 2024 Paris Summer Olympics will take “sustainable development”
as a core concept, when exploring the factors affecting EV purchase intentions, we need to
consider not only product design dimensions but also broader behavioral motivations and
attitudes. In recent years, there have been an increasing number of studies on clean energy
technologies, which reveal consumers’ behavioral motivations and attitudes towards clean
energy technologies in their daily lives.

For example, Kyriakopoulos (2022) [96] recently provided a comprehensive overview
of the research on energy community management policies, economic aspects, technologies,
and models, exploring the application of clean energy technologies therein. The study
emphasized the social acceptance and support for clean energy technologies, which is very
important for understanding the context of EV purchasing behavior.

7. Managerial Implications

The results of this study have several important implications for theory and practice.

First, this study applied product design to the TAM and investigated the purchase
intentions of Chinese and Korean consumers.

Second, the research findings provided by this study can help automakers and mar-
keters gain a deeper understanding of the characteristics of Chinese and Korean electric
vehicle consumers. For example, Chinese consumers pay more attention to the new tech-
nology and functions of products than to aes and sym. This means that, when targeting
the Chinese market, automakers should focus on promoting the advanced technological
features and functional advantages of electric vehicles in order to attract the interest and
purchasing desire of Chinese consumers.

Third, Korean consumers are more interested in aes and sym than in functions. This
suggests that, in the Korean market, automakers should emphasize the aes and sym in the
design of electric vehicles in order to cater to the preferences of Korean consumers. This can
include promoting the fashionable design, brand image, and sym of EVs as environmental
and social responsibilities.

Fourth, another effective communication strategy is to emphasize the contribution
of electric vehicles to environmental protection, because both Chinese and Korean con-
sumers believe that EA is an important factor in using electric vehicles. Automakers and
marketers can enhance the appeal of electric vehicles and meet consumers” demand for
environmental protection by promoting their low emissions and sustainability. As the
Korean EV market matures, environmental concerns and reputation issues may become
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more important. Therefore, automakers should continue to pay attention to and respond to
Korean consumers’ concerns about environmental protection and social responsibility. This
will not only enhance the brand image but also increase consumers’ recognition and trust
in EVs.

In summary, the findings of this study provide automakers with a basis for formulating
differentiated marketing strategies for different markets. By understanding the unique
needs and preferences of Chinese and Korean consumers, EVs can be promoted more
effectively, and market share can be increased.

8. Limitations and Future Research Directions

This study has some limitations and provides multiple directions for future research.
The following is a discussion of these limitations and future research directions.

8.1. Limitations

First, this study mainly used the technology acceptance model (TAM) to explore the
impact of product design dimensions on the intention to purchase EVs among Chinese
and Korean consumers, so the results may be limited to product design dimensions. This
study ignored other consumer needs and dimensions, such as sustainability and techno-
logical innovation. Sustainability affects consumers’ environmental awareness and social
responsibility, while technological innovation meets the demand for new functions and
high technology. These dimensions interact with aes, func, and sym and may jointly affect
consumers’ purchase decisions.

Second, this study did not analyze consumer differences such as gender and age.
Future research could be extended to explore gender differences (such as males and females)
and age differences, in order to investigate whether these differences affect the role of aes,
func, and sym design on the intention to purchase EVs. For example, male consumers may
be more interested in technological innovation and performance, whereas female consumers
may pay more attention to safety and environmental protection; young consumers may be
more open to new technologies, whereas older consumers may pay more attention to the
reliability and long-term value of vehicles.

In addition, this study is also lacking in theoretical research depth. Only partial theo-
ries using the TAM may overlook factors such as social influence, personal attitudes, or
external environment. Future research could incorporate the theory of planned behavior
(TPB) or the unified theory of behavior (UTAUT) to build a more comprehensive theoret-
ical model, in order to provide a deeper understanding and more accurate prediction of
consumer acceptance of EVs.

In addition, the results of this research are based only on data from Chinese and
Korean consumers, which may not be applicable to consumers in other countries. The
cultural background and market environment of each country are different, and future
research should consider the impacts of cultural, regional, and subcultural differences on
consumer behavior. For example, the difference in the degree of modernization between
eastern and inland China, South Korea, and other regions, as well as ethnic minority culture,
age generation differences, etc., may significantly affect consumer purchasing behavior
and preferences.

Possible biases in this study include social desirability bias, memory bias, and inconsis-
tent responses, which may affect the accuracy and reliability of the data. Therefore, future
research should consider how to reduce these biases in order to improve the validity of the
research results.
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8.2. Future Research Directions

e  Multidimensional analysis: Future research should consider the impacts of sustain-
ability and technological innovation on the willingness to purchase EVs and explore
the interactive relationships between these dimensions and aes, func, and sym.

e Gender and age differences: In-depth exploration of the impact of gender and age on
the willingness to buy EVs and analysis of the differences in the needs of different
groups in aes, func, and sym design.

e  Expansion of the theoretical framework: Combining other theories in the TAM or
integrating the theory of planned behavior (TPB) and the unified theory of behavior
(UTAUT) to build a more comprehensive theoretical model, in order to enhance the
explanatory power of consumers’ willingness to buy EVs.

e  Cultural differences research: Expand to other countries and regions to analyze the
impacts of cultural background, economic development, degree of modernization,
and ethnic minority culture on consumer behavior.

e  Dynamic data collection: A longitudinal research design should be adopted to obtain
dynamic data by tracking the attitude and behavior changes of the same group over a
long period of time, especially under new technologies and market changes.

e  Application of biometric technology: Citing the research results of biometric technol-
ogy, explore its potential impact on EV consumer decision-making. For example, the
use of advanced biometric technology may enhance the safety and personalization of
EVs and attract more consumers who pay attention to these features [97].

e As the electric vehicle market develops rapidly, and as consumer preferences and tech-
nological advances continue to change, manufacturers should continue to innovate,
invest in R&D, cooperate with technology companies, conduct dynamic market analy-
sis, flexibly produce, optimize the supply chain, adjust brand positioning, strengthen
digital marketing, and provide comprehensive charging and after-sales services in
order to maintain market relevance and meet changing needs.

In short, future research should focus on making up for the shortcomings of ex-
isting research and, through multidimensional theoretical discussions and data analy-
sis, gaining a deeper understanding of consumers’ willingness to purchase EVs, so as
to provide more valuable insights and suggestions for the further development of the
EV market.
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Abstract: Traditional approaches to safety event analysis in autonomous systems have relied on
complex machine and deep learning models and extensive datasets for high accuracy and reliability.
However, the emerge of multimodal large language models (MLLMs) offers a novel approach by
integrating textual, visual, and audio modalities. Our framework leverages the logical and visual rea-
soning power of MLLMs, directing their output through object-level question-answer (QA) prompts
to ensure accurate, reliable, and actionable insights for investigating safety-critical event detection
and analysis. By incorporating models like Gemini-Pro-Vision 1.5, we aim to automate safety-critical
event detection and analysis along with mitigating common issues such as hallucinations in MLLM
outputs. The results demonstrate the framework’s potential in different in-context learning (ICT)
settings such as zero-shot and few-shot learning methods. Furthermore, we investigate other settings
such as self-ensemble learning and a varying number of frames. The results show that a few-shot
learning model consistently outperformed other learning models, achieving the highest overall
accuracy of about 79%. The comparative analysis with previous studies on visual reasoning revealed
that previous models showed moderate performance in driving safety tasks, while our proposed
model significantly outperformed them. To the best of our knowledge, our proposed MLLM model
stands out as the first of its kind, capable of handling multiple tasks for each safety-critical event. It
can identify risky scenarios, classify diverse scenes, determine car directions, categorize agents, and
recommend the appropriate actions, setting a new standard in safety-critical event management. This
study shows the significance of MLLMs in advancing the analysis of naturalistic driving videos to
improve safety-critical event detection and understanding the interactions in complex environments.

Keywords: multimodal large language models (MLLMs); safety-critical events; in-context learning
(ICL); self-ensemble learning; object-level question—answers (QAs)

1. Introduction

The advent and development of autonomous driving technologies have marked a
significant transformation in the automotive industry, reshaping how vehicles interact with
their environment and with each other. The concept of autonomous driving has evolved
over several decades, beginning with basic cruise control systems in the 1950s [1,2] and
progressing to the sophisticated connected and automated vehicles (CAVs) of today [3,4].
The integration of advanced sensors, machine learning algorithms, and communication
technologies has enabled vehicles to perform complex tasks such as navigation, obstacle
avoidance, and decision-making with minimal human intervention [5].
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As the capabilities of autonomous vehicles have expanded, so too have the challenges
associated with ensuring their safety and reliability. Traffic safety has always been a critical
concern in the development of autonomous vehicles, as these systems must be able to
respond to a wide range of dynamic and unpredictable situations on the road. This is
particularly important in the context of safety-critical events, such as sudden changes in
traffic patterns, unexpected obstacles, and potential collisions. Additionally, traffic safety is
influenced not only by the type of vehicle—whether conventional or autonomous—but
also by the volume of traffic, as higher traffic volumes increase the probability of unsafe
conditions [6]. The ability of autonomous vehicles to detect, analyze, and respond to these
events in real time is crucial for preventing accidents and ensuring the safety of all road
users [7].

The recent advancement breakthrough in large language models (LLMs) has revealed
the potential usage in the complex challenging environment of analyzing driving videos.
Many researchers have investigated the potential of utilizing LLMs in analyzing driving
videos through textual representations [8-11]. With the advancement of MLLMs, a new
merger has been reached with the power reasoning of LLMs in the different modalities of
text, image, and audio [12,13].

Critical-safety event analysis is considered one of the complex and critical environ-
ments that could benefit from the new MLLM breakthrough. While full critical-safety
event detection might still be a far reach, MLLM could advance the understanding of the
dynamic variety of road transportation through providing textual analysis of the visual
representation of the environment and the different agents in it, then using this analysis to
provide a direct, concise, and actionable early warning to the ego-driver in the case of any
potential hazards.

This capability of MLLMs to synthesize information across multiple modalities—such
as visual cues from driving videos, environmental sounds, and contextual data—opens
new avenues for enhancing driver assistance systems. By integrating textual analysis
with real-time video and audio inputs, MLLMs can facilitate more accurate and context-
aware interpretations of driving scenarios, which are crucial for preventing accidents and
improving road safety. The ability to generate natural language descriptions or warnings
based on complex visual and auditory inputs allows for a more intuitive interface between
the technology and the driver, which has the ability to reduce cognitive load and improve
reaction times in critical situations.

Moreover, the adaptability of MLLMs to learn from diverse data sources, including
different driving environments and conditions, enhances their robustness and reliability.
As MLLMs continue to evolve, their role in the domain of autonomous driving and driver
assistance is expected to expand, offering more sophisticated solutions for anticipating
and mitigating safety risks. The integration of these models into real-world applications
could mark a significant step forward in achieving safer and more efficient transportation
systems. In this context, the development of MLLMs presents an exciting opportunity
to revolutionize the field of critical-safety event detection in driving. As the technology
matures, the potential for creating systems that can not only detect but also predict, prevent,
and recommend about critical-safety events becomes increasingly feasible, moving us closer
to a future where road transportation is not only smarter but also significantly safer.

2. Related Works

Before the era of MLLM, researchers in safety event analysis relied on developing a
complex machine learning model from the ground up, utilizing thousands of annotated
datasets to achieve high accuracy and reliability. For instance, the authors in [14] proposed
a supervised encoder—decoder model where a pre-trained ResNet-101 was used as encoder
to extract the visual and flow features of 17k distinct ego-car dash cam scenarios, and a
neural image caption generation structure [15] as a decoder to predict the caption of the
street frames while attaining the extracted features from the encoder part.
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The study by Zhenjie et. al. LLM4Drive [16] reviews the integration of large language
models (LLMs) in autonomous driving systems, highlighting their potential to enhance
decision-making, perception, and interaction through advanced reasoning and contextual
understanding. The survey categorizes current research into planning, perception, question
answering, and generation, addressing the challenges of transparency, scalability, and real-
world application. It underscores the need for robust datasets and interpretable models to
build trust and improve system reliability in autonomous driving.

Cui et al. explores the integration of LLMs and vision foundation models (VFMs) in
enhancing autonomous driving systems [17]. The work covers the historical evolution from
early sensor-based approaches to advanced deep learning techniques that improve percep-
tion, planning, and decision-making. The paper also reviews existing multimodal tools
and datasets like KITTI [18] and nuScenes [19]. A study by Chen et al. [20] proposed a pre-
training method that aligns numeric vector modalities with LLM (GPT3.5) representations,
improving the system’s ability to interpret driving scenarios, answer questions, and make
decisions. Furthermore, the study titled “DriveMLM” [21] introduces an LLM-based au-
tonomous driving (AD) framework that aligns multi-modal LLMs with behavioral planning
states, enabling closed-loop autonomous driving in realistic simulators. It bridges the gap
between language decisions and vehicle control commands by standardizing decision states
according to the off-the-shelf motion planning module. On another hand, the “Drive As
you Speak” paper [22] presents an approach to enabling human-like interaction with large
language models in autonomous vehicles. It leverages LLMs to understand and respond to
human commands, demonstrating the potential of LLMs in creating more intuitive and
user-friendly autonomous driving experiences. Moreover, AccidentGPT [23] introduces a
multi-modal model for traffic accident analysis, which was capable of reconstructing crash
processes and providing comprehensive reports.

Recent advancements also explored the integration of sensor data and real-time process-
ing using LLMs to enhance autonomous driving capabilities. A study by Zhang et al. [24]
examined the integration of LLMs with LiDAR and radar data to improve object detection
and tracking. Similarly, a study by Singh et al. [25] highlighted the use of LLMs in predicting
pedestrian behavior by analyzing both visual signals and contextual information, which
increased the reliability of autonomous systems in urban settings. Moreover, another study by
Lopez et al. [26] focused on utilizing LLMs to interpret driver motions and voice commands,
which might facilitate a more natural interaction between the driver and the vehicle. Fur-
thermore, a study by Kim et al. [27] explored the analysis of live video feeds from dashboard
cameras, which enabled the early detection of potential hazards such as sudden lane changes
or road obstacles. This approach allowed for timely warnings and interventions, which has
the potential to enhance the safety of autonomous driving systems.

A study by Hussien et al. [28] also highlighted the potential of integrating LLMs with
knowledge graphs and retrieval-augmented generation (RAG)-based explainable frameworks
to provide explainable predictions of road user behaviors, which is crucial for developing safe
automated driving systems. This study underscored the importance of explainability in the
potential deployment of LLMs in critical environments like autonomous driving.

In addition to LLMs, contributions have been made in the domain of cooperative
control of CAVs. The study by Liang et al. [29] explores a multi-agent system (MAS)
architecture designed to facilitate the cooperative control of CAVs. This hierarchical archi-
tecture enables vehicles to collaborate effectively in complex traffic environments, sharing
information and making collective decisions that enhance safety and efficiency. The study
emphasizes the importance of cooperation among autonomous vehicles, particularly in
scenarios where rapid decision-making and coordination are critical to preventing accidents
and ensuring smooth traffic flow.

Despite the promising developments in using MLLMs for autonomous driving and
intelligent transportation systems, a significant gap remains in the application of these
models for safety-critical event analysis. Existing studies focused on enhancing autonomous
driving capabilities through improved perception and decision-making processes without
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specifically addressing the unique challenges posed by safety-critical situations. This gap
shows the need for a specialized approach that leverages the multimodal capabilities of
LLMs to directly address the complexity of safety-critical events in driving scenarios and
provide more explainable information and recommendations, which is very important for
taking the right safety countermeasures. Current methods mostly rely on complex machine
and deep learning models and extensive annotated datasets, which are not always feasible
or scalable in real-world applications. There is a need for an easy-to-implement, scalable,
and explainable framework that can automate the extraction of visual representations from
raw video feeds and utilize object-level question-answer (QA) prompts to guide MLLMs
in generating actionable insights for hazard detection and response.

This study aims to bridge this gap by introducing an MLLM framework specifically
designed for the analysis and interpretation of safety-critical events. By integrating the dif-
ferent modalities of texts and images, our framework seeks to provide a more holistic and
scalable view of dynamic driving environments. Furthermore, our approach emphasizes
the automation of extracting visual representation from the raw video and feeding it to an
MLLM with the creation of object-level QA prompts to guide the MLLM's analysis, which
focuses on generating actionable insights for safety-critical event detection and response.
This study introduces a novel application of MLLMs in a domain where precision and reli-
able decision-making are essential, marking a significant step forward in the development
of safer driving.

3. Preliminary

This section introduces the dataset utilized for evaluating the proposed framework
and the Gemini model, which form the foundation for the experimental work in this study.

3.1. Dataset

Creating a dataset from driving videos that integrates language for visual understand-
ing is a challenging task. This process is a resource-extensive task that requires trained
human annotators for optimal accuracy and reliability. In addition, the variety and com-
plexity of driving scenarios require a dataset rich in visual scenes. The dataset needs to
cover a variety ranging from simple driving directions to complex situations involving
pedestrians, other vehicles, and road signs.

Many researchers have either enhanced existing datasets with textual information [30-33]
or developed new ones from scratch [14,34]. Notable among these are the DRAMA datasets [14].
DRAMA focuses on driving hazards and related objects, featuring video and object-level
inquiries. This dataset supports visual captioning with free-form language descriptions and
accommodates both closed and open-ended questions, making it essential for assessing various
visual captioning skills in driving contexts. In addition, the vast variety found in DRAMA
scenarios makes it a uniquely comprehensive resource for investigating and evaluating MLLM
models on complex driving situations.

Considering these factors, this study selected the DRAMA dataset to utilize the ground
truth label to report this paper’s experimental results. DRAMA'’s detailed focus on hazard
detection and its comprehensive framework for handling natural language queries make it
exceptionally suitable for pushing forward research in safety-critical event analysis.

The DRAMA dataset includes multiple levels of human-labeled question—answer
(QA) pairs. These include base questions regarding whether a risk exists in the scene,
with Yes/No answers; scene classification into urban road, intersection, and narrow lane
categories; questions about the direction of the ego-car, with options such as straight, right,
and left; questions about potential hazard-causing agents in the scene, such as vehicles,
pedestrians, cyclists, and infrastructure; and finally, questions about recommended actions
for the ego-car driver based on the scene analysis, with eight possible actions, including
stop, slow down, be aware, follow the vehicle ahead, carefully maneuver, start moving,
accelerate, and yield. Figure 1 illustrates the distribution of each QA used in the studies,
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agent

where 300 distinct videos ranging from 2 to 5 s were employed to examine the effectiveness
of MLLMs in detecting traffic safety-critical events.
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Figure 1. Distribution of QA categories in the DRAMA dataset for traffic safety-critical event detection
including (a) is risk, (b) suggested action, (c) direction of ego car, (d) scene description, and (e) agent type.

3.2. Gemini MLLM

The framework for detecting safety-critical events from driving videos in this study
utilizes the Gemini-Pro-Vision 1.5 MLLM [35]. This model was chosen for its advanced
capabilities in logical and visual reasoning, particularly in identifying potential hazards
across diverse traffic scenarios.

Gemini 1.5 is designed to process and integrate information across multiple modalities—
text, images, and video—making it highly effective for tasks that require a deep understanding
of both visual and textual data. This is crucial for driving scenarios where the model needs to
interpret video frames and respond to natural language prompts simultaneously. One of the
most striking features of the Gemini 1.5 model is its ability to handle a context window of up to
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1 million tokens, which is significantly larger than most other models. This allows Gemini to
process large amounts of data in a single pass.

4. Methodology

We conducted multiple experiments to investigate the capability and logical and visual
reasoning power of MLLMs in identifying potential hazards across diverse traffic scenarios.
To guide our investigation, we formulated the following research questions (RQs):

e  RQI: How effective are MLLMs at identifying traffic hazards using in-context learning
(ICL) with zero-shot and few-shot learning approaches?

e RQ2: Does the number of frames used impact the accuracy of hazard detection in
traffic scenarios?

e RQ3: What is the impact of self-ensembling techniques on the reliability and robustness
of MLLMs in detecting critical traffic safety events?

The employed methods range from ICL with zero-shot and few-shot learning to varying
the number of frames, utilizing textual context alongside visual frames, and implementing
self-ensembling techniques. The subsequent sections present the proposed framework and
its operational flow for detecting critical traffic safety events, followed by an overview of the
different methodologies employed and the implemented prompt design.

4.1. Framework

The framework illustrated in Figure 2 is designed for detecting safety-critical events
from driving video extracted from car dash cams, utilizing a multi-stage QA approach with
an MLLM, specifically, Gemini-pro-vision 1.5. The process initiates with frame extraction,
where the system automatically collects video frames from the ego-vehicle’s camera at
regular intervals (i.e., every second). These frames are subjected to the hazard detection
phase, where the model assesses the scene for potential dangers.

Upon identifying a hazard, the framework employs a tripartite categorization strategy
to probe the nature of the threat further, using “What,” “Which,” and “Where” queries to
reveal the object-level details. In the “What” phase, the MLLM classifies the entities detected
by the camera, differentiating among agents like pedestrians, vehicles, or infrastructure
elements. The “Which” stage involves the MLLM identifying specific features and attributes
of these agents, such as pedestrian appearance, vehicle make and model, or infrastructure
type, providing vital contextual insights for decision-making.

The final “Where” phase tasks the MLLM with determining the spatial location and
distance of the hazard agents from the ego-car, including their position on the road, prox-
imity to the vehicle, and movement direction. This spatial information is critical for the
ego-car system to make a safer navigation decision. We tested the model across different
dimensions to evaluate model performance in various tasks for each safety-critical event,
including identifying risky scenarios, classifying different scenes, determining car direction,
classifying agents, and suggesting correct actions.

The framework addresses traffic safety-critical events through a thorough analysis of
interactions and road environments in three folds. First, the framework recognizes and
evaluates scenarios where the interaction between the ego-vehicle and other road users
(i.e., vehicles, pedestrians, and cyclists) or infrastructure may result in safety-critical events.
These events include sudden stops, lane changes, or crossing pedestrians that could lead to
hazardous situations if not managed correctly. Second, the model identifies and localizes
risks within the driving environment, determining the exact location and potential impact
of hazardous objects. It assesses the relative position of these objects, such as vehicles
cutting into the lane or pedestrians crossing unexpectedly, which are crucial for proactive
hazard mitigation. Third, the framework adapts to various road types, such as wide
roads, intersections, and narrow streets, each presenting unique challenges. For example,
intersections are flagged as particularly high risk due to the convergence of multiple traffic
flows, necessitating precise detection and decision-making capabilities from the system.
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Figure 2. Automated multi-stage hazard detection framework for safety-critical events using MLLMs.
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4.2. Analysis Methods

We incorporated different methods to enhance the detection of safety-critical events. These
methods were experimented with to enable the system to focus on the most relevant information,
thereby optimizing processing speed and accuracy in detecting safety-critical events.

One approach employed was the sliding window frame capture technique, which
systematically captures subsets of video frames by defining a window that slides over the
video timeline. This window captures a specific range of frames from ¢; to t;,, where f;
represents the initial frame in the window, and # is the number of frames included in each
window. The mathematical representation of this method can be expressed in Equation (1).
This method allows for the dynamic adjustment of the window size based on the specific
requirements of the analysis, which allows the framework to balance data completeness
and processing efficiency.

Window(t;) = {Frame(t;), Frame(t;1),..., Frame(t; i, 1)} 1)
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In-context learning (ICL) was also integrated into the framework to enhance the
predictive capabilities of MLLMs by providing them with relevant examples during the
inference process. This technique is particularly effective in scenarios where annotated data
are rare or the model has to adapt to new situations while in progress. In our framework, we
explored two primary settings of in-context learning: zero-shot and few-shot learning. Zero-
shot learning allows the model to make predictions about safety-critical events without
having seen any prior examples specific to the task. The model relies completely on its base
knowledge and reasoning capabilities. This method might be beneficial for its ability to
generalize across diverse and unforeseen scenarios. The zero-shot learning process can be
mathematically described in Equation (2).

Prediction = MLLM(Prompt, Frames) ()

where Frames is a sequence of specific frames and Prompt is a general question or instruc-
tion provided to the MLLM to guide the analysis.

On the other hand, few-shot learning allows the model to be exposed to a small
number of annotated examples relevant to the task before making predictions. This kind
of learning enables the model to quickly adapt and improve its accuracy by leveraging
specific patterns and features observed in the examples seen. The few-shot learning process
is presented in Equation (3).

Prediction = MLLM(Prompt, Examples, Frames) 3)

where Examples is the annotated observations used to fine-tune the model’s reasoning.

Label-augmented learning (LAL) was another method employed, providing context
for the MLLM about how the data were originally annotated. This method helps the MLLM
to understand the labeling scheme and the specific characteristics that were considered
during the annotation process. By incorporating this context, the model can align its
outputs more closely with the annotated data, thereby improving accuracy and consistency.

Image-augmented learning (IAL) involved applying various image augmentation
techniques to the images before they were fed into the MLLM for safety-critical event
detection QA. These augmented images aim to direct the MLLM to different areas within
the language distribution it relies on for generating responses, as illustrated in Figure 3.

By introducing augmented images in the prompt, the MLLM can start at various
points within the data distribution, which influences the diversity of local sampling results.

Subsequently, the outcomes from different model sampling processes are aggregated
using a top-k voting mechanism to determine the outcome response. This approach aims
to aid the model in producing textual responses that more accurately represent the scene
under query.

Self-ensemble learning is another strategy used to boost the performance of our frame-
work. It involves generating multiple predictions from the MLLM using slightly different
contexts or parameters, such as model temperature, and then combining these predictions
to obtain a more robust and accurate result. This approach reduces the likelihood of errors
and increases the reliability of hazard detection. The self-ensemble process can be described
mathematically Equation (4).

Predection = Top — k({MLLM(Prompt, Frames)}szl) 4)
where N is the number of individual predictions. The top — k voting mechanism selects

the k most frequent predictions among the N generated predictions, which enhances the
overall performance by focusing on the most consistently identified outcomes.
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. local sampling within the range of input image prompt

* * sampling out of the range of input image prompt

Figure 3. Conceptual 2-D diagram of augmented image prompting. The key idea of using different
augmentation for the same scene under investigation is to direct the model to different places in the
language distribution, which could help the model with generating more textual representation of
the scene when generating a response through local sampling. The different colored areas showed
the an example of how image augmentation can be done.

4.3. Prompt Design

The design of the prompt is pivotal in guiding the MLLM to accurately evaluate and
respond to safety-critical events in driving scenarios. This prompt was designed to ensure
a structured and systematic analysis of the input frames, thereby minimizing the risk of
hallucination and enhancing the reliability of the MLLM's outputs, as seen in Figure 4. The
structure of the prompt is intended to break down the evaluation process into clear, logical
steps, which helps the MLLM to focus on specific aspects of the scene sequentially.

The prompt design benefits the MLLM by ensuring a structured analysis that breaks
down the evaluation into discrete steps, allowing the model to focus on one aspect at
a time and reducing cognitive overload. By using predefined categories and limited
response options, it controls the model’s output, minimizing the risk of hallucinations.
Each step builds on the previous one, providing a holistic and context-aware understanding
of the scene, which improves decision-making. The final step of suggesting actionable
recommendations ensures that the analysis is not just descriptive but also prescriptive,
offering clear and practical guidance for safe driving.

In summary, the prompt design is tailored to enhance the MLLM'’s ability to accurately
and reliably detect safety-critical events from driving video frames. Its structured approach,
combined with controlled output options, significantly mitigates the risk of hallucination,
ensuring that the model’s responses are both relevant and actionable.
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Prompt + Images

Response

Let's think step by step in order to evaluate the traffic scene and respone
using the XML tags as follows:

1.Scene Classification - one of [N/A, Narrow lane, Intersection, Urban

road].

2.Risk Assessment - one of [Yes, No].
3.Direction of Ego Car - one of [N/A, Straight, Right, Left].

4.Agent

<framel>

cyclist].

5.Agent Features: Identify specific features of the Agent.

6.Agent Location: Determine spatial location and distance of Agent from
the ego-car, including road position, proximity, and movement
direction.

7.Suggestion Action - one of [N/A, Be aware or cautious, Slow down,
Yield, Carefully manoeuvre, Must Stop, Follow the vehicle ahead,
Accelerate, Start moving].

- one of [N/A, ian, Vehicle,

</framel>

The input frames will be provided between “<frame1>", <frame2>’, <frame2>

“<frame3>’, and so on.
Ensure the analysis considers the overall scene and interactions, not just
isolated frames.

Please respond using the XML tags as follows:

<analysis>

<thinking></thinking>
<scene_classification></scene_classification>
<is_risk><lis_risk>

<direction_of ego_car></direction_of ego_car>
<agent_classification></agent_classification>
<agent features></agent features>
<agent_location></agent_location>
<suggestion_action></suggestion_action>

<lanalysis>

</frame2>

v

<analysis>

<thinking>The scene is an urban road with a pedestrian crossing. The ego car
is driving straight and approaching the crossing. There are pedestrians crossing
the road. The ego car needs to be cautious and slow down to yield to the
pedestrians.</thinking>

<scene_ i Jrb:

<is_risk>Yes<lis_risk>

irection_of ego_ i lirection_of_ego_car>

<agent_ ian<lag

<agent_features>Multiple pedestrians are crossing the road.
<lagent_features>

<agent_location>The pedestrians are in the middle of the road, crossing from
the left to the right side.<lagent_location>

)¢ action>
<lanalysis>

Figure 4. Example of textual prompt with two-frame scene with the corresponding response from
Gemini.

5. Results

The work presented in this paper investigated the potential of leveraging the ca-
pabilities of MLLMs in analyzing safety-critical event scenarios using multi-modal data
integration and dynamic contextual data reduction for guiding the model’s output. The
prediction illustrated in Figure 5 showcases the proficiency of Gemini-Pro-Vision 1.5 in
zero-shot learning scenarios.

To understand the effectiveness of the proposed framework, a series of experiments
was carried out utilizing Gemini-Pro-Vision 1.5. The results as shown in Table 1 are
analyzed across various frames and in-context learning settings, including zero-shot and
few-shot learning, as well as additional strategies like self-ensemble learning and image-
augmented learning. We tested the model across different dimensions to evaluate model
performance in various tasks for each safety-critical event, including identifying risky
scenarios, classifying different scenes, determining car direction, classifying agents, and
suggesting correct actions.
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RISK: Yes. SCENE: Intersection. What: Vehicle. WHICH: Bus. WHERE: in the RISK: Yes, SCENE: Urban road. What: Vehicle. WHICH: White Sedan.
ego lane. ACTION: Slow down. WHERE: right lane. ACTION: Stop.
(a) (b)

RISK: No. SCENE: Urban road.

in front of the ego car. ACTION: Stop.
(c) (d)

Figure 5. Output from Gemini-Pro-Vision 1.5 analysis with sliding window (n = 2). Gemini predicted
(a), (b), and (d) as critical-safety events, while (c) is not.

Table 1. Comparative performance analysis of QA frameworks across different methods.

Method 1 /Caf\:iail:;:tes 2 Is Risk % Scene % Dlrce:_“:/? of Agent % s:ggzihozn Overall %

Zero-shot 1 68 64 87 56 37 62.4
Zero-shot 2 51 66 89 46 39 58.2

Zero-shot 3 52 66 86 48 38 58
Zero-shot 4 47 72 86 44 35 56.8
Few-shot 1 72 73 87 57 39 65.6
Few-shot 3 76 76 87 59 40 67.6
Few-shot 5 76 76 87 59 40 67.6
Few-shot 7 75 80 89 63 45 70.4
Few-shot 10 79 81 90 64 44 71.6

Self-ensemble 3 69 65 87 56 38 63
Self-ensemble 5 71 67 89 55 39 64.2
Self-ensemble 7 70 67 88 55 39 63.8
Self-ensemble 9 66 66 88 54 38 62.4
LAL - 68 66 83 48 34 59.8

IAL - 67 60 80 55 33 59

1 For zero- and few-shot learning. 2 For self-ensemble learning.

5.1. Zero-Shot Learning Results

Zero-shot learning demonstrated a variable performance profile across different met-
rics and frame counts, as seen in Figure 6. Initially, a single frame yielded an overall
accuracy of 62.4%, with notable performance in detecting the direction of the car (87%)
and scene classification (64%). However, as the number of frames increased, overall perfor-
mance slightly decreased, reaching 56.8% with four frames. The decrease in performance
with additional frames suggests potential trade-offs between the depth of context provided
and the model’s ability to generalize without prior task-specific examples. The impact
of frame count on metrics like agent classification and suggested actions also reflects the
model’s challenge in maintaining accuracy across varying contexts.
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Zero-Shot Learning Performance by Number of Frames
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Figure 6. Zero-shot learning performance across different numbers of frames.

5.2. Few-Shot Learning Results

Few-shot learning demonstrated a clear trend of improvement with an increasing
number of shots. The performance improved progressively from 1-shot to 10-shot scenarios,
with the highest overall percentage (71.6%) achieved with 10 shots. This improvement,
as seen in Figure 7, was evident across all metrics, particularly in scene classification and
direction of cars, where the highest values were observed with 10-shot learning. The
consistency in performance metrics with five-shot and seven-shot suggests that a moderate
number of examples already offers substantial benefits.

Few-Shot Learning: Performance Metrics by Number of Shots
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Figure 7. A few-shot learning performance across different numbers of examples.

When comparing zero-shot methods (including one frame, two frames, three frames,
and four frames) to few-shot methods, it is evident that few-shot learning consistently
outperforms zero-shot learning, as seen in Figure 8. The bar plots highlight that, with
zero-shot methods achieving lower percentages across all metrics. For instance, the “is_risk
%" metric showed a significant improvement from 68% in the one-frame zero-shot method
to 79% in the 10-shot method. Similarly, “scene classification %” saw an increase from
64% with 1 frame to 81% with 10 shots. The comparison underscores the robustness of
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few-shot learning in improving model performance across various metrics, showcasing its
superiority over zero-shot learning approaches.
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Figure 8. Comparison of zero-shot and few-shot methods across various metrics (top 3 highlighted).

5.3. Self-Ensemble Learning Results

Self-ensemble learning provided a relatively stable performance, with slight improve-
ments as the number of candidates increased. The five-candidate configuration yielded
the highest overall percentage (64.2%), as illustrated in Figure 9, showing that aggregating
predictions from multiple candidates helped enhance performance. Although the improve-
ments in metrics such as is_risk and scene classification were not drastic, the approach
demonstrated increased reliability in hazard detection.

When comparing zero-shot (1-frame) methods to self-ensemble methods (3, 5, 7,
9 candidates), as in Figure 10, it is clear that self-ensemble methods generally offered better
performance. The bar plots show that self-ensemble methods frequently surpassed the zero-
shot (1-frame) approach. For instance, the “scene classification %" and “direction of car %"
metrics showed noticeable improvements with self-ensemble methods. The three-candidate
and five-candidate configurations consistently performed well across these metrics.

The use of self-ensemble methods enhanced the overall metric, which meant a more
balanced and robust model performance. The highest overall in self-ensemble methods
(64.2% with 5 candidates) still outperformed the zero-shot (1-frame) approach (62.4%). This
trend is consistent across other metrics, such as “agent classification %" and “suggestion
action %,” where the self-ensemble methods exhibited a slight edge.

While the improvements in individual metrics like “is_risk %" and “scene classification
%" were modest, the aggregated gains across all metrics suggest that self-ensemble learning
provides a more reliable and effective approach than the zero-shot (1-frame) method. This
highlights the value of leveraging multiple candidate predictions to improve the robustness
and accuracy of the model’s performance across diverse evaluation criteria.

203



Vehicles 2024, 6

Self-Ensemble Learning: Performance Metrics
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Figure 9. Self-ensemble learning across different number of candidates with top-k voting.
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Figure 10. Comparison of zero-shot (1-frame) and self-ensemble methods across various metrics (top
bar highlighted).

5.4. Image-Augmented Learning Results

Image-augmented learning with the top-k method resulted in lower overall perfor-
mance compared to other methods, as seen in Figure 11, with an overall percentage of
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59.0%. The image augmentation approach appeared to have a mixed impact, providing a
moderate enhancement in some metrics but falling short in overall accuracy and suggested
action classification. This suggests that while image augmentation introduces variability,
its effect on overall performance needs further refinement and evaluation.
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Figure 11. Image-augmented learning performance with top-k voting.

When comparing the zero-shot (1-frame) method to the image-augmented method
across different metrics, as in Figure 12, it becomes evident that each approach has its
strengths and weaknesses. The zero-shot (1-frame) method achieved a higher “is_risk %”
(68%) compared to the image-augmented method (67%). Similarly, in “scene classification
%,” the zero-shot method performed better (64%) than the image-augmented method (60%).

Comparison of Zero-Shot (1-frame) and Image-Augmented Methods Across Various Metrics

overall %

suggestion action %

agent classification %

Metrics

direction of car %

scene classification %

is_risk % Method
. 1 frame
mmm image-augmented

0 20 40 60 80
Percentage

Figure 12. Comparison of zero-shot (1-frame) and image-augmented methods across various metrics.

Few-shot learning, as shown in Figure 13, consistently outperformed other method-
ologies across most metrics, with a notable improvement in overall performance as the
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number of shots increased. Zero-shot learning, while useful, showed decreased perfor-
mance with an increasing number of frames, indicating that it may benefit from being
combined with other methods for optimal results. Self-ensemble learning provided a
modest increase in performance and stability, particularly in is_risk and scene classifica-
tion metrics. Image-augmented learning, although innovative, showed less effectiveness
compared to the other methods, suggesting that further exploration and refinement of
augmentation techniques are necessary. These results highlight the potential of MLLMs
in automated traffic safety event detection and offer insights into optimizing their use for

various safety-critical scenarios.
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Figure 13. Overall performance comparison across different learning methods. The highlighted bars
showed the highest accuracy from each category.
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6. Discussion

Across all methods, few-shot learning stands out as the most effective approach for
improving overall accuracy and performance in various metrics. The ability to leverage
annotated examples allows for significant enhancements in scene classification, direction of
the car, and agent classification. This aligns with the general observation that models benefit
from specific, contextually relevant examples to improve their predictive capabilities.

Self-ensemble learning provides a robust alternative by stabilizing performance across
different candidate predictions, showcasing its strength in minimizing errors and achieving
consistent results. This approach is particularly useful in scenarios where model outputs
can be uncertain or variable.

Zero-shot learning, while valuable for its generalization capabilities, shows limitations
when handling varying frame contexts and specific hazard scenarios. The decrease in
performance with additional frames indicates a need for more sophisticated methods to
balance context depth with generalization.

Image-augmented learning, although effective in enhancing specific metrics, does not
match the overall accuracy of few-shot or self-ensemble learning methods. This suggests
that while image augmentation can improve certain aspects of model performance, it may
not provide a comprehensive solution for all types of safety-critical event detection.

The results obtained from the proposed framework compared with other baselines
that utilize visual-language QA for driving safety are presented in Table 2.

Table 2. Comparative performance analysis of QA frameworks across different baselines.

Method Dataset Accuracy
LLaVA-1.5 [36] VQA-v2 [37] 38.5
Cube-LLM [38] Talk2Car [30] 38.5

SimpleLLM4AD [39] DriveLM-nuScenes [32] 66.5
Our Proposed Model DRAMA 79

The comparative performance analysis in the table highlights the differences in how
various visual-language QA frameworks perform in the context of driving safety tasks.
Each method was tested on different datasets, and the results reveal significant variations
in accuracy, reflecting the strengths and limitations of each approach. LLaVA-1.5 is a model
that represents an advanced multimodal approach to integrating a vision encoder with an
LLM fine-tuned using the VQA-v2 dataset. The model achieved a moderate accuracy of
38.5% in the driving safety context, suggesting that LLaVA-1.5 is not capable of handling
all visual-language tasks well. Similarly, Cube-LLM, which was tested using the Talk2Car
dataset, also achieved an accuracy of about 38.5%. The moderate performance of both
models indicates that they might struggle with the real-time command interpretation in
dynamic and mixed driving environments. In the case of SimpleLLM4AD, when tested
on the DriveLM-nuScenes dataset, it achieved a significantly higher accuracy of about
66.5%. This suggests that SimpleLLM4AD is better optimized for driving-related tasks
and is more able to understand the challenging scenarios that are closer to real-world
driving conditions. However, our proposed model outperformed all the abovementioned
methods, with an accuracy of about 79%. Our proposed model appears to be able to
understand different driving scenarios and extract the contextual information necessary
to excel in visual-language tasks related to driving safety. In addition, our MLLM model
can also perform various tasks for each safety-critical event, including identifying risky
scenarios, classifying different scenes, determining car direction, classifying agents, and
suggesting correct actions, which, to the best of our knowledge, is the first model to do so.
This performance shows the importance of domain-specific fine-tuning and training. This
allows the model to better understand and respond to the unique challenges presented in
autonomous driving.
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7. Conclusions

The findings underscore the potential of MLLMs to advance the automated analysis of
driving videos for traffic safety. The performance of different learning methods highlights
the importance of choosing appropriate techniques based on specific detection requirements
and available resources. Few-shot learning offers a promising avenue for improving
hazard detection accuracy and adaptability in real-world scenarios. The few-shot model
consistently outperformed other learning techniques, achieving the highest overall accuracy
(about 67%), “is_risk” accuracy (78%), scene classification accuracy (65%), direction of car
accuracy (82%), and agent classification accuracy (68%). This demonstrates its superior
effectiveness across various tasks.

Future research should explore the integration of these methodologies to leverage
their complementary strengths. Combining few-shot learning with self-ensemble or image-
augmented techniques might provide a balanced approach that enhances overall perfor-
mance while addressing the limitations observed in individual methods. Additionally,
fine-tuning MLLMs on task-specific data is a crucial area for future investigation. Fine-
tuning could enhance model performance by adapting the pre-trained models to the
nuances of safety-critical event detection, thus improving accuracy and reliability. Further
exploration into optimizing frame selection and processing strategies could help refine
model accuracy and efficiency.

Moreover, we plan to incorporate RAG flow in future work. This approach would
enable the model to dynamically retrieve and apply relevant information, such as implicit
traffic rules, during inference. Incorporating RAG could further enhance the model’s
capability in handling complex traffic safety scenarios, making it more robust in detecting
and managing safety-critical events. This addition to the future work underscores our
commitment to advancing the effectiveness of MLLMs in autonomous driving systems.

Although the DRAMA dataset was constructed in limited geographical locations, our
proposed MLLM model was tested using different scenarios, which included a variety of road
scenes, such as urban and rural roads, narrow lanes, and intersections. Our proposed frame-
work has demonstrated promising results across these different road conditions, indicating its
potential robustness to be scaled and generalized in other geographical locations. Validating
the framework’s ability to detect safety-critical traffic events in diverse geographical contexts
is indeed a crucial step, and we plan to incorporate this in our future research.

This study demonstrates the value of MLLMs in traffic safety applications and provides
a foundation for further exploration and development of automated hazard detection
systems. The insights gained from this research can guide the design of more effective and
reliable safety-critical event detection frameworks in autonomous driving systems.
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Abstract: This paper details the conceptualization, design, topology optimization, manufacturing,
and validation of a hydraulic brake caliper for Formula SAE race cars made of Scalmalloy®, an
innovative Al-Mg-Sc alloy which was never adopted before to manufacture a brake caliper. A
monoblock fixed caliper with opposing pistons was developed, focusing on reducing mass for a fixed
braking force. The design process began with a theoretical analysis to establish braking force and
pressure requirements, followed by preliminary design and topology optimization. The caliper was
then manufactured using laser powder bed fusion (LPBF). Comprehensive experimental validation,
including testing with static and rotating brake discs on an inertial dynamometer, confirmed the ex-
pected caliper’s performance, with the results showing strong alignment with finite element analysis
estimations. In particular, strain and displacement measurements showed excellent correlation with
numerical estimates, validating the design’s accuracy and effectiveness.

Keywords: brake caliper; topology optimization; finite element analysis; additive manufacturing;
brake test bench

1. Introduction

In FSAE race cars [1], braking systems must deliver high deceleration while minimiz-
ing unsprung mass. Therefore, the design and optimization of these systems require careful
consideration of factors to balance performance, weight, and durability [2-12]. Hydraulic
braking systems are commonly employed in race cars, where a hydraulic actuator presses
brake pads with lining material against the brake disc, generating the necessary friction
to decelerate the vehicle [13]. Among the system’s components, the brake caliper plays
a critical role in converting hydraulic pressure into mechanical force, enabling effective
braking. The caliper must endure high braking forces and thermal loads without compro-
mising structural integrity or performance. Ensuring its durability and reliability under
severe racing conditions is crucial, and traditional brake calipers, often designed for mass-
produced vehicles, are generally oversized, i.e., heavier and not optimized for the unique
requirements of a FSAE race cars.

This study focuses on the design of a monoblock fixed caliper with opposing pistons,
specifically tailored for FSAE race cars. In the literature, other authors have addressed
similar topics. For example, Phad et al. [9] as well as Ravi Kumar et al. [14] focused on
the design of a monoblock floating caliper in Al 7075 for FSAE cars, using traditional
manufacturing methods. In their work, the authors provided a detailed description of
the role of many parameters and conducted numerical analyses to verify the proposed
caliper geometry. Similarly, the authors in [4,8] tackled the design of a monoblock fixed
caliper with opposing pistons for FSAE cars in Al 7075, presenting a traditional design
with numerical verifications of the realized model. Regarding traditional manufacturing
methods, Ugemuge and Das [15] addressed the design, structural analysis using Finite
Element method, manufacturing, and testing of a two-piece fixed caliper with two opposing
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pistons made of Al 7075-T6 alloy. Compared to a monoblock fixed caliper, a two-piece fixed
caliper (constructed from two parts connected by bolted joints) offers easier manufacturing
by eliminating undercuts and the need for specialized tooling. However, it can result in a
heavier component due to the presence of flanges and bolts, and it typically has a lower
braking performance due to increased caliper compliance [12,15].

Subsequently, Ugemuge and Das [16] addressed the redesign of the bridge in a four-
piston fixed caliper made of Ti6Al4V alloy by using topology optimization and finite
element analyses, focusing only on the numerical aspects of the design. Also, Meyer and
Barnes [17] used topology optimization to perform a preliminary design of a four-piston
monoblock fixed caliper. The objective of their work was to demonstrate that, in some cases,
topology optimization can justify the use of high-performance, costly alloys in components
produced via additive manufacturing. To do this, Meyer and Barnes [17] considered
various alloys suitable for 3D printing, including AlSi10Mg, Ti6Al4V, and Scalmalloy®, an
aerospace Al-Mg-Sc alloy with high specific strength. Interestingly, the authors showed
that, under identical load cases and constraints in the topology optimization, Scalmalloy®
enables the production of a lighter and less expensive caliper compared to AlSi10Mg or
Ti6Al4V [17]. However, it is important to note that their investigation was limited to
numerical analyses, and they did not proceed with the physical printing or experimental
testing of the caliper. Instead, Farias et al. [6] combined topology optimization with additive
manufacturing (AM) technologies to develop and fabricate a four-piston monoblock fixed
caliper made of AlSil0Mg. Their work aimed to optimize an existing design, resulting in a
lighter design with higher stiffness and better thermal dissipation capabilities. Similarly,
Tyflopoulos et al. [7] used topology optimization and AM to redesign a commercial caliper,
achieving a 3D-printed caliper made of Ti6Al4V that was 40% lighter than the original.
Unfortunately, no experimental validation was reported in either [6] or [7]. Finally, Sergent
etal. [10,12] presented the complete design of an optimized monoblock fixed caliper, not
specifically tailored for FSAE vehicles, and made of an aluminum-lithium alloy. The authors
also presented some experimental testing, mainly devoted to verifying the effectiveness of
the proposed solution, by using both dial gauge measurement and pressure sensitive paper.

Instead, the present study offers one of the first examples of comprehensive perspec-
tive on the process of concept development, design, fabrication, and testing of a brake
caliper made of an innovative Al-Mg-Sc (Scalmalloy®) alloy from scratch. This study starts
by analyzing the vehicle dynamic to define the design loads of the brake caliper and it
continues by discussing the preliminary design phase, which aims at defining the size of
the caliper as well as its main geometrical feature. Then, it explores the use of topology
optimization and laser powder bed fusion (LPBF) additive manufacturing to design and
realize a high-performance, lightweight brake caliper made of an Al-Mg-Sc (Scalmalloy®)
alloy, which was never been adopted to manufacture a brake caliper. Eventually, a compre-
hensive experimental validation is presented based mainly on strain gauge measurements
and including testing at the dynamometer with static and rotating brake discs to verify the
caliper’s performance and the reliability of the finite element simulations.

2. Design of the Braking Caliper
2.1. Maximum Braking Force

To accurately design a brake caliper and the entire braking system, it is crucial to
understand the various factors affecting the required braking force. For this purpose, refer
to Figure 1, which describes the sub-assembly consisting of a single wheel and the brake
disc during the braking phase.
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Figure 1. Schematic of a wheel and brake disc assembly.

Regardless of whether the front or rear wheel group is considered, Ry and R; are the
longitudinal and vertical forces exchanged between the wheel and the hub, the axis of
which is located at a distance equal to the effective rolling radius 7, ff from the ground. M,;,
is the torque transmitted by the drive shaft (positive if it comes from the engine and negative
if relevant to engine braking or regenerative braking), while Fy, positioned at a distance
1, from the wheel’s axis, is the resultant of the friction forces generated by the contact
of the brake pads with the rotating brake disc. Lastly, Fx and F, are the external forces
exchanged between the tires and the ground through contact point C in the longitudinal and
vertical directions, respectively. Note that this simplified schematic deliberately neglects
aerodynamic loads and the weight force of the wheel assembly, assuming negligible rolling
resistance (i.e., the center of pressure C of the contact forces is assumed to have no offset
from the rotation axis). According to Figure 1, the spin dynamic of a wheel assembly is
described by the following expression:

7’gffo — }’be + Mm = Iwé (1)

where [, is the moment of inertia of the considered system. Rearranging Equation (1), the
following expression is obtained:

Fo= o [reP+ My, — 1t &)

Equation (2) provides several interesting considerations and insights regarding the
design of a brake caliper. When designing a brake system for a racing car, the objective
is to maximize performance by creating a lightweight system capable of generating very
high decelerations. This approach aims to delay the initiation of braking as much as
possible, thereby reducing the duration of the braking phase. In general, achieving high
deceleration 6 (which is negative during braking) necessitates a substantial braking force
F,. Typically, this results in relatively large and heavy brake calipers and associated
components. However, this requirement conflicts with the well-established necessity to
minimize unsprung mass, which includes the mass of the brake caliper. Therefore, it is
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essential to find a good compromise to reduce the braking force F, and, at the same time, to

maximize the deceleration § as much as possible.
In light of this, it is easier to interpret the role of each term in Equation (2) and to

understand why the inertial component L6, although usually negligible, has a detrimental

effect (remember that 0 < 0). Secondly, Equation (2) suggests that it is preferable to
maximize the average radius r;, of the brake disc. However, increasing r;, undesirably raises
both the moment of inertia and the (unsprung) mass of the disc. Similarly, a positive driving
torque (M;, > 0), although typically absent during braking, would require a higher braking
force for the same angular deceleration 0. Conversely, a negative torque M, < 0, either
generated by the engine brake or through regenerative braking, is obviously advantageous
for the lightweight design of the brake caliper. Finally, Fy, which describes the resultant of
friction forces between the tyre and the asphalt, reaches its maximum value at the point of
incipient wheel slip, immediately prior to wheel lock-up. At this instant, its value equals
the static friction force, expressed as follows:

max{Fx} = pymax{F.} (3)

where 1, is the static longitudinal friction coefficient between the tires and (dry) asphalt (in
this work, py =~ 1.7 — 1.8). To estimate the value of F;, it is useful to refer to the diagram in
Figure 2, where the longitudinal model of a race car is shown assuming it is symmetric and
running on a perfectly flat track under constant acceleration/braking, inducing symmetric
loads in the pitch plane (perfectly straight accelerations and braking).

w —_— )
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Figure 2. Schematic of a race car in the pitch plane.

In this model, four characteristics points are used to describe the system, i.e., the global
center of mass G, the contact points of the rear and front wheels Cr and Cp, respectively,
and the aerodynamic center of pressure CoP,. A concentrated mass ot is applied to point
G to schematize both the driver and the car inertia, while the resultant aerodynamic lift Fy,
and drag forces Fp are applied at point CoP,. With reference to this schematic, the following
quasi-steady-state equations of motion can be written as follows [18]:
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2F,R + 2Fyr — Fp = MiorXG
2F.r +2F,r + F, — mjptg = 0 ) ) ) (4)
b2F,g — (w — b)ZFZF — h(ZFXR + 2Fx1:) + (h — hn)FD — (ba — b)FL = IO + IgOg = 1.6,

where X is the longitudinal acceleration of the vehicle, and Iy and Iy are the moments of
inertia of the front and the rear axles, respectively, while I represents that of all rotating
parts belonging to the engine. Finally, 0F, O e 6, are their corresponding angular accel-
erations. Note that Fx and F, for both front and rear axles are multiplied by a factor of 2
because of the symmetry of the problem.

Then, rearranging these equations, an explicit formulation of both F,r and F,r can be
defined as follows:

Fp= %{ Mporg L — myoriiglh — Fple —Fle — gy — IRop 5 IiGe} )
Fr = %{ Mg St + mpric Lt + Fple — F 9 + 16, 4 Ry & %Ge}

where the first term is related to the static distribution of mass, while the others are
responsible for load transfer, them being non-zero only when the vehicle is in motion.
More specifically, the second is the longitudinal inertial terms, the third and the fourth
are aerodynamic contributions, and the last three terms are related to the inertia of the
rotating parts. It should be noted that the two aerodynamic terms contribute differently to
the load transfer. Indeed, the drag component Fp is always positive (Fp > 0), while the
lift component Fy, is generally negative (Fp < 0), as it actually is a downforce. Equation (5)
suggests the highest vertical load during the brake, i.e., the highest braking force F, is
that occurring at the front wheel (Equation (5)). Then, considering the front wheel and
by ignoring for simplicity the contribution due to aerodynamic and to the inertia of the
rotating parts, the relationship is significantly simplified and can be written as follows:

1 b e 2 1
max{F;r} = 5 {mtotg; — mtotmm{xc};} (6)

Assuming that, during the braking phase, the engine torque is zero and that the
inertial component of the wheel assembly is negligible compared to the other forces, the
following expression can be found by inserting Equation (6) into Equation (3) and then into
Equation (2):

1r b h . (x
max{F,r} = E:—fbf o Mot 8 <1 — Emm{%}) (7)

Equation (7) allows for an estimation of the maximum braking force required by
the braking system and represents one of the key parameters in the sizing and design of
the brake caliper. In the case under consideration, the parameters of the FSAE vehicle
permit an estimation of a maximum braking force of approximately max{Fbl p} =~ 5200 N,
corresponding to a braking torque of approximately max{M,} = rymax{F,r} ~ 570 Nm
with r, = 109 mm.

2.2. Preliminary Design

Given the maximum braking force, a detailed analysis of the brake caliper design
can be undertaken, beginning with the delineation of its geometric details. This study is
limited to considering the case of a hydraulic brake system, particularly a monoblock fixed
caliper with one or more pairs of opposing pistons acting symmetrically with respect to
the brake disc plane. Such a configuration is known for its advantages, including more
uniform wear of the inner and outer pads, and typically requiring fewer parts compared to
a floating-caliper design [13]. A typical example of a fixed caliper design is illustrated in
Figure 3, which considers the case of a six-piston caliper.
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Figure 3. Schematic of a monoblock six-piston fixed caliper.

Temporarily introducing the assumption that the forces generated by friction in the
abutment y,F, and the forces generated by the seals of each piston are negligible, the
friction force generated at the interface between the disc and one pad is given by (Figure 3):

where y is the friction coefficient between the brake disc and the lining material of the
brake pad, p is the oil pressure in the hydraulic brake line, # is the total number of pistons,
and d; their corresponding diameters. It can be observed that the sizing of the caliper must
be performed to ensure a braking capacity equal to or greater than the design value. This
requirement translates into the following relation, obtained by comparing Equation (8)
with Equation (9):

®)

N\H
M:\

. 3 .
2.max{Fp} =HU pmaxz ngZ 2 Eff Hx Mot g (1 N Emln{ ng }) (9)
i=1

where the pressure p has been replaced with its maximum value px.

At this stage, the variables on the right-hand side of Equation (9) are completely
defined, whereas those on the left-hand side need to be determined based on some design
choices. The piston diameters d; are somewhat constrained by the dimensions of the brake
pad (or the backing plate) used, and larger diameters result in greater braking force, but
also in an increase in the overall size and weight of the brake caliper. Typical values for
FSAE applications range between 25 mm and 35 mm. Similar conclusions can be drawn
for the number of pistons n, specifically, a higher number of pistons typically ensures
greater force but also increases the overall size of the caliper. Additionally, the number of
pistons depends on the type of pad used and can significantly affect the wear of the lining
material [19].
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Regarding the choice of brake pads, it is generally more practical and economical to
use a commercial pad or lining material with known performance characteristics rather
than to develop a new pad material tailored to a specific caliper design [13]. Subsequently,
the selection among various commercial alternatives can be based on considerations re-
lated to cost, availability, and, most importantly, performance, usually in terms of friction
coefficients (i in Equation (9)), wear resistance, and dimensions/geometry. Finally, the
choice of maximum pressure py.x must be made to ensure compliance with the inequality
in Equation (9). Noteworthily, the oil pressure px typically represents the critical design
load for the brake caliper since it affects the size and weight of the brake caliper more than
F,. Consequently, it is preferable to design the system to minimize the pressure if it remains
sufficiently high to guarantee the desired braking force Fj,.

With these characteristics defined, the overall dimensions of the caliper must be
determined by selecting the size and position of the pistons. An efficient method for
making this decision is proposed by Sergent [4]: he suggests using a simple model that
assumes an in-plane 2D schematization of the brake caliper (as shown in Figure 3, where
the curvature of the brake disc at its mean radius has been rectified) to evaluate the position
of the center of pressure (CoP) of the contact forces between the disc and the pad and to
optimize the position and size of the pistons to ensure uniform pad wear. Specifically, the
caliper should be designed to ensure that the center of pressure is as close as possible to
the centroid of the pad to avoid tapered wear and to ensure uniform wear across the entire
surface of the pad [13].

According to this model, in the static case, where a braking force is applied with the
vehicle stopped, the friction forces in the abutment i, F,, are negligible, and the position
of the CoP on the pad coincides with the centroid of the pistons, calculated as the area-
weighted average of the pistons as follows:

n a2
leop = Sy (10)
i=1"1
where [; and Ic,p represent the positions of the pistons and the CoP with respect to the

abutment, respectively. Uniform wear is guaranteed if the following relation is satisfied [12,13]:

l
leop = (11

It must be emphasized that this simplified model assumes, among other hypotheses,
an infinitely stiff pad and caliper. Therefore, when the design of the caliper is finished
and its final geometry known, the real location of the CoP is required to be checked
through more accurate analyses, such as finite element analysis. Moreover, note that
Equations (8) and (10) are valid only when the brake disc is stopped. Instead, when the
pads are squeezed against the rotating brake disc, it drags them until they strike against the
abutment, where a normal force F,, and a friction force y, F, arise, the latter being no longer
negligible due to the high value of the contact force F,,. Then, the friction force, located at a
distance t, from the pad—-disc friction surface, opposes the motion of the pistons during
the application of the load (Figure 3) and displaces the CoP compared to the static case
(Equation (10)). Accordingly, referring to a single pad, the new friction force is less than
that estimated by Equation (8) and can be calculated as follows:

E—ulp (Y T2 r 12
p=w|p 5| L)~ pa (12)
i=1

which, properly rearranged, becomes:

M (7
F, = Sy a2 13
P 1"'747411’7{2(,214 1>:| ( )
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Instead, the I, p updated for the case of the rotating disc can be estimated by imposing
the equilibrium of moments about the CoP itself:

1(& T
2(2 (li_lCoP)'4d12>p+ta'Fp+lCoP'VH'Fp =0 (14)
i=1

Finally, I¢,p is obtained by rearranging Equation (14), and by exploiting Equation (13):

n A2
i=1li di

= (15)
i1 47

leop = tapt + (1 + ppta)

Equation (15) allows for designing the pistons” diameters and locations since it points
out explicitly the role of the main parameters affecting the position of the CoP. In particular,
it must be noted that most of them (t,, 1, ja, I, and, indirectly, d;) depend on the shape
and the material of the brake pad; so, the choice of the position and size of the pistons is
specific for the considered brake pads. Moreover, other constraints must be considered,
for example, technological feasibility and the need for a certain clearance between each
piston to allow for the location of the seals. Eventually, a slightly larger diameter is typically
chosen on the trail side compared to that on the leading side to compensate for the effects
of the friction at the abutment (Icop-pa-Fp in Equation (14)), the lever arm of the normal
force (t;-F, in Equation (14)), and the elastic deformation of the caliper [10,12]. A more
detailed discussion on this topic can be found in [12,13].

In the present investigation, a fixed caliper with four opposite pistons (n = 4) was
chosen, this configuration being a good compromise for minimum size of the caliper and
optimal pressure distribution at the brake pad. The adopted commercial brake pads allow
for a friction coefficient 1 ~ 0.7-0.8 at the interface with the brake disc and an estimated
value of yi; ~ 0.3 at the abutment-backing plate interface. Furthermore, a new brake pad
was considered and f, ~ 8 mm was used in the calculations, this value being dependent on
the geometries of the caliper and pad, as well as on pad’s wear. Noteworthily, assuming

that the value of /¢, p coincides with the midpoint of the pad, Ic,p = 17’” = 42 mm allows us
to observe that the terms in Equation (14) relevant to the friction at the abutment (Ic,p-pta-Fp)
and the lever arm of the normal force (t,-F,) assume comparable values. Specifically, in
this case, the product Ic,p-jis = 12.6 mm is greater than f, = 8 mm.

At this point, it was possible to solve Equation (15) for the unknowns /; and d; by
imposing that the CoP coincides with the midpoint of the pad (Equation (11)) to ensure
uniform wear. Moreover, the diameters of the pistons d; had to be chosen to guarantee
the required maximum braking force F, according to Equation (9). In doing so, it was also
fundamental to consider only physically compatible solutions (e.g., solutions that do not
locate a piston outside the pad or result in piston overlap) and to account for the necessary
clearance between pistons to accommodate their seals.

In this work, commercial values for pistons” dimensions and their seals were used,
resulting in diameters of d = 26 mm and d; = 30 mm for the leading and trailing pistons,
respectively. Concerning their position, the results are reported in Figure 4, which also
shows the corresponding CoP for both the configurations with the static and rotating discs
evaluated according to Equation (10) and Equation (15), respectively. The results show
that the static CoP (empty red marker in Figure 4) is slightly to the left (toward the trail
side) of the geometric center of the pad, while the CoP with a rotating brake disc (filled
red marker in Figure 4) shifts to the right (toward the leading side), similarly to what was
found in [12]. In this particular case, to align the CoP more closely to the center of the
pad, it would have been necessary to reduce the friction coefficient at the abutment 1, the
height of the pad’s contact point on the abutment f,, the clearance between the pistons, or
to choose a smaller diameter on the leading side and a larger one on the trailing side. In the
present investigation, the friction coefficient y, and the height ¢, were assumed to be fixed,
their values being mainly dependent on the chosen brake pad. On the other hand, the
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clearance between the pistons had already been minimized, and further reduction would
have fallen below the required limit to accommodate the hydraulic seals of the pistons
(details of which will be presented later). Finally, a larger diameter d, (on the trailing
side) would have improved the CoP position but reduced the maximum braking force
(Equation (9)). Conversely, a larger diameter d; (on the leading side) would have moved
the CoP closer to the piston’s axis, but it would have shifted the CoP on the leading side
since the distance /; was constrained by the abutment geometry, the piston’s clearance, and
the piston’s diameter d;.

J Lining material of the brake pad

mm————
- ~ -
- - ~~

i
’ ~, i N
’ H e
’ IS i g >
4 N ; 4 AN
; /
/ \ i \
/ . Om: g \
g \ i f \
1 ;
0 e O A @ !
i 1 ooy T
[ 1 g |\ e
y ! i \ ! RN
\ 7 H \ 7
\ ’ ; \ /
BN / i N S
A FEA: Inner pad N J i ~o e

So 7

: S~ -
) - PrE——
Trailing piston Rotation Leading piston

Figure 4. Location of CoP on the brake pad with static and rotating brake discs: comparison between
values calculated using Equation (10), Equation (15), and finite element analyses.

Finally, it is also important to recall that Equation (15) is an approximate expres-
sion, highly useful in the preliminary design phase, but requiring subsequent verifica-
tion through more detailed analyses, such as finite element analysis, which can account
for the caliper’s compliance and the contact between various components. Accordingly,
Figure 4 also shows the positions of the CoP with static and rotating discs evaluated by
the finite element analyses (black markers), which will be presented and discussed in the
following paragraphs.

2.3. Oil Channels and Hydraulic Seals

In this study, the internal channels for oil distribution were designed to resemble
many commercial solutions (Figure 5a). A diameter of 3.5 mm was chosen for the channels,
which may appear relatively large. This size is typically selected for technological reasons
related to drilling difficulties with very thin bits but ensures that the channels can be created
using additive manufacturing without the need for supports, thereby eliminating the need
for post-processing with machining tools. The position of the oil inlet was fixed near the
smallest piston (leading piston, see Figure 5a), due to space constraints, and on the side of
the mounting bolt because that region of the caliper is less stressed. Finally, a single bleeder
was placed at the highest possible point, which depends on how the caliper is installed
on the vehicle. In this specific case, it was positioned in the channel on the bridge, which
connects the inner pistons to the outer pistons (Figure 5a).

The design of the pistons’ seals (Figure 5b) is far more complex. Hydraulic sealing is
usually achieved using a square-section O-ring protected by a dust seal, which helps to
preserve and extend the life of the seal, especially in commercial solutions for standard
road application. In FSAE applications, this dust seal is not essential, and its removal
significantly reduces the space required for the seals as well as the size of the pistons and
the caliper. The geometry of the seats for the hydraulic seals of the pistons is trapezoidal
and is characterized, by design, by an outer diameter smaller than the outer diameter of
the square-section O-ring it contains. This arrangement ensures that the O-ring is squeezed
and compressed against the piston (Figure 5b), providing hydraulic sealing and, if properly
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designed, a small retraction force which ensures the pads do not remain in contact with
the disc during brake release. In this study, the same seal seats’ geometry (Figure 5c) was
assumed for both diameters (26 mm and 30 mm) to ensure easier design and manufacturing.
Since the focus of this work is not on the detailed sizing of the seals, these details are omitted.
Further details can be found in the literature [20,21].
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Figure 5. Geometry of the brake caliper: (a) main body with all internal features highlighted,
(b) schematic of the working principle of the pistons’ seal and (c) geometry and dimensions of their
seats used in the present investigation (dimensions are in mm). Grey and red regions in a) represent
the Design Space and Non-Design Space (NDS), respectively, adopted in the topology optimization.
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2.4. Topology Optimization

The topology optimization required defining the Design Space and Non-Design Space,
both depending on the maximum overall dimensions of the caliper summarized by the
parameters i, A, and ¢ in Figure 3 and by the height / in Figure 1. In general, small values
for i, A, and 0 are preferred given that minimizing the volume of the caliper helps to
reduce the overall mass and to reach a higher value of caliper’s stiffness. In more detail,
A is primarily dependent on the thicknesses of the brake pad and disc. These factors also
influence the choice of offset J (Figure 3), whose value must consider enough space for the
pistons’ stroke and for the oil chamber behind them. Similar considerations apply to the
distance i (Figure 3). Lastly, the height of the caliper (h in Figure 1) must be minimized and
chosen according to the space available between the wheel rim and the hub carrier.

The Non-Design Space includes regions of the caliper such as the pistons’ bores, the
seats for the seals, the brake pad abutments, the holes for the mounting bolts that secure the
caliper to the hub carrier, and the oil inlet, as well as the internal oil channels and the seat
of the bleeder screw (see Figure 5a). Attention should be given to ensuring tolerances and
facilitating post-printing machining operations for the pistons’ bores and their seals. To
this end, it was decided to leave the bottoms of the pistons open on one side of the caliper
and subsequently seal them with bore caps (see Figure 5a).

Concerning the material, the brake caliper was made of an aluminum alloy with
elastic modulus E = 71,000 MPa, Poisson’s ratio v = 0.33. Aluminum was preferred over
titanium for this application due to its low density and high thermal conductivity that
helps easily dissipating the heat generated during braking.

The model was generated within Altair®’s Hypermesh-OptiStruct and subsequently
discretized with a mesh of four-node tetrahedral elements, with an average size of 1.5 mm.
The applied loads are as shown in Figure 6a: a maximum braking force F, = 5200 N
applied at the theoretical CoP and distributed to the abutment using RBE3 elements, a
maximum pressure py,x = 60 bar on all internal walls and channels in contact with the
oil, forces F,; and F; to simulate the force exerted by the internal pressure on the bore
caps, and RBE2 rigid elements to constrain the displacements of the internal nodes to the
holes for the mounting bolts. The optimization parameters were included to minimize
compliance (maximize stiffness) as the objective function. Eventually, a constraint on the
final volume of 100,000 mm?, i.e., a final weight of roughly 300 g, and a second constraint
on the maximum Von Mises stress to be less than or equal to 170 MPa were imposed. In
particular, the Von Mises stress limit was set at approximately 35% of the yield strength
of Scalmalloy®. This conservative value was chosen because the mesh used during the
topology optimization phase was relatively coarse (to reduce computational time), and the
peak stress values near the most critical notches were likely not fully converged. Selecting
a higher target value at this stage could have resulted in geometries that were excessively
stressed near the notches when analyzed with a refined mesh after the optimization process.
Thereafter, the mesh generated by the optimization process (Figure 6b) was refined within
Ansys® SpaceClaim and subsequently imported into Blender® and nTopology® for surface
smoothing and final solid model generation (Figure 6¢,d).
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Figure 6. Topology optimization of the brake caliper: (a) section view of the FE model adopted for
the topology optimization with details on the applied load and constraints, (b) output of the analysis,
while (c,d) are two different views of the final CAD model.
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2.5. Finite Element Analyses and Manufacturing

With the final CAD model (Figure 6¢,d), a structural finite element model was carried
out to verify the correctness of the real CoP’s location (Figure 7a,b). In particular, the aim of
this FE analysis was to evaluate the actual position of the CoP with both static and rotating
discs, considering contacts and stiffnesses of the various components comprising the caliper
assembly (disc, pads, pistons, and the caliper body), and to check if it coincided with the
geometric centroid of the pads. If discrepancies were found, the design choices would need
to be reiterated, and the optimization process restarted.

(b)
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Figure 7. Finite element simulations: (a) numerical simulations of the entire brake caliper with
(b) detailed view of the internal components.

Contact with
friction

To make the simulation as realistic as possible, the entire brake caliper assembly
was modeled in Ansys® Workbench considering all the different components as separate
bodies in contact with each other (Figure 7a,b). The hydraulic seals were omitted to avoid
increasing the already significant complexity and computational time of the simulation,
the latter being nonlinear due to the large number of contact regions. Consequently,
the hydraulic seals were replaced with a unilateral holonomic frictionless constraint that
precisely guides the axial movement of the pistons, which were placed in the cylinders
without clearance. For simplicity, a unilateral holonomic frictionless constraint was also
used at the piston—pad interface (Figure 7b). In contrast, a contact with friction was
applied at both the pad-disc and the pad—caliper abutment interfaces (Figure 7b), with
friction coefficients y = 0.8 and i, = 0.3, respectively. Finally, structural continuity was
assumed at all the bore cap—caliper interfaces (“Bonded contacts” in Figure 7b). The bore
caps and caliper body were modeled in aluminum alloy, assuming an elastic modulus
E =71,000 MPa and a Poisson’s ratio v = 0.33. The pistons were made of titanium alloy
(E = 115,000 MPa, v = 0.34) due to its low thermal conductivity, which helps isolate the
oil and the body of the caliper from the heat generated by the brake pad. The Young’s
modulus E = 210,000 MPa and Poisson’s ratio v = 0.3 of steel were used for both the brake
disc and the brake pads, the latter with a 4.5 mm thick backing plate made of steel behind
the lining material.

After defining the materials and contacts, the model was discretized with a mesh of
10-node tetrahedral elements for the caliper body and 4-node tetrahedral elements for all
other parts, with an average element size of 1.5 mm in both cases (Figure 7a,b). All nodal
displacements at the nodes on the holes for the mounting bolts were constrained. The
brake disc was restrained with a remote point at its center to block translations in the X and
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Y directions and rotations about these axes. Conversely, translation along the Z-axis and
rotation around the same axis were left free to correctly simulate the motion of the floating
disc (Figure 7b). The loads, applied in two different load steps, allowed for the simulation
of both the static and the rotating disc configurations in a single FE analysis. In the first
load step, only the internal pressure p;,x = 60bar was applied to all internal channels of
the caliper, to the bore caps, and to the faces of the pistons in contact with the oil. In the
second load step, an additional torque was applied to the disc to simulate the condition of
the rotating disc.

At the end of each substep of the simulation, the nodal values of the pressure on the
face of each pad in contact with the disc were extracted and used to calculate the CoP. The
corresponding results are presented in Figure 4 for both the static disc case (open black
markers) and the rotating disc case (filled black markers), and for both the outer pad (square
markers) and the inner pad (triangle markers). The results indicate that the deformation
of the caliper, particularly the ‘opening up” due to the bending of the bridge [10], causes
a slight upward shift of the CoP for the outer pad compared to the inner pad (compare
square markers with triangle markers in Figure 4). Noteworthily, the CoP determined from
numerical analyses is very close to the geometric centroid of the inner and outer pads in all
simulated cases (see black markers in Figure 4), confirming the final caliper’s geometry. As
discussed above, if this had not been the case, meaning the CoP did not coincide with the
geometric centroid of the pad, the position and size of the pistons would have needed to be
iteratively adjusted, repeating the optimization and verification process until convergence
was achieved.

The final geometry of the optimized caliper was additively manufactured in an alu-
minum alloy, specifically an Al-Mg-Sc alloy (Scalmalloy®), using laser powder bed fusion
(LPBEF). In particular, an EOS M400-1 3D printer was adopted, with no pre-heating, and
the platform temperature at approximately 35 °C. The powder diameter ranged from 80 to
100 um and the building direction was that given in Figure 8a. After the printing process,
the caliper was shot-peened and sandblasted for support removal and then heat-treated
for 240 min at 325 °C. The obtained component is shown in Figure 8a. More details and
parameters are omitted for confidentiality reasons.

4
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Figure 8. Manufacturing of the brake caliper: (a) as-built 3D-printed caliper with indication of the
build direction z, (b) detail of the milling process for machining the pistons’ seals on the inner pad
side, and (c) the machined caliper.
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Subsequently, the 3D-printed caliper was machined to refine regions requiring tight
geometric tolerances. Specifically, the caliper was installed on a custom fixture designed
for mounting on a three-axis CNC milling machine (Figure 8b). This setup enabled the
machining of the seats for the seals of the pistons and the caps (which required the use of
custom-designed tools), as well as the oil inlet and the bleeder. The latter, being inclined
relative to the milling machine axes, was machined using a tilting vise. The final caliper is
shown in Figure 8c.

Eventually, the entire brake caliper was assembled, and its overall dry weight was
measured to be 429 g.

3. Experimental Tests
3.1. Strain Gauge Measurement with Static Disc

Tests were carried out on an inertial dynamometer, the details of which are described
in [22], and aimed to validate the finite element analyses. Specifically, the test bench setup
involved connecting the brake caliper to a hydraulic system that allows for continuously
variable pressure application between 0 and 60 bar. Additionally, the bench is equipped
with an electric motor and a flywheel mass, enabling the brake disc to rotate and replicate
the kinetic energy of the vehicle, thereby simulating the actual braking conditions of the
vehicle [22]. Strain and displacement measurements were planned by taking advantage of
strain gauges and dial gauge, respectively. Concerning strain measurements, they were
planned at different points on the caliper, the positions of which were chosen to easily
place the strain gauges where the strain field was as elevated, uniform, and predominantly
uniaxial (if possible). Based on the numerical analyses discussed previously, five points
were identified, with a total of three axial strain gauges with a 3 mm base length (e,
€, and &3 in Figure 9), one with 1 mm base length (g4 in Figure 9), and one 90° biaxial
rosette strain gauge with a 2 mm base length (e5 and ¢4 in Figure 9). Additionally, five
thermocouples were included to compensate for thermal expansion effects and ensure that
the maximum operating temperature of the adhesives was never exceeded. Each of the six
strain gauges was connected in a quarter-bridge configuration to an IMC-CRONOS PL2
Data AcQuisition system. Similarly, two thermocouples were connected to the same DAQ,
while the remaining three were connected to a National Instruments® NI USB-9162 + NI
9211 module.

Before running the tests, the strain gauge readings were zeroed with the caliper fully
unloaded and the mounting bolts loosened. Thereafter, the bolts were tightened and the
static test, i.e., with the disc stopped, was conducted by applying by discretely increasing
and decreasing the pressure in the brake line between 0 and 50 bar. The results, shown
in Figure 10, present the experimental measurements of each strain gauge as markers
and the corresponding numerical values as solid lines of the same colors. Notably, the
measurements exhibited excellent agreement with the numerical estimates, with the error
almost always being less than 5%. It should also be noted that the small (negligible) residual
deformation at zero pressure is solely due to the bolt tightening (see Figure 10).
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Figure 9. Brake caliper installed in the dynamometer described in [22]. Details of the strain gauges
and thermocouples are given on the right side of the figure.
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Figure 10. Comparison between experimental and numerical caliper’s strains under static loading.

3.2. Dial Gauge Measurement with Static Disc

In addition to the strain gauge measurements, an experimental evaluation of the
caliper’s displacement field was conducted by placing analog dial gauges at three different
points on the caliper (points A, B, and C in Figure 11). These points were chosen for
the high values of the caliper’s displacement when loaded and their easy access, which
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Front view

allows for the proper positioning of the dial gauges. It should be noted that the selected
measurement points primarily capture the displacements resulting from the caliper’s
‘opening up’ deformation component [10]. Furthermore, the specific design of the test
bench does not permit absolute displacement measurements by mounting the dial gauges
rigidly to the frame since the brake caliper is fixed to a floating hub carrier that allows it to
move slightly relative to the frame [22]. For this reason, two dial gauges were placed on
one side of the caliper (points A and B in Figure 11), while the third gauge was positioned
in the opposite direction on the opposite face (point C in Figure 11). This arrangement
allowed for the evaluation of the caliper’s displacement field as the difference between the
displacements measured at points A and B and that measured at point C, i.e., f4 — fc and
fB — fc, so as to remove any rigid body motion of the caliper.

Figure 11. Position of the dial gauges for caliper displacement measurement with static disc.

Measurements were taken for some of the static pressure ramps between 0 and 50 bar
previously discussed for the strain gauge measurements. The results, shown in Figure 12,
exhibit excellent agreement between the experimental measurements (markers) and the
corresponding finite element analysis estimations (solid lines of the same colors). Figure 12’s
experimental results also include error bars of £0.02 mm, this value being considered
representative of the measurement resolution. This accounts for the intrinsic resolution of
the dial gauges, the precise positioning of the dial gauge, potential parallax errors, and the
compliance of the dial gauge supports.
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Figure 12. Comparison between experimental and numerical caliper’s displacements with static disc.

3.3. Strain Gauge Measurement with Rotating Disc

Strain measurements were also conducted under real braking conditions, i.e., with
rotating brake disc. The brake test bench facilitated the application of repeated braking
ramps at a constant initial speed v;4x and set pressure pqx [22]. In essence, the inertial
dynamometer accelerated the brake disc (along with the flywheels simulating the vehicle’s
kinetic energy) from 0 km/h to a maximum speed v, (defined by the operator up to
a maximum of 90 km/h) and maintained this speed for a few seconds (see green line
Figure 13). Subsequently, the motor turned off, and a constant pressure p;;y (also set by
the operator up to a maximum value of 60 bar) was applied and kept constant until the
disc completely stopped (see black line Figure 13). Eventually, this sequence was repeated
for a specified number of times. The advantage of these tests, as opposed to static tests
with a static rotor, is that they allow for validating the numerical analyses under a non-
zero braking force F,. Specifically, the rotating disc induces a braking torque M;, whose
instantaneous value is measured by the dynamometer and used to calculate the friction
force Fy acting on the pad as F, = M,/ (see blue line Figure 13). To validate the models,
tests were conducted with two different maximum pressures p;;ax (20 and 50 bar) and
varying the initial speeds v, between 30 and 70 km/h. A sampling frequency of 20 Hz
was used. At the end of each test, the strain measurements (see red line Figure 13, which
represents the measurement of strain gauge 4) were correlated with the corresponding pj;ax
and friction force Fj, values. Specifically, Figure 13 (in particular, the zoomed view at the
bottom) shows that during the entire braking cycle, both the pressure p (black curve) and
the braking force F, (blue curve) vary continuously from zero to a maximum value and
then return to zero at the end of the braking phase. Similarly, the strain measured by strain
gauge 4 (analogous to the measurements from all other strain gauges) evolves continuously
with p and F,. It starts from a value slightly above zero, reaches a maximum at the highest
pressure and braking force, and then stabilizes at a constant value for p = pyay and F, =0,
before finally returning to zero upon complete release of the pressure (p = 0). The initial
value slightly above zero is attributed to the pad lightly touching the disc at zero pressure
with the disc rotating, resulting in a slight braking force. This slight contact, while ideally
avoidable (for instance, by providing a greater return force from the piston’s hydraulic
seals), makes the system more responsive by eliminating the latency at the beginning of the
braking phase.
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Figure 13. Example of data acquisition from a repetition of 3 ramps at a constant initial speed
Vmax = 30 km/h (green line, referred to the left axis) and set pressure pjx = 50 bar (black line,
referred to the left axis). The same chart also gives the measured braking force F, (blue line, referring
to the right axis) and, for brevity, the strain gauge measurement of the strain gauge 4 only (red line,
referring to the right axis). The chart below is a zoom of the third ramp.

Given that the caliper deformation is a function of two parameters, a two-dimensional
comparison with numerical analyses required filtering the data. Only the portions of each
braking cycle with approximately constant pressure (p = puax = 1 bar) were extracted
and analyzed (see dashed black lines in the lower section of Figure 13). Specifically, all
deformation values within this window were used for comparison with the numerical
analyses, the results of which are shown in Figure 14.

Figure 14 illustrates all the strain value as a function of the braking force F, (with F, = 0
being the case of static brake disc) at an almost constant pressure and equal to either 20 bar
(blue markers in Figure 14) or 50 bar (red markers in Figure 14). Additionally, Figure 14
shows the strain values estimated from finite element analysis (as indicated in Figure 7)
for six different pairs of (pjuax, Fy) (see the six black markers in Figure 14). Intermediate
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values at constant p;,q, are estimated by assuming a linear relationship between the FEA
results (see black dashed lines in Figure 14). Note that, for brevity and clarity, Figure 14
shows only the data from strain gauge 4, i.e., the most stressed gauge (see Figure 10), with
the results from the other strain gauges being similar.
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Figure 14. Comparison between experimental and numerical strains with rotating disc.

An analysis of the figure indicates that the experimental results (markers in Figure 14)
are in good agreement with the numerical estimates (black dashed lines in Figure 14) for
both 20-bar and 50-bar pressures. Despite the huge scatter of the data, the average trend is
well captured by the numerical analyses, with maximum errors generally within +15% for
Pmax = 20 bar and +10% for pyax = 50 bar.

At the conclusion of the tests with the rotating disc, it was also possible to measure the
thickness of the brake pad’s lining material. As a result, this measurement confirmed that
uniform wear occurred on both the inner and outer pads, further validating the efficacy of
the analyses conducted and the correctness of the procedure used in the caliper’s design.

4. Conclusions

This study presents a comprehensive and systematic approach to conceiving, design-
ing for additive manufacturing, manufacturing, and testing a hydraulic brake caliper specif-
ically tailored for Formula SAE race cars and made from an Al-Mg-Sc alloy (Scalmalloy®),
an innovative Al-Mg-Sc alloy which was never adopted before to manufacture a brake
caliper. The focus is on a topology-optimized monoblock fixed caliper with four opposing
pistons, aiming to balance minimal mass with high braking force, which is crucial for
competitiveness in Formula SAE. The design process began with a detailed theoretical
analysis of the vehicle dynamic to define the design loads, including the required braking
force and applied pressure. This was followed by a preliminary design phase that defined
the caliper’s main dimensions and key geometric features, e.g., the size and position of
the pistons. Topology optimization was employed to minimize the caliper’s mass while
maintaining appropriate stiffness and structural integrity.

The final design was realized using laser powder bed fusion (LPBF) additive manu-
facturing by taking advantage of the high-strength, low-weight properties of Scalmalloy®.
The caliper was subsequently subjected to comprehensive experimental validation. Tests
conducted on an inertial dynamometer with both static and rotating brake discs confirmed
the caliper’s performance, demonstrating strong alignment with finite element analysis
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(FEA) estimations. The strain and displacement measurements showed excellent corre-
lation with numerical estimates, with errors generally within 5% and 15% for static and
rotating brake discs, respectively. Furthermore, the design ensured uniform wear of the
brake pads, as validated by post-test inspections, confirming the effectiveness of the design
process. In conclusion, this study successfully demonstrates the conceptualization, design,
manufacturing, and validation of a topology-optimized brake caliper for Formula SAE race
cars made of Scalmalloy® by using LPBF technology.
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Abstract: This research highlights the results of a comprehensive study of the efficiency of modernized
brake systems operation of freight wagons. The inspection of the modernized elements of the lever
brake system of bogies and the measurement of the wear parameters of composite brake pads during
each cycle of the experimental wagons in the interval of mileage from 2.1 to 197.8 thousand km
were carried out. A statistical approach was used to study the wear parameters of brake pads of
modernized bogies brake systems determined during operational studies. This allowed appropriate
dependencies of brake pad wear to be obtained. Based on the research results, a regression model
was developed. This makes it possible to predict the residual wear resource of composite brake
pads with modernized braking systems of bogies for the entire inter-repair period of operation of
freight wagons guaranteed by the wagon repair company. The peculiarity of the model is that it
considers the total and additional mileage of the freight wagon. This makes it possible to more
accurately predict the residual lifetime of composite brake pads. It was established that, under the
condition of uniform wear of brake pads, the average mileage of a freight wagon during the use
of modernized brake systems of bogies can reach up to 284.57 thousand km, which increases the
resource of composite pads” wear approximately by 2.59 times. The generated model was verified
by the F-criterion. Approbation of experimental devices for uniform wear of composite pads in
operation established that measures to modernize brake systems of freight wagons ensure the reliable
and efficient operation of the brake lever system as a whole.

Keywords: railway transport; brake pad; pad lifetime prediction; regression wear model;
brake system

1. Introduction

The development of the railway industry in the modern conditions of the competitive
environment is accompanied by an increase of the running speed of freight trains, axle
load, the improvement of structures and materials for the manufacture of components of
rail vehicles, an increase of the load factor of wagons, etc. [1-5]. However, special attention
should be paid to the modernization of brake equipment elements of wagons as one of the
most responsible factors from the ensuring traffic safety point of view [6-9].

The traffic safety analysis of the Wagon Management Department of the Ukrzaliznytsia
Stock Company (Kyiv, Ukraine) has indicated in recent years that the braking equipment
of freight wagons is too vulnerable in the current operating conditions. Currently, a lot of
effort is being put to solve the problem of wedge-dual wear of brake pads [10-15], because
this kind of wear leads to reduction of the working part of brake pads (Figure 1), and it is
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widespread in freight wagons bogies on the main transport network, including the tracks
with a gauge of 1520 mm.

Figure 1. Unusable composite brake pads with wedge-dual wear and significant reduction of their
working parts.

It is important to note that the uneven wear of brake pads can also affect the quality of
the wheel surface of wheelsets if it is significant.

Triangles are the main element of the brake gears of freight wagons, and they work
in such a way that, during the braking of a wagon, all brake pads of the bogie are pushed
against the wheels. The bogie brake system (BBS) must be balanced with respect to the
force load of each pad. Due to the dynamics of the interaction of the wheels with the
unevenness of the rail track, this balance is disturbed, and the pads wear out most often
in the upper part. As a result, this is the main reason for their wedge-dual wear. This
problem causes a decrease of braking efficiency of freight wagons due to the reduction of
the working part, i.e., the braking area of the contact between the brake pads and the bogie
wheels. Furthermore, this leads to an increase in the frequency of repairs of rail vehicles
running parts of rolling stock, additional costs of energy resources for train traction, and a
total decrease in economic and environmental indicators during freight transportation.

In this regard, it is necessary to modernize the elements of the BBS to prevent the
occurrence of wedge-dual wear of composite brake pads. This will make it possible to use
the pads for the entire inter-repair period of operation of freight wagons.

The issues of train movement safety within railway transport are relevant and they
depend on significant factors, particularly on the technical condition and the load of the
brake system elements. Thus, for example, the study of the thermal load of the brake
pad was carried out using the SolidWorks simulation software in the work [16]. Based on
the obtained results, an alternative solution of using composite material in the form of a
modified alkylbenzene resin is proposed, which helps to increase the friction coefficient of
the pads.

The study in [17] established the cause of harmful wedge-dual wear of the pads, and
identified possible ways to eliminate the specified deficiency, which leads to the premature
replacement of brake pads that have not used their working mass resource in the inter-
repair period. The work uses a statistical approach to planning experiments during field
tests of freight wagons with a typical and a modernized BBS, which were included in
one warehouse. However, the question of predicting the residual resource of brake pads
remained ignored by the researchers.

Another approach was proposed by a group of authors in the work [18], where the
issue of the uneven wear of brake pads was considered. To achieve the given task, a
complex multifactorial model is proposed. However, cases were considered where the
values of the studied parameters obey the normal law of distribution.

234



Vehicles 2024, 6

The author of the work in [19] developed a regression model of the friction of pads
and wheels of industrial transport locomotives in conditions of structural uncertainty.
This model is multifactorial, but it does not consider the wear of the pads by thickness
during operation.

Similar studies were conducted on the processing of the statistical material of nodes
of the transport and machine-building industry in the works in [20-22]. However, none
of them reflected the features of prediction of the residual resource of elements to reduce
planned and preventive repairs of brake systems of freight wagons.

In the production studies commissioned by the national Ukrzaliznytsia Stock Com-
pany (Kyiv, Ukraine), the development of design and technological documentation re-
garding the modernization of the freight wagons” BBS was carried out [23]. However,
no statistical studies of the wear of brake pads of the fleet of freight wagon of private
enterprises were conducted in this research work. Unlike the wagon of the Ukrzaliznytsia
Stock Company (Kyiv, Ukraine), they have a permanent location, and they are operated in
“softened” conditions.

One of the approaches to such statistical studies is proposed in [24]. There were
estimated parameters such as the force of pressing the brake pads on the rolling surface
of the wheel, the hardness of the material of the pads, etc., for the set value of the braking
distance, which depends on the speed of movement, the slope of the rail track, and the
radius of the curve during the braking of rail vehicles. Critical slopes of the braking distance
in the case of the full-service braking of the rail vehicle were statistically established.
However, the work did not consider the conditions when the braking area of the contact
between the pads and the wheels decreases in the presence of their wedge-dual wear. Thus,
itis not possible to reliably estimate the braking efficiency of the train under such conditions.

In the works in [25,26], the teams of authors presented the results of operational
studies on the assessment of factors that cause the appearance of defects of thermal origin
on the rolling surface of wheelsets due to the action of composite brake pads. To prevent
the occurrence of such defects, it is suggested to use improved blocks, which make it
possible to significantly reduce the number of wheel malfunctions. During the examination
of the brake equipment of the freight train, various malfunctions of the mechanical and
pneumatic parts of the brakes were discovered. An examination of the pads was carried
out, during which their wedge-shaped wear was revealed because of the interaction of
the upper end with the rolling surface of the wheels. However, the mentioned works did
not consider the issue of analyzing the collected statistical material of non-normative pad
wear and its processing to estimate the amount of wear, which affects the reduction of the
braking efficiency of the freight train and traffic safety.

The work in [27] includes the results of tests of freight rail vehicles of industrial
transport regarding the evaluation of braking efficiency, as well as a structural and dynamic
analysis of the braking mechanism. The conducted research consisted of determining the
type and parameters of the empirical dependence of the friction coefficient of the brake pad
on the wheel rolling surface, depending on the speed and braking, as well as in determining
the kinetic characteristics of the brake of the freight rail vehicles of industrial transport.
However, it should be noted that the specialists did not take into account the possible
wedge-dual wear (clinodual wear) of the pads of freight wagons in the research, which
significantly affects the evaluation of the braking efficiency of industrial wagons.

The research in [28] highlights the analysis of performance indicators of the brake
pads quality for various types of rail vehicle. Individual negative factors of composite
brake pads are given, and their impact on the environment and processes causing damage
to the rolling surfaces of rail vehicles” wheels are described. However, the authors did
not pay attention to the issue of the effective use of the brake pad working partly under
operational conditions.

As practice proves, the wedge-dual wear of brake pads occurs due to unprofessional
actions of workers who perform the maintenance and repair of freight wagons in violation
of regulatory technical documents [29]. That is, in some cases, brake pads previously
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removed from the wagons are again installed at their discretion. Therefore, their wear
obviously cannot correspond to the normal distribution law, and similar studies [30-32] do
not make sense.

The necessary cost reduction of the maintenance of rail vehicles in operation has
ensured the consideration of brake pads as a commodity that is often purchased at the
lowest price under the conditions of their satisfactory operation. However, this may not
lead to a reduction of operation costs, and the choice of friction material may have a direct
impact on the service lifetime of the wheel, which is usually much more expensive to
replace than other parts of wagons. Similarly, if low-quality materials are used for the
manufacture of brake pads, the resource of their working part will quickly decrease. It will
lead to an increase in the braking distance of the train and a decrease in the level of traffic
safety [33].

Publications [34-36] consider the peculiarities of the tribotechnical repairs operation.
A solution of increasing the efficiency of their work is proposed. The implementation of the
proposed solutions will help to increase the speed of movement, axle load, efficiency of the
braking system of rail vehicles, etc. However, at the same time, there are several problems
related to the wadge-dual wear of freight wagons’ brake pads that need to be solved. Thus,
the problems associated with the wear of brake pads and wheels of freight wagons actually
exist [37,38], and in this direction work is being carried out related to the modernization
of the elements of the brake lever system of freight wagons to ensure the safety of freight
trains’ operation by increasing the efficiency of their brakes.

As it is described in the overview above, the freight wagon transport is important,
together with its safe operation under the various loads [39,40]. Modern designs of freight
wagons should be supplemented by the reliable system of bogies with modern technical
solutions of safety components [41,42].

Currently, typical freight wagons’ brake pads for 1520 mm gauge are made of com-
posite material. The main requirements for such pads are covered in the regulatory doc-
ument [43]. Other regulatory documents apply to wagons of the European gauge, for
example [44,45].

To improve the strength of brake pads, research is being carried out on their production
from new materials.

Thus, the study [46] is aimed at analyzing the operation of tribotechnical units and
justifying the introduction of promising materials in their construction. Due to such
solutions, the speed of train movement increases significantly, the load on the axle of the
wagon increases significantly, the resource of tribotechnical parts increases—composite
brake pads and linings; bushings used in kinetostatic units, the operation of the braking
system of the rolling stock is improved, etc. However, the problems of non-normative
wear of elements of the tribotechnical unit—*“brake pad-wheel” were not investigated in
these works.

The publication in [47] examines the influence of low temperatures on the operation of
brake pads. The requirements for the material of their manufacture are specified there. It is
specified that it must have high strength and wear resistance to avoid cracks and fractures,
as well as sufficient hardness to ensure minimal wear of the wheel during braking. However,
the authors did not investigate the issue of wear of such pads in operation.

The work in [48] has the same drawback. It analyzes the use of the latest materials
in pads, including foam-aluminum inserts. The author gives options for the execution of
such blocks. However, the specifics of their operation and wear are not specified.

The study of literary sources in [16-48] makes it possible to conclude that the issues
of analysis and processing of statistical material regarding the wear of brake pads for the
purpose of prediction their residual resource in the inter-repair period of freight wagons
operation are relevant and require further development.

The purpose of the study is to highlight the features of prediction of the residual
resource of composite pads of modernized brake systems of freight wagons.

To achieve this goal, the following tasks are defined:
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e  To carry out an inspection of composite brake pads of freight wagons with the mod-
ernized BBS in operational conditions;

o To develop a regression model for prediction of the residual lifetime of composite
brake pads with the modernized BBS;

e  To verify the statistical hypotheses regarding the nature of the distribution of ran-
dom wear values of composite brake pads and their relationship regarding the data
belonging to one general whole.

2. Research Materials and Methods

To increase the reliable operation of the brakes of freight wagons, the modernization
of the BBS was carried out. It is carried out with the aim of eliminating structural defects
in the system of removing the brake pads from the rolling surfaces of the wheelsets. The
location of the technological hinge B connecting the vertical lever with the triangle spacer
was changed in the modernized BBS and was developed at the Ukrainian State University
of Railway Transport (UkrSURT) (Figure 2). This hinge is located on the same line A-A with
the hinges of the pendulum suspensions. Also, a curved rod is introduced. This rod keeps
the BBS constantly in balance with its ends in the cylindrical sliders. This ensures strictly
uniform gaps between the blocks and wheels, and it guarantees their normative wear.

Figure 2. A computer model of the modernized BBS developed according to the technology of
the UkrSURT with a device for uniform pad wear: 1—a brake pad; 2—a brake pad holder; 3—a
pendulum suspension; 4—a triangle; 5—a spacer triangle; 6—a lever; 7—tightening of levers; 8—a
hinged connection of vertical levers to struts of triangles, located on the line A-B-A; 9—a curved rod;
10—a cylindrical slider.

The modernized BBS developed according to the UkrSURT technology works as
follows. When the brakes are released, triangles with holders and brake pads move under
the influence of gravitational forces on pendulum suspensions, so that they move the pads
away from the wheels. Thanks to the balance of the brake system relative to the hinges
of the pendulum suspensions, the pads move away from the wheels evenly. In case of
accidental forces due to oscillations and tilts of the wagon during movement, the curved
rod works. Due to the placement of its ends in cylindrical sliders, it does not allow the
triangle to tilt, and therefore the pads to rest with the ends of the upper or lower parts
on the wheels. At this time, reaction forces are created in the sliders, which are balanced
on those parts of the curved rod that are contained in the sliders due to the symmetrical
location of the sliders relative to the hinge hole. The parts of the rods which are bent
vertically downward and are located near the ends of the cylindrical sliders keep the rod
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from longitudinal displacement and falling out from the action of longitudinal forces on it
during braking and the action of random forces from oscillations and tilts of the wagon.

Thanks to the guide device, the horizontal movement of adjacent triangles and brake
pads in the BBS occurs. Thus, the uniformity of the clearances between the blocks and
wheels is ensured when the brakes of freight wagons are released.

The approbation tests were performed under operating conditions in order to verify
the reliable operation of the modernized BBS and they were developed at the Department
of Wagon Engineering and Product Quality of the Ukrainian State University of Railway
Transport, Kharkiv, Ukraine. By the order of the Department of Wagon Management of the
Ukrzaliznytsia Stock Company (Kyiv, Ukraine), modernized BBSs were installed on ten
open freight wagons built for the Donetsk Railway by the Kryukiv Wagon Building Plant
(Kremenchuk, Ukraine) of a specified mileage and they were unhooked on special tracks
for inspections [23,49].

A commission inspection was carried out with an examination of the condition and
performance evaluation of the experimental devices of the modernized BBS with the
measurement of the gaps between the blocks and wheels and the thickness of the blocks to
determine their wear parameters. The statistical material obtained in this way is used both
to determine the reliability indicators of experimental devices as well as to evaluate their
parameters that affect the intensity of wear of brake pads [50,51].

Measurements were carried out in accordance with the developed “Program and
methodology for conducting scientific production research of brake systems and wheels of
freight wagons”.

Examinations showed that no damage or wear was found on any of the experimental
devices of the modernized BBS. The experimental devices of the modernized BBS ensure
the normative remoteness of brake pads from the wheels in freight wagons. In this manner,
the inclination of the brake pads upper ends and harmful friction of the upper ends of the
pads on the wheels during movement in trains without braking is eliminated. Thanks to
the experimental devices, the working mass of the pads wears out only during braking.
This leads to significantly less overall wear of the composite brake pads (Figure 3). The
obtained wear values of the composite brake pads of the examined test wagons proved the
probability of their lifespan until the wagons have traveled at least 210,000 km. This means
that it is before the first depot repair of new wagons without replacing the brake pads. It
should be noted that the periodical adjustment of the lever transmission mechanism by
rearranging the rollers in the hinged unit of the BBS is needed.

The values of the pads” wear of their upper and lower parts as the most worn during
the milage of 121.3 thousand km of freight wagons were processed by means of the Statistica
12.5 software (Informer Technologies, Altamor Drive, Los Angeles, CA, USA). The resulting
histograms are created based on X-quadrate criterion [6] depicted in Figure 4.

It can be seen in the histograms (Figure 4) that there is a rather large range of wear
values of composite brake pads—from the minimum value of 14 mm to the maximum
value of 32 mm. This indicates that the nature and intensity of brake pad wear is influenced
by a large number of various factors requiring the special research.

The information obtained during the research of the brake pads” wear depending on
the freight wagons’ mileage in operating conditions was subject to careful processing. The
general scheme of the freight wagons’ technical condition of freight wagons is possible
to visualize with the help of statistical processing methods. In this way, it is possible to
create the favorable conditions for the further serial introduction of updated freight wagons
designs into a production at wagon-building plants or their modernization at wagon repair
enterprises of the Ukrzaliznytsia Stock Company (Kyiv, Ukraine).

Calculations were made for the wear’s average value of all examined wagons with the
modernized BBS [23].
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Figure 3. A sample a composite brake pad with uniform wear with regard to the thickness: (a) the
first brake pad in the running direction (marked as JI1); (b) the second brake pad in the running
direction (marked as I12).
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Figure 4. The results of the statistical processing regarding the wear of composite brake pads during
the mileage of 121.3 thousand km of freight wagons: (a) the brake pad upper part; (b) the brake pad
lower part.

One bogie includes eight brake pads, and the total number of shoes under study was
of 80 units. Tables 1 and 2 show the average parameter values for the pads of each wagon.
The reliability of the sample was checked using the Student criterion.

. 0-2

T/ (1)

n=
where t is determined from the ratio @(f) = v/2; @(f) is the Laplace function; i is a tabled
value; ¢ is the root mean square deviation of the random variable under study, which must
be known in advance, even before experimental measurements; 82 is an absolute error of
the measurement result.
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Table 1. Average values of measured wear at the upper part of composite brake pads.

The Sequence of Thickness Reduction of the Upper Part of the Brake

Inventory Number of an Examined Wagon Pads y; [mm] with Increasing Mileage S [Thousand km]

4.60 16.20 24.10 74.10 121.30 164.60 197.80

61138707 0.75 3.63 5.75 17.38 25.50 33.25 40.63

61139481 0.50 3.13 5.88 16.00 23.63 32.75 40.63

61138970 0.50 4.13 6.75 13.63 22.00 29.75 37.13

61139168 0.13 2.88 6.25 16.00 24.25 33.13 39.50

61139317 0.88 3.25 6.13 16.13 23.88 31.63 38.25

61139176 1.13 3.63 6.88 16.00 24.88 32.38 38.38

61139556 0.25 3.25 5.38 15.13 22.75 30.63 37.25

61139531 0.25 3.00 6.25 16.00 22.75 31.25 39.25

61140083 1.13 3.88 6.25 17.50 25.00 33.25 39.63

61140307 0.38 3.00 5.63 16.00 23.38 30.63 37.38

Average value for all wagons 0.59 3.38 6.12 15.98 23.80 31.87 38.80

Table 2. Average values of measured wear at the bottom part of composite brake pads.

The Sequence of Thickness Reduction of the Bottom Part of the Brake

Inventory Number of an Experimental Wagon Pads y; [mm] with Increasing Mileage S [Thousand km]

4.60 16.20 24.10 74.10 121.30 164.60 197.80

61138707 0.50 3.25 5.25 13.25 20.63 29.50 36.50

61139481 0.63 3.25 6.25 15.88 23.38 31.75 39.38

61138970 0.63 4.00 7.00 14.00 22.38 30.25 37.00

61139168 0.38 3.38 6.13 15.38 23.63 31.38 38.25

61139317 0.63 3.25 5.88 14.5 22.25 29.75 36.38

61139176 0.38 2.63 6.00 14.75 22.25 29.75 36.50

61139556 0.63 3.13 5.88 15.38 23.13 30.88 38.00

61139531 0.63 2.88 5.50 18.00 25.88 33.25 40.50

61140083 0.38 2.50 5.13 14.88 22.75 30.63 37.50

61140307 0.88 3.13 5.88 16.13 24.13 30.75 37.25

Average value for all wagons 0.57 3.14 5.89 15.22 23.04 30.79 37.73

As is known from the statistical theory [52-54], there are two sources of information
when considering any task using the laws of mathematical statistics. The first source is the
results of observations (examinations). In addition, the observation process can be adjusted
based on the previous results (the so-called sequential analysis). The second source is a
priori information about the properties of the object under the study;, i.e., it is the wear and
tear accumulated at this moment for a certain mileage of a wagon. This information is
displayed in the model, which is selected for the task consideration.

3. The Research Results

The wear value was determined considering the theory of statistical inferences [55]
based on the data given in Tables 1 and 2, where #; is the average value of brake pad wear
for all wagons. Its value equals 60.27 mm for the upper part and it equals 58.19 mm for
the bottom part of the pads. The median interval is from 24.1 to 74.1 thousand km, and
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relative frequendies density /|

0.0801

the frequency equals 15.98 mm for the upper part and 15.22 mm for the bottom part of
the pads.
The median is obtained by the formula:
Zzni —SM, 4
n M,

M, = xp, + “h @)
where x), is the beginning of the median interval, 11,y, is the median interval frequency,
and snyy, , is the accumulated frequency of the interval preceding the median.

The histograms of relative frequencies of the variation series were created (Figure 5)
based on the results of the performed calculation. A horizontal axis of these histograms
represents the partial intervals of the length /1, and their heights equal to the relative
frequency densities f;. The area of the i-th partial rectangle is determined by the formula:

hfi:h(%) = w; ©)

where wj is the relative frequency of the options belonging to the i-th interval.
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Figure 5. Histograms of the density distribution of the average wear of the composite brake pads
depending on the mileage of the examined wagons: (a) the upper part of the pads; (b) the bottom
part of the pads.

The area of the histogram of relative frequencies equals the sum of all relative frequen-
cies, i.e., 1.0.
All calculations were performed using the Excel software (Microsoft Corporation,
Redmond, Washington, DC, USA) and the results are summarized in Tables 3 and 4.
To characterize the properties of a statistical distribution in the mathematical statistics,
the concept of an empirical distribution function is introduced as follows:
E()="2= Y O, )

i <x

where 1 is the volume of a sample; 1y is the frequency of the variant of the value x;, which
is smaller than x.

The empirical function F, (x) was used to estimate the theoretical distribution function
of the general population. Their difference consists of the fact that the theoretical func-
tion F(x) determines the probability of the event x; < x, and the empirical function F, (x)
represents the relative frequency of this event [52,54].
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Table 3. The results of the calculated average wear of the upper part of the composite brake pads of
the modernized BBS.

Mileage Interval 2
(Thousand km) a;_q a; x; n; xin; x;i°n; w; fi s; sw;
0to4.6 0 4.6 2.3 0.59 1.36 3.12 0.0049 0.0011 0.59 0.0049
4.6 to 16.2 4.6 16.2 10.4 3.38 35.15 365.58 0.028 0.0061 3.97 0.0329
16.2to24.1 16.2 241 20.2 6.12 123.62 2497.2 0.0508 0.011 10.09 0.0837
24.1to 74.1 24.1 741 49.1 1598  784.62 38,524.74 0.1326 0.0288 26.07 0.2163
741t0121.3 741 1213 977 23.8 2325.3 227,177.9 0.1974 0.0429 49.87 0.4137
121.3 to 164.6 121.3  164.6 143  31.87 4557.4 651,709.6 0.2644 0.0575 81.74 0.6781
164.6 to 197.8 1646 1978 1812 388 7030.6 1,273,937 0.3219 0.07 120.54 1
Total 120.54 14,858 2,194,216 1
Note: 2;,_1—the left limits of the bogie run; a;,—the right limits of the bogie run; x;—the average mileage of wagons;
n;—the average value of pad wear for all wagons; x;n,—weights of statistical distribution; x,zni—weights of the
square of the statistical distribution; w;—relative frequency; fi—relative frequency density; s;n;—accumulated
frequencies; s;w;—accumulated relative frequencies. The width of the interval /' = 4.6; sample mean arithmetic
value of the sample x’¢, = 123.26; the arithmetic mean of the squares of the sample values x’cpz = 18,203; sample
variance D'p = 3010.2; sample mean square deviation ¢’y = 54.865; the modus M’, = 6.283; the median
M. =1.1332.
Table 4. The results of calculating the average wear of the bottom part of the composite brake pads of
the modernized BBS.
Mileage Interval 2
(Thousand km) ai_1 4 X; n; xin; xi°n; w;j fi sn; SW;j
0to4.6 0 4.6 2.3 0.57 1.31 3.02 0.0049 0.0011 0.57 0.0049
4.6 to 16.2 4.6 16.2 10.4 3.14 32.66 339.62 0.027 0.0059 3.71 0.0319
16.2to24.1 16.2 24.1 20.2 5.89 118.98 2403.36 0.0506 0.011 9.6 0.0825
24.1to 74.1 24.1 74.1 49.1 1522 747.3 36,692.53 0.1308 0.0284 24.82 0.2133
74.1t0 121.3 741 1213 977  23.04 2251 219,923.5 0.198 0.043 47.86 0.4113
121.3 to 164.6 121.3  164.6 143 30.79 4403 629,624.7 0.2646 0.0575 78.65 0.6759
164.6 to 197.8 1646 1978 1812 37.73  6836.7 1,238,806 0.3242 0.0705 116.38 1.0
Total 116.38 14,391 2,127,792 1

Note: the interval width 1" = 4.6; the sample mean arithmetic value of the sample x” cp = 123.26; the arithmetic
mean of the squares of the sample values x” sz = 18,203; the sample variance D" g = 3010.2; the sample mean
square deviation ¢’ g = 54.865; the modus M", = 6.283; the median M", = 1.1332.

The empirical distribution function tends to the theoretical one in probability (con-
verges in probability to F,(x) in the case of a large sample volume:

lgrer(|F*(x)fF(x)\ <e)=1 Vx, Ve>0. 5)

at which, a sample of size n with the values x1, x2, ..., x, of the random variable x is
considered. The average indicators called as the sample numerical characteristics are used
to characterize the most important properties of the statistical distribution.

Furthermore, empirical distribution functions (Figure 6) were created for the upper
and bottom parts of the composite brake pads with the modernized BBS of examined
wagons based on the calculation results listed in Tables 3 and 4.

Today, there are several different software products, which implement the method of
least squares (LSM). Their application is very diverse: statistics, econometrics, assessment
of measurement errors, etc. [52,53,56,57].

In order to understand the practical implementation of one of them, the task of
determining and predicting the composite brake pads” wear of the modernized BBS of
freight wagons using the least squares method (LSM) was considered.
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Figure 6. The graph of the empirical distribution function of the composite brake pads” average wear
depending on the mileage of the examined wagons: (a) the upper part of the pads; (b) the bottom
part of the pads.

The obtained results of the experiments were analyzed to compare the analytical
functions in the intervals with the well-known Weierstrass theorem. The point of this
procedure is to assess whether the approximate dependence of the composite brake pads’
wear on the mileage of the wagons is reliably selected. At the same time, the number of
members of the polynomial series is determined from the real possibilities of carrying
out scheduled and preventive repairs of wagons, although this may be the reason for the
disagreement according to the criteria, such as the Fisher’s criterion, the Student’s criterion,
etc. Generally, many statisticians believe that several of known criteria do not always give
a positive conclusion from the calculation results’ consistency point of view. Despite that,
research is confirmed in practice [58,59]. Therefore, a form of the approximate function of
the regression analysis can be chosen considering the convenience of its further use. On the
contrary, other experts believe that the appearance of this function should be justified.

In the performed study, a combined approach was chosen to solve this problem. The
preliminary analysis of the process was investigated based on the statistical data. Then, the
mathematical model has the following form:

§=PBo+p1-x+py-x% (6)

This is a nonlinear model of the second order. In a significant number of cases of
choosing the type of approximation models of the braking processes of wagons, a reliable
dependence of pad wear on mileage is obtained. It corresponds to the linear model of
regression analysis [48,49], which satisfactorily describes the process of the studied pad
wear during braking. Therefore, the formulation (6) can be reduced to linearity. To do this,
it is considered that x; = x and x, = x2. This results in a linear model (for linear models,
there are powerful algebraic tools for their research), which looks as follows:

J=PBo+p1-x1+p2-x2 (7)

There will be deviations between the values i calculated by the model and the experi-
mental calculations 7;. This deviation will be denoted as:

hi=0—0;,i=1,2,..., 1. (8)

The formulation (8) is called residues. They include the influence of unaccounted
factors, namely variables, random disturbances, observation errors, etc. Their values may
vary from one observation to another.
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LSM makes it possible to find the following values (estimates), by, b1, by, of the model’s
initial parameters By, B1, B2. This is because of the necessary criterion for selecting the
coefficients of the model, which must consider the circumstance of the obtained regression
function (if it is presented on a graph). It will pass as closely as possible between the
experimentally obtained variables:

n
U=y u? - min. )
i=1
Furthermore, this model will be written in the following form:
J=0bo+Dby-x1+by-x. (10)

when, the partial derivatives by values by, by, by are considered and they equal zero, a
system of three equations with three unknowns is obtained. Its solution leads to the
determination of values by, by, by. As, in our case:

u:ZuizzZ(?i*bO*bi'xn*bZ'xiz)Z, (11)

the following is obtained:

au noo
=22 (i —bo—bi-xq —by-xpp) =0,
Bbo i=1
au LN
7:72.Z(yifbofb,"xz‘l*bz‘xiz)'xil:O’ (12)
ng
n
= =-2-% (i —bo—b; - xip — by - xpp) - xp = 0.
abz i=1

The system of Equation (12) results in the following system of algebraic equations:

n n n
bon+by- Y xjp+ba- X xp= Y Ui,
i=1 =1 -1

n n n n
bo- Lxp+bi- L af+by- Yoxncxp =Y xa g (13)
i=1 i=1 i=1 i=1
n n n > n N
bp- X xp+br- Xxinxptby Xoxh =Y xp- B
=1 iz -1 iz

The solution of this system (13) leads to the unknown coefficients by, by, by:

bo=9—by-x1—by-x2. (14)

)n: (xin —x1) - (9 —?)")::1 (x = %) ¥ (x2— %) - (7 =7) L (xn —%1) - (x2 — ¥2)

i=1

—-

n n n 2 (15)
21 (xn—%) ¥ (xp — %) — (Z (xin —%1) - (xi2 *?2))

i=1

2
(xi1 —%1) - (xi2 *?2))

Ir=

(xin —31)*- i (x — %) — (

Itis

)n: (32— %) - (9 ) 5 (xa — 1)’ - (i~ %) - (9 *?)‘i (xit —x1) - (xi2 = %2)
b, = i= i=1 _ i=1 i=1
2 : . (16)

n n n 2 I 2
L (a-m) L (o —%) - (): (xn *?1)'(?61'2*?2)) (xn =) ¥ (xp— %)’ — ( (%1*@)'(&2*@))
1 i=1

i=

-

i

i

=
=

Substituting their values into the general form of regression results in the so-called
regression line with coefficients b; and by, which are called regression coefficients 7/ for x;
and v for x,, respectively.

The found point (b, by, by) is the point of satisfaction of the mentioned condition.
However, regarding the mathematical analysis, there is a theorem that makes it possible to
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determine sufficient conditions for the extremum of a function. In our case, the minimum
of a function U (by, by, by).

Thus, a regression model was developed for predicting the residual life of composite
brake pads with the modernized BBS, which considers the mileage of the freight wagons—
general and additional. The additional mileage is the distance covered by the wagon during
maintenance with uncoupling or repair, i.e., shunting work at a station, shunting operations
associated with the supply of wagons (loaded or empty) along the tracks to industrial
enterprises, or from them to the main railway tracks.

Figure 7 shows the graphs of the linear regression created based on the results of
experimental data processing (Tables 5 and 6). This makes it possible to predict the residual
resource of composite brake pads for their maximum thickness of 10 mm [29] for the
modernized BBS in the case of their use for the entire inter-repair operation period of
freight wagons. Under the condition of installing the modernized BBS, the average mileage
of a freight wagon in case of the uniform wear of brake pads can reach 284.57 thousand km.
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Figure 7. Graphs of the linear regression with a prediction of the composite brake pads’ life extension
depending on their average wear, taking into account the mileage of the examined wagons: (a) the
upper part of the brake pads; (b) the bottom part of the brake pads.

Table 5. The results of calculating the average residual life of the upper part of composite brake pads
with the modernized BBS.

x y ** xy Ylin dpia a2
0 0 0 0 0.46936 —0.4694 0.22029
4.6 0.59 21.16 2.714 1.3607 —0.7707 0.59397
16.2 3.38 262.44 54.756 3.60843 —0.2284 0.05218
24.1 6.12 580.81 147.492 5.13921 0.98079 0.96195
74.1 15.98 5490.81 1184.12 14.8277 1.15229 1.32777
121.3 23.8 14,713.7 2886.94 23.9737 —0.1737 0.03016
164.6 31.87 27,093.2 5245.8 32.3639 —0.4939 0.24393
197.8 38.8 39,124.8 7674.64 38.7971 0.00295 8.7 x107°
602.7 120.54 87,287 17,196 - - 3.4303

It can be seen in the linear regression graphs (Figure 7) that it is not necessary to replace
the composite brake pads by using modernized BBSs with devices for uniform removal of
the pads during the inter-repair period of the wagon operation. The combined criterion
applied in the studies confirms that the mileage of freight wagons repaired according to the
standard frequency should be of 110,000 km after the last depot repair, and of 160,000 km
for the last major repair [49].

A similar technique is used in the case of finding m regression coefficients by, by, by, .. ., by
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To estimate the density of the connection between x and y, the correlation coefficient
and the coefficient of determination is used. It shows how much the variation of the variable
x explains the variation of y. The standard error of the residuals is applied to evaluate how
well the regression line explains the relationship between x and y. It shows the deviation of
the empirical values from the regression line.

Table 6. The results of calculating the average residual life of the bottom part of composite brake
pads with the modernized BBS.

x y ? xy Yiin dpia @
0 0 0 0 0.37035 —0.3704 0.13716

1 2 3 4 5 6 7
4.6 0.57 21.16 2.622 1.23599 —0.666 0.44354
16.2 3.14 262.44 50.868 3.4189 —0.2789 0.07778
241 5.89 580.81 141.949 4.90553 0.98447 0.96917
74.1 15.22 5490.81 1127.8 14.3146 0.90538 0.8197
121.3 23.04 14,713.7 2794.75 23.1968 —0.1568 0.02459
164.6 30.79 27,093.2 5068.03 31.3451 —0.5551 0.30811
197.8 37.73 39,124.8 7462.99 37.5927 0.13728 0.01885

Testing the hypothesis about its adequacy is an important subsequent step in the
creation of a regression model. To do this, the F-criterion [51-53] is considered. Furthermore,
the t-test was applied to test the hypothesis, whether the estimated regression parameters
are statistically significant or different from zero. The F-criterion of the model adequacy
has the form:

(n=2)- L5 -7)
Fno= — . (17)
El(?i )

The observed value of the t-test to test the significance of the correlation coefficient is
determined by the expression:

reyn—2
thp = ——. (18)
V1—12
The observed value of the t-test for testing the hypothesis:
b — B
H()Z bliﬂi(Hlib,‘:,Bi): t,1,2:ITﬁl, 1 0,1
n
5 L (i— 9:)*
A ~ € A =
Oy = 0 = = (19)
¥ (xi—%)?
i=1

And, the observed value of the t-test for testing the hypothesis:

Ho: b;=0(Hy:b; #0) tnfzzAbe.
Ob;

If the straight line is placed so that the points are approximately equally placed on
both sides of it, then the parameters of the linear equation can be determined quite simply.
LSM is most often used to determine the parameters of the equation of form

Y = k-x+Db. At the same time, the condition of the sum of the squared deviations
(distances) of all investigated points from the ordinates calculated according to the equation
of the straight line ¢;, is minimal. In other words, the straight line should pass as close as
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possible to the peaks of the empirical regression line. This means that the parameters k and
b of the regression equation must be determined from the expression:

& =) (yi—¥i) = min (20)
i=1

where y; are the ordinates of the studied points; y;—the ordinates of the calculation points
determined by the regression equation 7 = kx + b as follows:

g = i[?/i —(k-x+ b)}z = F(k,b)min. (21)
i=1

A necessary condition for the extremum of this function is the equality of partial
derivatives taken by the parameters k and b:

oF oF ;o /
i 0 and % = 0, [F(u)]" = Fu(u)*u". (22)
From here:
oF n
= =-2Ylyi—(k-xj+b)]-x =0,
ok =
oF n (23)
= 2 Llyi—(kxi+b)]=0.
i=1

Simplifying these expressions, the system of linear equations is obtained as follows:

n n n
Yyirxi=k-Lxi+b- Y x,
i=1 " i=i " i=1 (24)

Yyi-xi=k-Yxi+b-n.
i=1 i=i

The parameters k and b are found by substituting the numerical values of the corre-
sponding quantities into the system.

Similar calculations are performed using the Cochrane quality criterion. However,
due to this condition, the number of measurement points is increased to 53. The results of
the calculations are described below.

The validity of the null hypothesis was checked according to the Cochrane quality
criterion. The ratio of the maximum corrected variance to the sum of all corrected variances

was considered:

SEax 116.65
Gone = i — — 0.5154. 25
€T T2 116,65 + 109.66 @)

The distribution of this random variable depends on the number of degrees of freedom
k=n —1=>52, where n is the sample size, and it equals the value of 53.

The critical point G, (0.05;52;2) = 0.6543 was found according to the table in the
appendix of the documents [51,57,58] at the significance level of 0.05, the number of
degrees of freedom being 52, and the sample value [ = 2 (wear from above and below).

As G¢r > Geye and their difference is insignificant, there is no reason to reject the null
hypothesis. Therefore, the final general variance under the condition of homogeneity of
variances is established as follows:

1 0@
D(x) = 5 - (s1 + sz) . (26)
Thus, the corrected variances are practically equal, i.e., S% ~ S%.

Whereas the data in the task of sampling the wear of the upper and bottom parts of
the composite brake pads have the same volume, the comparison of two average normal
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general populations is considered [54]. When the notation d; = (X1); — (X3); is introduced,
the corrected mean square deviation equals:

d. 2

In order to test the null hypothesis for a given significance level of a = 0.05, it is
necessary to determine the value of the observed criterion:

d-vn _ 13.90331, (28)

Tene =

where d = Y"d;/n is the average difference.

Based on the critical points of the distribution, the given level of significance « = 0.05,
and the number of degrees of freedom k = n — 1 = 52, the value of the critical point
tpyer = 2.01 is found. Hence, it can be concluded based on the findings |Teyuc| > tpyer
that the obtained results are a confirmation of the fact that the wear of the upper and bottom
parts of the composite brake pads has different values on average.

4. Discussion

To eliminate the wedge-dual wear of the brake pads of freight wagons with a gauge
of 1520 mm, the modernization of the BBS is proposed. This modernization consists of
changing the location of the technological hinge B (Figure 2), which connects the vertical
lever with the strut of the triangle. The specified hinge is located on the same line A-A with
the hinges of the pendulum suspensions. In addition, a curved rod is introduced, which,
with its ends in the sliders, keeps the BBS constantly in balance, which ensures strictly
uniform gaps between the blocks and wheels and guarantees their normative wear.

To justify the proposed modernization, complex studies of the technical condition of
the BBS during the maintenance of freight wagons in the fleets of the sorting station were
carried out.

Based on the collected statistical material (Tables 1 and 2), a regression model was built.
It allows the residual resource of composite brake pads to be predicted with a modernized
BBS. The peculiarity of this model is that it considers the total and additional mileage of
freight wagons.

As part of the study, graphic dependencies of the composite brake pads” wear with
the modernized BBS were formed in terms of thickness, which depends on the mileage
of freight wagons. It was established that there is no need to replace the composite
brake pads, considering the use of modernized BBSs during the inter-repair period of the
wagon’s operation.

To check the adequacy of the created model, its verification was carried out using the
F-criterion. The results of the calculation established that the hypothesis of adequacy is
not rejected.

This study has certain advantages in comparison with known ones. For example, in
contrast to works [16,17,32,33], the team of authors predicted the residual resource of brake
pads, and did not determine their load in operation. In contrast to works [18,28], within
the framework of this study, solutions aimed at increasing the resource of brake pads in
operation are proposed. The model proposed by the authors in this research considers the
brake pads’ wear by thickness during operation, which was not studied in works [19,30,31]. In
comparison with the research results highlighted in works [20-22], this presented research
proposes the improvement of the BBS to increase the resource of the brake pads. In contrast
to works [23,24,27], the most unfavorable type of brake pads’ wear was considered and a
solution was proposed for its elimination. In comparison with studies [25,26,29], the authors
evaluated the brake pads’ wear considering the proposed modernization of the BBS and
not typical designs. Unlike the works [46—48], the authors examined the most unfavorable
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operating conditions of brake pads. This will allow solutions aimed at increasing their
service life in the future to be proposed.

The described methodology can be also applied to other means of railway transport,
such as trams, passenger wagons, etc. [59-62].

Despite the fact described above, this presented study has a certain limitation. At this
stage, the authors did not consider the influence of over-normalized modes on the brake
pads’ wear of the modernized BBS, or the influence of the inherent degree of freedom of
the cargo loaded in a wagon on the braking efficiency, or the malfunction of the harness
device of the automatic coupler, etc.

One of the main future challenges of this study consists of the fact that the efficiency
of the modernized design of the BBS has been proven only on an open wagon type so far.
The effectiveness of such a BBS on other wagon types has not been considered. However,
it should be noted that this wagon type makes up more than 50% of the inventory of the
Ukrzaliznytsia Stock Company (Kyiv, Ukraine). These questions will be considered as a
further development of the research.

The results of this study will contribute to increasing the efficiency of the operation of
rail vehicles and the profitability of railway transport as a whole. The conducted research
will also contribute to improving the environmental friendliness of rail transport [63,64].

5. Conclusions

1. Comprehensive experimental studies of the technical condition of modernized
brake systems in operational conditions during the maintenance of freight wagons in the
fleets of the sorting station were carried out. During each run of experimental freight
wagons with the modernized BBS, the parameters of composite brake pads were measured
during maintenance at control points in the range of 2.1 to 197.8 thousand km mileage.

2. A regression model was developed for predicting the residual life of composite
brake pads with the modernized BBS, which considers the total and additional mileage of
the freight wagon.

It was established that, under the condition of using the modernized BBS on freight
wagons, the average mileage of a wagon with uniform wear of composite brake pads can
reach up to 284.57 thousand km. It was established according to the results of mathematical
calculations that the use of the modernized BBS helps to increase the resource of composite
brake pads by approximately 2.59 times.

3. The verification of statistical hypotheses was carried out according to the nature of
the distribution of random values of the wear of composite brake pads with the modernized
BBS and their relationship regarding the data belonging to one general inventory.

It was established that the average wear of composite brake pads of the upper and
bottom part of the brake pads has different values. It is proved according to the results of
the calculations that the heterogeneity of the dispersion does not depend on the quantitative
indicator of the sample of this experiment.
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Abstract: Design for Additive Manufacturing (DfAM) encompasses two primary strate-
gies: adapting traditional designs for 3D printing and developing designs specifically
optimized for additive manufacturing. The latter emphasizes consolidating assemblies and
reducing weight, leveraging complex geometries and negative space through advanced
techniques such as generative design and topology optimization. Critical considerations
in the design phase include printing methods, material selection, support structures, and
post-processing requirements. DfAM offers significant advantages over conventional sub-
tractive manufacturing, including enhanced complexity, customization, and optimization,
with transformative applications in aerospace, medical devices, and automotive industries.
This review focuses on the automotive sector, systematically examining DfAM’s potential
to redefine vehicle design, production processes, and industry standards. By conducting a
comprehensive analysis of the existing literature and case studies, this research identifies
gaps in the integration of additive manufacturing into broader manufacturing frameworks.
The study contributes to the literature by providing insights into how 3D printing is cur-
rently reshaping automotive production by offering a forward-looking perspective on its
future implications for the industry.

Keywords: additive manufacturing (AM); design for additive manufacturing (DfAM);
lightweight parts; automobile

1. Introduction

The automotive industry is at the forefront of a technological revolution, driven by
the rapid adoption of additive manufacturing (AM), commonly referred to as 3D printing.
AM is fundamentally reshaping vehicle design and production by introducing new levels
of flexibility, efficiency, and sustainability. Unlike traditional subtractive manufacturing
processes that rely on costly molds, dyes, and tooling, AM builds components layer by
layer, allowing for greater design freedom and material efficiency. This shift is signifi-
cantly reducing barriers to entry in automotive production, as high initial costs and rigid
manufacturing constraints have long hindered innovation and market competitiveness [1].
One of the most profound advantages of AM in the automotive sector is its ability to
streamline prototyping and product development. Engineers can now rapidly produce and
test multiple design iterations, accelerating innovation cycles and reducing time-to-market.
The flexibility of AM also enables the production of highly customized and lightweight
components, which is crucial for improving vehicle performance and fuelling efficiency [2].
For instance, polymer-based composite materials manufactured using AM techniques have
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been widely explored for their potential in lightweight structural applications, reducing
overall vehicle weight without compromising durability or safety [3].

Beyond prototyping and lightweighting, AM is transforming the supply chain by facil-
itating on-demand production and reducing dependency on large-scale warehousing. This
is particularly beneficial for automotive spare parts, where traditional inventory models
often lead to excessive costs and logistical inefficiencies [4]. By enabling localized and
decentralized manufacturing, AM minimizes lead times and ensures that critical compo-
nents are readily available when needed. Moreover, the use of AM in producing complex
tooling solutions, such as custom jigs and fixtures, enhances assembly line efficiency and
precision while lowering production expenses [1]. The rise in metal additive manufacturing
(MAM) has further expanded the scope of AM in the automotive industry, particularly in
the fabrication of high-performance engine components and structural elements. Unlike
conventional metal casting and machining processes, MAM allows for the creation of
intricate geometries and optimized internal structures that improve component strength,
thermal efficiency, and material utilization. This is particularly advantageous for internal
combustion engine (ICE) components, where performance optimization and weight reduc-
tion are critical factors [5,6]. Additionally, AM facilitates the integration of novel materials
and multi-material printing techniques, enabling the development of components with
enhanced mechanical and thermal properties.

Despite its numerous advantages, the widespread adoption of AM in the automotive
industry is not without challenges. Issues such as scalability, consistency in material prop-
erties, and regulatory compliance remain key concerns [7]. The need for standardization in
AM processes and materials is essential to ensure reliability and safety in mass production.
Additionally, cost considerations, particularly for high-performance metal AM systems,
continue to be a limiting factor for broader industrial implementation [8]. However, on-
going research, advancements in printing technologies, and increased investment from
automotive manufacturers are addressing these challenges, paving the way for a more
sustainable and efficient future in automotive manufacturing.

This article delves into the transformative impact of additive manufacturing on auto-
motive design, exploring its benefits, challenges, and future directions. By analyzing the
latest developments and real-world applications, we aim to highlight how AM is shaping
the next generation of vehicle production and driving innovation in the automotive sector.

2. Understanding Design for Additive Manufacturing (DfAM)

2.1. Definition and Principles (DfAM)
2.1.1. What Is DfAM?

Additive manufacturing (AM), or 3D printing, is a transformative technology that
creates three-dimensional objects from digital files, gaining traction across various indus-
tries due to declining costs and increased capabilities. Its applications range from rapid
prototyping to on-demand production, but the full potential of AM is realized only when
designs are specifically tailored for its processes, adhering to the principles of Design for
Additive Manufacturing (DfAM). This approach allows for significant cost reductions,
particularly in low- to medium-volume production, by eliminating the need for expensive
tooling and enabling the creation of complex geometries. Industries such as aerospace,
consumer products, and medical devices benefit greatly from AM’s capabilities for mass
customization and efficient spare part manufacturing. As AM technologies continue to
evolve, they are reshaping manufacturing practices and paving the way for more efficient
and customizable production methods.
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2.1.2. Key Principles of D AM

Design for Additive Manufacturing (DfAM) involves customizing product designs
specifically for 3D printing to maximize the advantages of additive manufacturing tech-
nologies [9]. The design phase is crucial; as it requires careful consideration of how parts
will be manufactured, leading to stronger, lighter components with improved performance.
One of DfAM’s key benefits is the ability to consolidate complex assemblies into single
parts, simplifying production and reducing costs. DfAM also optimizes support structures
and build directions, minimizing material usage and print times. Intelligent design features,
such as conformal cooling ducts, enhance functionality and process reliability. To succeed in
AM, designers should avoid features like thin walls and intricate channels that complicate
printing. Instead, using thicker cross-sections and managing internal cavities can prevent
issues during production. Overall, DfAM represents a strategic approach that integrates
thoughtful design considerations from the outset to improve the efficiency and quality of
additive manufacturing processes.

2.1.3. Benefits of DFAM

DfAM involves optimizing design parameters to fully leverage the capabilities of
specific AM technologies, each of which offers unique advantages. For instance, in Laser
Powder Bed Fusion (LPBF), design parameters such as lattice structures and topology
optimization enable lightweighting and high strength-to-weight ratios, making it ideal
for aerospace and automotive applications. Fused deposition modeling (FDM) benefits
from design considerations like minimal support structures and layer orientation, which
reduce material waste and improve production efficiency, particularly for prototyping
and functional parts. Stereolithography (SLA) excels in achieving high surface finish and
intricate geometries, making it suitable for detailed components in medical devices and
consumer products. Electron beam melting (EBM) allows for high-temperature-resistant
designs with complex internal features, often used in the production of turbine blades
and orthopedic implants. This scope is based on widely adopted AM technologies—LPBF,
FDM, SLA, and EBM—due to their diverse applications and ability to demonstrate the
transformative potential of DFAM. By detailing how specific design parameters align with
the strengths of each technology, this section highlights the tailored advantages of DfAM
across industries. DFAM has emerged as a critical area of research, focusing on optimizing
the design process to fully leverage the capabilities of AM technologies. Tang and Zhao [10]
provide a comprehensive review of design methods tailored for AM, emphasizing strategies
such as topology optimization, lattice structures, and multi-material designs to enhance
functional performance. These methods enable designers to create components with
superior mechanical, thermal, and aerodynamic properties, which are often unachievable
through traditional manufacturing techniques. For instance, topology optimization allows
for the redistribution of material within a design to achieve optimal strength-to-weight
ratios, while lattice structures can reduce weight without compromising structural integrity.

Building on this, Pradel et al. [11] introduce a framework for mapping DfAM knowl-
edge, addressing the integration of AM-specific principles like part consolidation and
lightweighting into traditional design workflows. Their framework highlights the impor-
tance of understanding AM processes and materials early in the design phase to maximize
the benefits of AM, such as reduced assembly requirements and improved product per-
formance. Wiberg et al. [12] further explore the available design methods and software
tools for DfAM, highlighting the role of simulation, generative design, and topology op-
timization in enabling efficient AM-compliant designs. They note that while software
tools have advanced significantly, there is still a need for more user-friendly interfaces and
integrated workflows to make DfAM accessible to a broader range of designers and engi-

255



Vehicles 2025, 7, 24

neers. Despite the advancements, challenges remain in the widespread adoption of DfAM.
Durakovic [13] identifies key barriers, including high initial costs, material limitations, and
the need for specialized expertise, while also underscoring the benefits of reduced material
waste and increased design freedom. For example, the limited range of materials suitable
for AM can restrict the application of DFAM in certain industries, such as aerospace and
automotive, where high-performance materials are often required. Additionally, the lack of
standardized design guidelines and training programs can hinder the adoption of DfAM in
traditional manufacturing environments. Alfaify et al. [14] contribute to this discussion
with a systematic review of DFAM, emphasizing its role in promoting sustainability through
material efficiency and energy savings. They argue that DFAM can significantly reduce the
environmental impact of manufacturing by minimizing material waste and enabling the
production of lightweight components that consume less energy during their lifecycle.

To enhance AM efficiency, it is important to minimize overhanging geometries that re-
quire support structures, as these complicate post-processing. Optimizing designs by using
rounded edges instead of sharp corners can improve print quality (See Figure 1). Following
minimum feature size guidelines ensures components are within the AM system’s capa-
bilities, contributing to better overall quality. Additionally, simplifying complex surface
finishes is essential since AM has limitations in replicating intricate details compared to
traditional methods. By adhering to these design principles, the effectiveness and quality
of the additive manufacturing process can be significantly improved, leading to superior
final products.

Sharp Transition
Bad

Fillet

Gradual Transition
Preferred =

(b)

Tapered Transition
Better

(@) '

Chamfer

(c)

Figure 1. Illustrations of design simplicity (a) Using DfAM transitions should be tapered rather than
sharp; (b) filets should have rounded corners for load bearing; and (c) chamfers should have slanted
edges facilitating assembly.
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Topology optimization is a design approach that uses simulation software to enhance
material distribution within a specified space, aiming to create lighter structures while
maintaining optimal mechanical performance. This process systematically removes unnec-
essary material, preserving essential load paths to minimize mass and improve strength
(See Figure 2). It is particularly beneficial for AM, as it allows for the creation of complex
geometries that are difficult to achieve with traditional methods. By leveraging the flexibil-
ity of AM, designers can produce efficient load-bearing shapes, maximizing performance
while minimizing material usage.

Figure 2. Examples of design topology optimization: The final ENDY additive bracket part (left)
weighs about 40% less than the original (right), weighing in at 152 g instead of 250 g [15].

Accomplishing portion union through a solid plan includes engineers recognizing
components that would customarily exist as partitioned pieces and consistently joining
them inside the show. This all-encompassing approach permits the consolidation of com-
plex inner structures and pathways that would be unreasonable or inconceivable to make
utilizing routine strategies (See Figure 3). Within the domain of moving congregations,
the required person-pieces to be joined is forestalled, as the complete component can be
coordinated into a single printed substance. Interfacing that was once dependent on welds
or clasp, presently consistently changes into morphological moves inside the bounded-
together body geometry (See Figure 4). A striking advantage of this approach lies within the
exceptional decrease in back structures, accomplished by killing overhanging geometries
through portion solidification.

Figure 3. Examples of conformal cooling channel [16].
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Figure 4. Examples of print moveable parts as a single piece [17].

Post-processing efforts are minimized with monolithic designs, as they eliminate
the need for assembly and additional finishing work, simplifying inspection and repair.
This approach enhances manufacturing efficiency and the robustness of the final product.
Functional integration in 3D printing (See Figure 5) includes strategies like embedding
conduits for cooling or fluid management, which optimizes performance. Lattice struc-
tures also contribute to multi-functionality in applications such as heat exchangers and
biomedical implants. Overall, these design strategies improve the utility of printed parts,
allowing for customization and tailored geometries that traditional manufacturing cannot
achieve. The integration of hardware inside 3D printed parts has become conceivable with
progressed printing procedures. This incorporates inserting circuitry and wiring inside
the printed structures, opening up conceivable outcomes for applications such as Internet
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of Things (IoT) sensors and keen prosthetics. Moreover, plans made with post-processing
in intellect contribute to useful integration. Contemplations for afterward forms, such as
machining inner strings or connection focuses, are joined into the beginning plan to include
mechanical capacities consistently. In outline, accomplishing useful integration through 3D
printing includes an all-encompassing approach that envelops assorted plan components
to optimize the utility and execution of printed parts over different applications.

Figure 5. Examples of lattice structured heat exchanger [16].

Table 1 outlines key concepts and principles of Design for Additive Manufacturing
(DfAM) as applied in the automotive industry. It defines each concept (e.g., lightweighting,
part consolidation, topology optimization) and provides specific examples of their imple-
mentation in automotive production, such as lattice structures for lightweight chassis or
3D-printed engine brackets. The table also links these principles to relevant AM technolo-
gies (e.g., LPBF, FDM, SLA), illustrating how DfAM drives innovation and efficiency in
automotive manufacturing.

Table 1. Key concepts and principles of DFAM in automotive production.

Concept/Principle  Definition Example in Automotive Industry Relevant AM
Technology

Lightweighting Reducing component weight while Use of lattice structures in car chassis to reduce LPBF, EBM
maintaining strength and functionality. weight without compromising safety.

Part Combining multiple parts into a single Integration of 20+ parts into a single 3D-printed LPBF, FDM

Consolidation component to simplify assembly. engine bracket, reducing assembly time and cost.

Topology Optimizing material distribution to achieve =~ Redesign of suspension components to improve LPBF, SLA

Optimization the best performance-to-weight ratio. load-bearing capacity and reduce material usage.

Customization Tailoring designs to meet specific user or Production of custom-fit ergonomic seats using 3D FDM, SLA
application requirements. scanning and AM.

Complex Designing intricate shapes that are difficult ~ Creation of aerodynamic ducts with internal LPBF, SLA

Geometries or impossible to produce traditionally. channels for improved airflow in electric vehicles.

Material Minimizing waste by using only the Use of generative design to produce lightweight, LPBF, EBM

Efficiency necessary material for production. material-efficient brake calipers.

2.2. Tools and Software for Designing Additive Manufacturing (DfAM)

The integration of advanced tools and software into DfFAM has been instrumental in
unlocking the full potential of AM technologies. These tools enable designers to optimize
geometries, reduce material usage, and improve functional performance, while addressing
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the unique constraints and opportunities of AM processes. Saadlaoui et al. [18] conducted a
comparative study of topology optimization methods using industrial codes, highlighting
the importance of selecting the right software to achieve optimal design outcomes. Their
work demonstrates how different tools can influence the efficiency and effectiveness of
topology optimization, particularly in the context of AM, where complex geometries and
material distributions are often required.

Reddy et al. [19] further explore the capabilities of topology optimization software for
AM, providing a comprehensive review of current tools and their applications. They em-
phasize the role of these tools in enabling designers to create lightweight, high-performance
components by iteratively refining designs based on structural and functional requirements.
The authors also present a real-world example to illustrate how topology optimization
software can be applied to solve complex engineering challenges, showcasing its potential
to revolutionize product design and manufacturing.

Dalpadulo et al. [20] assess the effectiveness of computer-aided design (CAD) tools
for topology optimization in the context of automotive components. Their study identifies
key features and limitations of existing software, providing valuable insights for designers
and engineers working in the automotive industry. The authors highlight the importance
of user-friendly interfaces, robust simulation capabilities, and seamless integration with
AM processes to ensure the successful adoption of DfAM tools. They also stress the need
for continuous improvement in software development to address the evolving demands of
AM applications.

Tyflopoulos and Steinert [21] contribute to this discussion with a comparative study of
commercial software for topology optimization. Their research evaluates the performance
of various tools in terms of usability, computational efficiency, and design outcomes.
The findings reveal significant differences between software packages, underscoring the
importance of selecting the right tool for specific applications. The authors also discuss the
challenges of balancing computational complexity with design accuracy, particularly when
working with large-scale or highly complex models.

Fuchs et al. [22] address the necessary advances in CAD tools to fully leverage the
design freedom offered by AM. They argue that current software often falls short in sup-
porting the unique requirements of AM, such as the ability to handle complex geometries,
graded materials, and multi-functional designs. The authors propose a roadmap for future
developments in CAD tools, emphasizing the need for enhanced simulation capabili-
ties, better integration with AM processes, and more intuitive user interfaces. They also
highlight the importance of collaboration between software developers, researchers, and
industry professionals to drive innovation in DfAM tools.

In summary, the development and adoption of advanced tools and software are
critical to the success of DfFAM. These tools enable designers to overcome the limitations of
traditional manufacturing methods and fully exploit the design freedom offered by AM.
However, challenges remain in terms of usability, computational efficiency, and integration
with AM processes. Continued advancements in software development, coupled with
collaboration between stakeholders, will be essential to address these challenges and unlock
the full potential of DFAM. As the field continues to evolve, the role of tools and software in
enabling innovative, efficient, and sustainable designs will become increasingly important,
shaping the future of manufacturing across industries.

2.2.1. Generative Design Tools

Generative plan instruments play an essential part within the domain of plan-for-
added substance-fabricating DfAM, with numerous devices leveraging progressed genera-
tive plan calculations. These apparatuses engage architects to input particular parameters
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and limitations, inciting the era of various plan cycles independently. For illustration,
Autodesk Generative Plan utilizes cloud-based calculations to investigate a large number
of plan conceivable outcomes consistently coordination with Auto-desk Combination 360.
This collaborative approach improves the plan workflow, giving creators inventive arrange-
ments. Another essential device is Altair Rouse, which employs topology optimization to
make lightweight and fundamentally productive plans. With its user-friendly interface
and real-time input on plan changes, Altair Rouse coordinating consistently with differ-
ent CAD computer programs, encouraging proficient collaboration all through the plan
handle. These generative plan tools exemplify the cutting-edge capabilities accessible for
originators locked in within the added substance-fabricating scene.

2.2.2. Topology Optimization Tools

Topology optimization devices play a vital part within the added substance-fabricating
scene, utilizing modern programs to deliberately modify strong fabric into productive geo-
metric formats based on indicated stack and boundary conditions. These programs analyze
components and calculate optimized cellular structure plans to upgrade execution and
effectiveness. One such device is SIMULIA Tosca, a measured framework eminent for its
capabilities in topology, measuring, shape, and dot optimization for mechanical structures.
Outstandingly, it consistently coordinates with noticeable limited component examina-
tion (FEA) and strength solvers like Abaqus, Ansys, and MSC Nastran through Tosca,
advertising a comprehensive arrangement for basic optimization. Another vital topology
optimization device is OptiStruct by Altair, recognized for its capable solver devoted to
basic optimization. This apparatus goes past topology optimization, expanding its capabili-
ties to shape and estimate optimization. With strong execution in dealing with complex
optimization challenges, OptiStruct is broadly utilized in businesses such as aviation and
cars, where proficiency and auxiliary judgment are fundamental. These topology optimiza-
tion devices speak to cutting-edge arrangements for engineers and architects looking to
optimize and upgrade the execution of components in different businesses.

2.2.3. Support Structure Tools

Bolster structure apparatuses are fundamental within the domain of added sub-stance
fabricating, advertising capabilities to optimize 3D printing models successfully. One
striking suite of devices is Polydevs, giving a comprehensive set of functionalities for
optimization. This suite envelops seeing, altering, repairing, arranging, and investigation,
advertising an all-encompassing approach to improve 3D printing preparation. Polydevs
stands out for its capacity to auto-generate and fine-tune bolstering structures custom-
fitted to different geometries. Moreover, it encourages a smoother wrapping-up handle
by making contact focuses that effortlessly break off, streamlining post-printing methods.
Another essential back structure instrument is Ultimaker Cura, famous for its user-friendly
interface that disentangles the setup of back structures. This instrument permits clients
to compare components such as fabric utilization, print time for distinctive introductions,
and bolster settings, empowering educated decision-making amid the pre-printing stage.
Ultimaker Cura presents tree bolster structures as an eminent highlight, optimizing fabric
utilization effectively. Generally, these back structure apparatuses contribute altogether to
the added substance-fabricating workflow, guaranteeing the fruitful creation of complicated
and complex 3D printed models with ideal bolstering.

Table 2 summarizes academic studies on the application of various software tools in
Design for Additive Manufacturing (DfAM). It highlights the software used, the focus of
each study, key findings or outcomes, and corresponding references. The table provides a
concise overview of how tools like Altair 2021, ANSYS 2020 R1, SolidWorks 2019, nTopology
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3.20, Autodesk Fusion 360, and PTC Creo 7.0 are utilized to optimize designs, improve
performance, and streamline production in additive manufacturing, particularly in the

automotive industry.

Table 2. Summary of academic studies on DfAM software applications.

Software Study Focus Key Findings/Outcomes Reference
Altair Topology optimization for Achieved 40% weight reduction in Liu et al. (2018) [23]
light weighting automotive components while maintaining
structural integrity.
ANSYS Thermal analysis of Identified optimal cooling strategies for Leary et al. (2014) [24]
3D-printed parts engine components, improving thermal
efficiency.
SolidWorks Design automation for AM Developed a workflow to automate part Rosen (2007) [25]
design, reducing prototyping time by 30%.
nTopology Lattice structure optimization ~ Enhanced energy absorption in Maskery et al. (2017) [26]

crash-resistant automotive parts using
generative design.

Autodesk Fusion

Multi-material AM design

Enabled complex multi-material designs
for customized automotive interiors.

Gibson et al. (2015) [27]

PTC Creo

Integration of AM in
traditional manufacturing

Demonstrated hybrid-manufacturing
workflows for cost-effective production.

Thompson et al. (2016) [28]

2.3. Challenges and Limitations in Designing for Additive Manufacturing (DfAM)

There are wrangles about proposing that rather than advertising plan flexibility, plan-
for-added substance-fabricating DfAM presents design limitations, compelling engineers
to function inside the limitations of customary AM frameworks. Whereas it is genuine
that AM has certain challenges and impediments, counting fabric properties, print de-
termination, post-processing prerequisites, and high costs, endeavors are underway to
address and overcome these issues. The current fabric choices for 3D printing are somewhat
limited compared to conventional fabricating strategies, especially within the setting of
high-strength, engineering-grade applications. There is continuous inquiry into the points
to extend usable amalgam materials by creating progressed metal powders and optimizing
printing parameters. Furthermore, the layer thickness in 3D printing can lead to a stair-
stepping impact on surfaces, constraining geometric complexity. Whereas better resolutions
are conceivable, they frequently come with slower construct speeds. Post-processing re-
mains a common method for accomplishing craved wrap-ups, including exercises like
sanding, penetrating, machining, or coating. Investigating endeavors are coordinated
towards minimizing these manual steps to upgrade effectiveness and diminish costs. In
addition, the high costs related to added substance-fabricating hardware and materials
posture challenges for cost-effective small-scale generation. Activities are being embraced
to make machines and materials more reasonable, with a center on standardizing forms
and advancing parts commonality. Companies like Unionfab are effectively contributing to
tending to these challenges by creating reasonable, high-quality AM arrangements, subse-
quently making 3D printing administrations available to small businesses and autonomous
creators working on a budget.

3. Design for Additive Manufacturing in the Automobile Industry
3.1. Lightweighting and Part Consolidation

The concept of additive manufacturing design includes two distinct approaches: one
involves modifying an existing conventional design to adapt to the requirements of 3D
printing, while the other involves creating the design from scratch with a dedicated Design
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for Additive Manufacturing (DfAM) mindset. Plans made for added substance fabricating
are regularly sought after two essential goals: gathering combination and light-weighting
(See Figure 6). These goals are instrumental in tackling the benefits of 3D printing innova-
tion to their fullest degree. Additively fabricated plans display an affinity for biomimicry,
drawing motivation from characteristic shapes and structures, and grasp complex ge-
ometries that optimize negative space. Accomplishing these complex shapes is made
conceivable through progressed plan techniques such as generative planning or topology
optimization. These approaches improve the auxiliary productivity of components but also
capitalize on the special capabilities of added substance fabricating.

Figure 6. Lightweight and organic-looking topology optimized automotive upright bracket designed
by Lions Racing Team eV [15].

3.2. Customization and Complex Geometries
3.2.1. Customized Automotive Parts

Assembly consolidation is a key facet of additive design, aiming to streamline the
number of components in a given assembly. This not only simplifies the manufacturing
process but also contributes to overall efficiency and durability. Light-weighting, another
crucial aspect, involves the strategic use of materials to reduce the weight of components
without compromising their structural integrity. This is particularly significant in industries
such as aerospace and automotive industries, where minimizing weight contributes to
enhanced fuel efficiency and performance.

3.2.2. Complex Geometries in Automotive Design

Biomimicry, inspired by nature’s design principles, plays a pivotal role in additive
design. Mimicking natural structures and forms often leads to more efficient and sustainable
solutions. Additionally, the incorporation of complex geometries, made possible through
generative design and topology optimization, allows designers to optimize negative space,
ensuring that materials are used judiciously without sacrificing functionality.

The initial stages of the design process for additive manufacturing necessitate careful
consideration of various factors. Printing processes, including the specific 3D printing
technology to be employed, materials compatibility, and the need for support structures,
are crucial elements. The design phase also extends its focus to down-stream steps, encom-
passing procedures like depowering and post-processing, which are essential for refining
and preparing the final printed product. In summary, additive design embraces a dual
approach, either adapting existing designs for 3D printing or originating from a DFAM
perspective. The overarching goals involve assembly consolidation and light-weighting,
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with a strong emphasis on biomimicry and intricate geometries facilitated by advanced
design techniques. Throughout the design process, careful consideration of printing pro-
cesses, materials, and post-processing steps ensures the successful translation of concepts
into high-quality, additively manufactured products.

In response to the intensifying demands of highly competitive markets, where con-
siderations of manufacturing cost, reliability, and development cycles are paramount,
innovative design techniques have emerged. Among these, the Design for X methodology
(DfX) has evolved as a comprehensive strategy denoting a particular perspective to enhance
product design and development. The X in DfX signifies a specific aspect targeted for
improvement throughout the design process [29]. This strategic approach analyzes the
entire product lifecycle from the early stages of design to achieve defined objectives, aiming
to encapsulate essential knowledge about the process, materials, and product during the
design phase [29].

Within the realm of design strategies, DFAM represents the application of DfX princi-
ples to the AM process, aspiring to fully exploit the capabilities of AM technology for design
purposes [30]. DFAM encompasses a suite of tools oriented toward AM design method-
ologies, with three prevalent methodological approaches: the opportunistic approach, the
restricted approach, and the dual approach [31-33]. The opportunistic approach places
no limits on the complexity of AM, while the restricted approach considers boundaries
related to materials, performance, machine characteristics, and manufacturability. The
dual approach combines both opportunistic and restrictive techniques. In the automotive
industry, DFAM approaches are examined, and reintroduced through two primary methods:
component DfAM and assembly DfAM.

3.2.3. Case Studies of Customization and Complex Geometries

In essence, DfAM serves as a generalized design strategy or tool that enables the
optimization of functional performance and critical product lifecycle aspects, such as
manufacturability, cost, and reliability, within the constraints of additive manufacturing
technology, particularly tailored for the automobile industry [34]. This approach persists
due to the substantial design freedom offered by AM technology, and DfAM methods are
essential to fully harness the specific characteristics of AM processes [35].

Typical DFAM methods or tools include topology optimization (determining the best
layout of structural components in a vehicle), design for multiscale structures (incorporating
lattice or cellular structures), multi-material design (enabling optimal material choices
in each structural component for enhanced performance and cost-effectiveness), mass
customization, part consolidation, and other design processes that benefit from AM-enabled
features [36]. It is crucial to note that DFAM appliies to various 3D printing technologies
in diverse ways, as different technologies require distinct optimization strategies. DFAM
stands as a well-deployed additive solution viewed as a new tool to enhance manufacturing
functionality and cost.

For DfAM to effectively function in the automotive sector, it necessitates a two-way
street. An example of this is when the industry establishes a budget for production to
obtain a component or an entire vehicle and begins the printing process. However, this
approach often falls short as it lacks feedback or optimization. A well-deployed additive
solution should embody a two-way street, extending from management to operations and
vice versa. This workflow is adopted by automakers to ensure that DfAM is optimally
utilized. The fundamental principles of DfFAM in alignment with the automotive sector are
elucidated in Table 3.
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Table 3. Basic principles of DFAM in line with the automotive sector.

Principles of DFAM = llesouri)e Reductio;\ : Quality Enhancement
eight rinting| Touc! . . s
and Cost Time Strength | Aesthetic Functionality
Additive thinking

Design for orientation

Contour design

Segment parts

Adding hardware

Minimizing complication

Critical surface treatment

The extensive production durations, post-processing requirements, and surface quality
constraints associated with AM have traditionally limited its integration into mainstream
automotive manufacturing, often confining it to the prototype stage. Addressing these
limitations requires substantial advancements, and recent breakthroughs in DfAM have
displayed significant potential [14]. Combining topology optimization with an offset and a
build time limit emerges as a promising approach to maximize the benefits of AM while
mitigating concerns related to support material wastage and extended print times.

A case study illustrates the practical application of this approach in the design of a
high-performance vehicle upright, highlighting the efficacy of topology optimization [14].
Topology optimization and the development of lattice structures represent DfAM ap-
proaches aimed at reducing material usage in automotive components with high stiffness
requirements. To further optimize printing time and material volume, DfAM methods
such as design by direct assembly, build orientation, and support reduction are employed.
These DfAM technologies, particularly well-suited for extrusion-based additive manufac-
turing techniques, empower design engineers to create lightweight components for diverse
applications, spanning automotive, aerospace, and electronics [37].

3.3. Tooling and Spare Parts Production

While AM (additive manufacturing) techniques in traditional automobile manufactur-
ing struggle to match the production rates achieved by conventional methods like injection
molding, die-casting, or stamping, there is significant potential to leverage AM for pro-
ducing the necessary tools for these processes. Traditional tooling involves significant
investments due to the complexity and time required for machining durable materials.
However, certain AM processes present a promising avenue for efficiently developing
various types of molds and dyes at a reduced cost and within a shorter timeframe [38].

Topology optimization has garnered considerable interest for its inherent weight-
saving potential during the design phase. Numerous instances, including vehicle
frames/chassis, suspensions, engine support, transmission, cross-car beams, doors, engine
cradles, brake calipers, etc., have been explored for their optimization using topology
optimization approaches [39-48]. The Solid Isotropic Material Penalization scheme (SIMP)
is one of the widely utilized topology optimization methods, demonstrated in optimizing
the body-in-white (BIW) of an electric vehicle [49]. This approach, like others, aims to
reduce compliance (increase stiffness) while adhering to constraints such as mass or volume.
Another study displayed the optimization of a vehicle’s spring lower seat using the SIMP
method, effectively reducing mass while maintaining strength through a combination of
topology and topography optimization approaches [50]. The hardware in 3D printers has
evolved to the point where it is no longer the bottleneck of performance; rather, the part’s
shape often becomes the constraining element in its overall performance. Consequently,
a significant research debate on DfAM has emerged [51]. While the design requirements
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for various 3D printing technologies serve as a crucial starting point for DfAM, they do
not encapsulate the entire picture, a fact that is not widely reported. DfAM comprises
three major concepts: assembly and sub-assembly part consolidation, geometric freedom,
and biomimicry, with considerable overlap between them. These concepts collectively
contribute to unlocking the full potential enabled by 3D printing technology in the realm of
additive manufacturing for the automotive sector.

4. Discussion

If one desires to unlock the tremendous potential of additive manufacturing, it is
imperative to consider DfAM right from the inception of the design phase. In previous
times, 3D printing was solely perceived as a means for rapid prototyping or as an alternative
technique for fabricating spare parts without causing substantial alterations to the geometry.
However, in today’s era, additive manufacturing has significantly evolved to the extent
that it is now employed in the production of critical components that not only meet but also
surpass the most rigorous engineering requirements. This remarkable level of advancement
can only be attained by fully capitalizing on the fundamental advantages offered by this
technology. There exist various approaches that a skilled engineer specialized in DFAM can
employ to exploit the distinctive capabilities of additive manufacturing production. On
certain occasions, these approaches are utilized to enhance the ergonomics or aesthetics of a
product, which is particularly prevalent in the realm of consumer goods. Conversely, other
approaches have the potential to elevate the performance and functionality of a design
within more advanced industries, such as the aerospace sector.

Based on our research in the application of artificial intelligence in the field of mechan-
ical engineering, the integration of artificial intelligence (AI) into DFAM presents exciting
possibilities for the automotive industry. Al can enhance the design process by enabling
advanced generative design algorithms that analyze vast datasets to produce optimized
geometries tailored for additive manufacturing. This capability allows designers to explore
a wider range of design alternatives that might not be immediately apparent through
traditional methods. Additionally, AI can facilitate real-time decision-making during the
design phase by predicting performance outcomes based on simulated conditions, thus,
reducing the need for extensive physical prototyping. Machine learning techniques can
also be employed to analyze historical manufacturing data, identifying patterns that lead to
improved material selection and process parameters, ultimately resulting in higher-quality
components with reduced waste. Furthermore, Al-driven tools can automate the opti-
mization of support structures and build orientations, streamlining the production process
and minimizing post-processing efforts. As this research field evolves, the collaboration
between Al and DfAM is expected to redefine automotive manufacturing, fostering inno-
vation in lightweight structures and complex assemblies while enhancing overall efficiency
and sustainability in production practices.

Despite its numerous advantages, the widespread adoption of AM in the automotive
industry faces several challenges, including scalability, consistency in material properties,
and regulatory compliance. ASTM’s Additive Manufacturing Technology standards, such
as ASTM F2924-14 for titanium alloys [52] and ASTM F3001-14 for nickel alloys [53], pro-
vide critical guidelines for material selection, process optimization, and quality control,
ensuring consistency and reliability across industries. These standards are essential for ad-
dressing challenges related to material properties, scalability, and regulatory compliance in
automotive applications. Meanwhile, the Wohlers Report 2024 (Analysis. Trends. Forecasts.
Three-dimensional Printing and Additive Manufacturing State of the Industry) [54] offers a
comprehensive analysis of the AM landscape, highlighting key trends such as the growing
adoption of AM in automotive manufacturing, advancements in multi-material printing,

266



Vehicles 2025, 7, 24

and the increasing role of Al and automation in optimizing AM processes. Together, these
resources underscore the importance of standardization and provide valuable insights
into the current state and future direction of additive manufacturing. By adhering to
these standards and leveraging industry insights, automotive manufacturers can overcome
barriers to adoption and fully realize the potential of AM in their production processes.

5. Conclusions

In conclusion, the field of DfAM offers a wide range of capabilities that surpass those
of subtractive techniques in terms of complexity, customization, and optimization. These
advantages have already been proven and demonstrated through successful applications
in various industries such as aerospace, medical devices, and automotive. Although
certain challenges and obstacles currently exist, it is important to note that these are
not inherent or fundamental limitations. Rather, they are temporary roadblocks that
can be overcome through continued ingenuity, extensive research efforts, and ongoing
technological advancements. By consistently pushing the boundaries and exploring new
possibilities, the potential of additive manufacturing will continue to expand, ultimately
revolutionizing the way products are designed and manufactured. Moreover, the utilization
of the suggested DfAM technique is incredibly groundbreaking within the confines of the
automotive sector. This revolutionary approach implies a significant transformation in
the overall production paradigm, introducing AM as an alternative method within the
manufacturing process rather than solely as a tool for rapid prototyping purposes.
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