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Preface

This third volume of the book on Sustainable Automotive Technologies published 
by Springer is a result of extensive investigations undertaken by researchers from 
industry, government research institutes, and universities worldwide. The book 
includes a selection of 17 papers from the total of 35 contributions presented at the 
Conference, coming from Europe, US, Hong Kong, Australia and Columbia. The 
contributions that have been selected for publication in this book have been peer 
reviewed by an international panel of experts and edited by the Editors appointed 
by Springer.

This publication is an important outcome of the 3rd International Conference on 
Sustainable Automotive Technologies, ICSAT2011 that was organised in Clem-
son, South Carolina, US by the Clemson University International Centre for 
Automotive Research (ICAR), in collaboration with the University of Applied 
Sciences Ingolstadt, Germany and RMIT University in Melbourne, Australia. It 
follows the successful launch of the first conference in this series that was held in 
Melbourne in 2008 and chaired by Professor Aleksandar Subic, and the subse-
quent second conference which was held in Chiemsee in the German Alps and 
chaired by Professor Joerg Wellnitz. This third conference in the series is chaired 
by Professor Steve Hung. The ICSAT2011 conference has attracted over 100 par-
ticipants from many organisations and countries. The conference has attracted 
significant industry support, especially from the local automotive industry hub in 
South Carolina, US.

The Editors and their respective universities are proud to announce this publi-
cation that represents an important milestone for the dissemination of knowledge 
about sustainable automotive technologies, and in particular about the emerging 
and developing green car technologies. With over 900 million vehicles on world 
roads today contributing to around 16% of total greenhouse gas emissions (and 
rising), the need for strategic research in and rapid development of green cars and 
associated sustainable technologies is growing. The book aims to address this 
need by highlighting some of the key technologies and practices in this field. It 
also aims to provide a balanced view on the range of green car technologies con-
sidered by industry and academia.

The Editors wish to thank all authors, international reviewers and Springer for 
their support and contributions without which this publication would not be possi-
ble. We hope that everyone involved with sustainable automotive technologies or 
interested in this particular topic will find this book to be a valuable resource go-
ing forward.

The Editors





TABLE OF CONTENTS

I  Evaluating sustainability

A holistic approach to sustainability evaluations in the 
automotive industry
J. Weber, M. Bowler, T. Kurfess

3

II  Technologies for production

Flexural creeping analysis of polyurethane composites produced 
by an innovative pultrusion process
S. Bruckmeier, J. Wellnitz

13

Manufacturing microstructured surfaces for automotive 
applications
A. Cannon, M. Maguire, R. Hulseman, W. King

19

The first water based pretreatment system for direct glazing
W.-R. Huck

25



Hybrid command issuing in a 2-DOF servomechanism
operated under vision-based feedback control
C. Montes, C. Wong, J. Ziegert, L. Mears

31

Alternative methods to increase the long term performance of
laser-welded copper aluminum connections for electronic
applications in mobile systems
M. Weigl, F. Albert, M. Schmidt

39

III  Combustion engines and fuels

Investigation and optimization of biodiesel chemistry for HCCI 
combustion
B. Bunting, M. Bunce1, B. Joyce, R. Crawford

51

New potential of old Wankel-type machines
B. Schapiro

59

RPM – Rotary Piston Machines: new class of innovative 
machines 
E. Wilhelm, J. Wellnitz

67

IV  Hydrogen and electric vehicle technologies

Inductive Power Transfer System Integration for Battery-
Electric Vehicles
A. Lorico, J. Taiber, T. Yanni

75

Performance comparison of hydrogen fuel cell and hydrogen 
internal combustion engine racing cars 
G. Pearson, M. Leary, A. Subic, J. Wellnitz

85

viii



V  Materials and structures

Design of basic structural composite elements 
H. Bansemir

95

Enhancing sustainability through the targeted use of synergy 
effects between material configuration, process development 
and lightweight design at the example of a composite seat shell 
W. Hufenbach, M. Krahl, R. Kupfer, S. Rothenberg, T. Weber, 
P. Lucas

103

Sustainable design of a side door reinforcing assembly –
exploratory optimisation
M. Kajtaz

111

Research and development of a new and sustainable composite: 
“Natural Stone Laminate”
L. Müller, J. Wellnitz

121

VI  Vehicle systems

In-wheel coupled suspension and drive:  design, development, 
and modeling 
R. Clippard, J. Ziegert

131

Optimisation of automotive seat kinematics
M. Leary, M. Mazur, T. Mild, A. Subic

139

ix





I  EVALUATING SUSTAINABILITY



A HOLISTIC APPROACH TO 
SUSTAINABILITY EVALUATIONS IN THE 
AUTOMOTIVE INDUSTRY

J. Weber, M. Bowler, T. Kurfess 

Clemson University International Center for Automotive Research, 4 Research Drive, 
Greenville, SC 29607, U. S. A.; Email: mbowler@clemson.edu

Abstract: The influence of sustainability has revolutionized the automotive indus-
try.  Although the industry has made countless improvements in this arena, it is 
still far from being sustainable.  To date the majority of sustainability efforts have 
focused on environmental friendliness, both of the cars and the respective produc-
tion processes.  However, in order for an automotive corporation to be truly sus-
tainable in the future all business decisions will need to be driven from the view 
point of sustainability.  A true sustainable solution must be logical economically, 
socially, and environmentally, both locally and globally within the corporation. 
This approach requires the consideration of the following four domains: mobility 
system, phases of the extended life cycle, level of value creation, and sustainabil-
ity perspective. This paper aims to create a structure to allow cause and effect 
mapping between decisions made at all points in the vehicle life cycle at all levels 
of value creation within a given mobility system in order to determine its true 
sustainability.  This structure allows decision makers to comprehensively under-
stand, evaluate, and compare products, processes or business alternatives in terms 
of their sustainability.  This will in effect facilitate localized decisions that make 
sustainable business sense locally and globally within the corporation, and ulti-
mately within the automotive industry.

1 Introduction

sustainability by the Bruntland commission in 1987 as the “development� that 
meets the needs of the present without compromising the ability of future genera-
tions to meet their own needs.” [1] This requires a holistic approach that considers 
economic, environmental, and social aspects in the development of everything
from manufactured goods and public policy to corporations and personal lives. 
Maintaining an intact environment, a society in physical and psychic health, and 
economically successful business are the three main targets which are mutually in-
terdependent and hence all of equal importance (see Fig. 1) [2].

Sustainability, or the ability to sustain or endure, was refined in terms of human 

mailto:mbowler@clemson.Abstract:


Fig. 1:  The Three Spheres of Sustainability [2]

2 Sustainability in the Automotive Industry 

In the automotive industry, sustainability has been primarily synonymous with 
environmental friendliness, initially of the vehicles and then of their respective 
production processes. This is achieved by methods such as life cycle analysis and 
design or environmental accounting. For the automakers, environmental friendli-
ness was achieved by complying with the legal requirements, usually at the ex-
pense of undercutting their economic targets. In the past this compliance created a 
vehicle that was “green enough” for consumers and therefore green enough for the 
manufacturer [3]. 

Over the last decade however, sustainability has received an increasing amount 
of attention. A good indicator of this is the jump of corporate issued sustainability 
reports from around 300 in 1996 to over 3,000 in 2009 [4]. There has also been an 
emergence of environmental standards, best practices, and rankings such as ISO 
14000, European Eco-Management and Audit Scheme (EMAS), and the Dow 
Jones Sustainability Index for corporations [5,6]. Since 1999, the Dow Jones 
sustainability indexes (DJSI) track the financial performance of the leading 
sustainability-driven companies worldwide and provide investors with a financial 
quantification of and a ranking in terms of sustainability [7]. Moreover, in the 
most recent years tools that allow individuals to calculate their own environmental 
impact or assess their personal sustainability have been made easily accessible on 

4



the web [8,9]. Today, an integrated idea of sustainability is prevalent to all 
stakeholders whether it is businesses, government, or general society. This trans-
lates to the following attributes that affect the automotive industry: 

• Society as a whole is not only more sustainability conscious, but also more dis-
cerning towards others and their sustainability claims. 

• Customers now see ecologic friendliness of a car and the overall sustainability 
of the related processes as a relevant feature by which competing car offers can 
be differentiated just like vehicle dynamics or cabin comfort, and are therefore 
ready to pay a premium price for it. (e.g. hybrid or electric cars).

• Managers in the automotive industry agree that in the long run, social responsi-
bility, ecological reasonability, and economic management represent not only 
the most humanitarian but also the most economic way of doing business. 

• Investors and analysts use corporate sustainability as an important criterion, 
representing a major driver for long-term economic success and thus for long-
term shareholder value. Companies with a high degree of corporate sustainabil-
ity embrace opportunities to leverage their sustainable position and manage the 
risks deriving from economic, environmental and social development. 

As a consequence, acting sustainably, and attaining the related public percep-

tion, has become an important but complex asset that requires appropriate man-

agement tools. Precarious situations might arise for companies marketing envi-

ronmentally friendly or sustainable products or services. In a society where a 

company’s image is worth billions of dollars it is important that it operates in a 

manner consistent with its image. Any company caught not living up to these 

standards runs the risk of loss market share and brand loyalty. 

In addition, as environmental aspects of product, production, and corporate op-

eration improve and become ingrained in the future, social responsibility will start 

to play a more significant role. It is expected that in the future social responsibility 

will attain a comparable amount of transparency and attention as environmental 

responsibility does today.  Therefore, companies must begin to address these is-

sues now so they can meet customer expectations for the future.

This paper serves as an approach to enable automotive companies to holisti-

cally assess their sustainability status by means of a practical checklist. As a multi-
tude of methods on rating economic success is available, the checklist will focus 
on ecologic and social sustainability. 

3 A Holistic View on Sustainability 

An objective assessment of technical or business alternatives in terms of 
sustainability requires a holistic view that covers the multiple dimensions of 
sustainability as depicted in the “Sustainability Cube” (Fig. 2). The cube is con-
structed from the three dimensions that affect the sustainability of a product.
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The first dimension is “The mobility system”, which includes not only the ve-
hicle but also the propulsion energy and traffic infrastructure that the vehicle relies 
on to operate. The second dimension is the phases of the life cycle which consists 
of six phases: (1) Strategy, R&D, Planning (2) Marketing, (3) Production, (4) 
Sales and Distribution, (5) Usages, Maintenance, and Repair, (6) End of life. The 
final dimension is the level of value creation that, depending on industry, consists 
at the very minimum of the original equipment manufacturer (OEM), service pro-
vider, component supplier, and material supplier.

�

Fig. 2: Sustainability Cube 

Each interface between the three dimensions of the sustainability cube repre-
sents a cell in which sustainable factors must be considered. This can only be done 
effectively not only considering the sustainability effect internal to the cell, but 
also where decisions made in that cell (or array of cells denoted by []) effect other 
cells within the cube. The following serve as some examples

Strategy, R&D, Planning-[Mobility System]-OEM
Even before the first car has been built and is used by a customer, the mobility 

system has had an economic, ecologic and social impact (e.g. treatment of people 
involved, development costs, risks, emissions and waste of prototype testing etc.). 
Working methods during this phase such as design to manufacture, design to serv-
ice, or design to recycling vastly determine sustainability in following phases.

[Life Cycle]-Propulsion Energy-[Value Chain]
Here, not only the creation processes (oil production and refining, power gen-

eration, hydrogen generation) must be taken into account. A comprehensive “well 
to tank” analysis requires also incorporation of the distribution processes including 
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the required infrastructure: fuel transport on water, road and rail; pipelines, filling 
stations, tanks, power grids, storage power stations etc.

Usage, Maintenance, Repair-Traffic Infrastructure- OEM
The processes that create and operate the infrastructure that is required to gen-

erally enable usage of the vehicle must be considered (roads, bridges, tunnels, 
lighting, parking structures, traffic control, road toll collection systems etc.). 
These define the environment in which the vehicle will operate and thus must be 
considered in order to determine how the vehicle will interact with and what im-
pact it will have socially, ecologically, and economically in its environment. A 
current example of this is traffic and parking problems in megacities, and the cost 
and maintenance associated with use by certain vehicles.

Production-[Mobility System]-[Value Chain]
The processes taking place at construction sites (“production” of the traffic en-

vironment), energy creation sites, or vehicle and components manufacturing plants 
are among the biggest contributors to sustainability. All along the value creation 
chain, emissions and waste caused by chemical or physical processes, fair treat-
ment of workers and employees must be evaluated thoroughly. 

[Life-Cycle]-Vehicle-[Value Chain]
It is not sufficient to only consider the processes carried out at OEM level. 

Along the value creation chain, there are multiple levels of contributing processes 
at 1st to nth tier suppliers, material suppliers, or service providers. Here, critical as-
pects are compliance of suppliers with regulations concerning ecological and so-
cial responsibility, especially for suppliers from developing countries which are 
chosen for cost reasons. This is in addition to ensuring economical health and thus 
continued existence of business partners is part of a sustainable business approach

Given the current industrial landscape some cells are regarded as more impor-
tant than others. For example Production-Vehicle-OEM is much more relevant to 
an automotive OEM than Marketing-Traffic Infrastructure-Material Supplier. In
the future, this might change as the industry evolves and as an example an OEM 
finds itself in a position of creating a purpose built vehicle for a new type of traffic 
infrastructure, then this cell becomes extremely relevant.

4 The Sustainability Checklist 

In a holistic sustainability assessment, each cell of this Sustainability Cube has 
to be investigated, independent from the size of the concept that should be evalu-
ated , be it a new production system, a new vehicle concept, new forms of propul-
sion energy, or even alternative mobility scenario (such as banning personal vehi-
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cles from inner city areas). As explained above, acting sustainably means optimiz-
ing the resulting impact for the respective business unit (economic responsibility), 
the local and global environment (ecologic responsibility), and the human beings 
directly or indirectly affected of the product and its related processes (social re-
sponsibility).When going through the cells of the Sustainability Cube, all three 
dimensions have to be taken into account. This is supported by a Sustainability 
Checklist (Fig. 3) with general questions that in conjunction with the distinct cube 
cells lead to very specific answers. 

As mentioned before sustainability to date has been well defined in terms of 
environmental and ecological aspects and is therefore relatively easy to assess 
from the business status point of view. Social aspects on the other hand are poorly 
defined and cannot be as easily, or succinctly, compared or assessed. Therefore for 
this area the checklist consists of two general questions in conjunction with two 
example questions that must be assessed in order to ensure social sustainability.

5 Summary and Next Steps 

With sustainability becoming a more relevant characteristic of products, 
brands, and companies, a methodology is required that allows a holistic assess-
ment of the complex notion of sustainability. For this purpose, the structure repre-
sented by the Sustainability Cube and the checklist are a pragmatic and effective 
tool. The logical next step would be the introduction of quantitative evaluations 
that would lead to a Sustainability Index by which alternative solutions could be 
directly compared and ranked. In addition, more prevalent social sustainability 
characteristics must be established.

8



Part 1: Environmental Sustainability: Minimizing the impact a business has 
on the ecological environment 

- Minimized utilization of exhaustible resources (e.g. water, energy, fossil 
fuel …)? 

- Minimum energy consumption? 

- Minimum emissions (gaseous, evaporations, particulate, noise, thermal, 
electromagnetic …)? 

- Minimum waste (toxic, non-toxic, degradable)? 

- Has the basic principle of avoid – reuse – recycle – dipose been applied? 

Part 2: Social Sustainability: Minimizing the impact a business has on the so-
cial environment

    Generic:

- What is the impact of business practices on people associated directly to the 
product or production of the mobility system (e.g. employees, purchaser of 
vehicle)?

- What is the impact of business practices on people indirectly associated to 
the product or production process (e.g. communities surrounding a produc-
tion plant, local governments, neighbors to people who purchase the vehi-
cle, cities)?

- Have basic principles like those embodied in the the ILO convention (free-
dom of association and collective bargaining, discrimination, forced labour, 
child labour) been applied all along the value creation chain? 

     Examples:

- Workplaces are designed to ensure physical health (physical strain, ergo-
nomics, noise, light, accessibility, climate, possibility to recover, health in-
surance benefits …)? 

- Psychic health of workers/employees/managers is ensured by respective 
policies, corporate culture, management conduct, fair and predictable 
treatment, consideration of individual human aspects …? 

Part 3: Economic Sustainability 

- Is there a consistent long term strategy for this part of the business? 

- Is the business governed by appropriate management methods/capabilities? 

Fig. 3: Sustainability Checklist 
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II  TECHNOLOGIES FOR PRODUCTION



FLEXURAL CREEPING ANALYSIS OF 
POLYURETHANE COMPOSITES 
PRODUCED BY AN INNOVATIVE 
PULTRUSION PROCESS

S. Bruckmeier1, J. Wellnitz1,2

1 Research-Institute for Technology and Artistic Design GmbH, Marie Curie Straße 6, 85055 
Ingolstadt, Germany; Email: stephanie.bruckmeier@itd-in.de,

2 University of Applied Sciences Ingolstadt, Esplanade 10, 85049 Ingolstadt, Germany;
Email:  joerg.wellnitz@fh-ingolstadt.de

Abstract: An innovative pultrusion process makes it possible to produce fiber re-
inforced polyurethane composites with superior mechanical properties that allow 
various applications in the automotive industry e.g. as structural lightweight parts 
for future e-mobility. In the new pultruded polyurethane composite more reinforc-
ing fibers can be concentrated to achieve excellent short term mechanical proper-
ties e.g. stiffness, strength or damage tolerance. Furthermore the new cost-
effective and highly automated process allows the production of profiles with very 
complex cross-sections. However, the knowledge on long term mechanical behav-
iour of this polyurethane material is limited. In the present study continuous fiber 
reinforced composites fabricated by the innovative pultrusion process are investi-
gated in terms of viscoelastic creep and creep-rupture properties. Specimens of 
unidirectional E-glass with polyurethane, epoxy, polyester resins and a composite 
of polyurethane with basalt fiber have been tested in long term three-point flexure 
tests. For theoretical description the plate theory of E. REISSNER has been consid-
ered and simplified to derivate analytical solutions. Furthermore approaches are 
currently made to modify the constitutive equations in the simplified Reissner re-
spectively thus the experimental data can be used for the mathematical description 
of creep behavior in thicker plates.

1 Introduction

A new pultrusion technology allows manufacturing complex profiles (see Fig. 1) 

with superior mechanical properties. The process makes it possible to enhance the 

content of reinforcing fibres up to 72 percent fiber volume fraction.
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So far the pultruded reinforced material has exhibited promising short term me-

chanical properties in terms of e.g. stiffness, strength, elongation to failure, shear 

strength and impact resistance [5]. However the application as a structural part re-

quires also investigations on long term behavior such as creep. Hence the scope of 

this analysis is the basic investigation of the flexural viscoelastic creep behavior. 

Besides the experimental program a new simplified REISSNER Theory and an ap-

proach for its solution is presented. After modifying the HOOKE`s Law according 

to the experimental results the plate theory is applicable for the creep analysis of 

thicker composites under external flexural load.

Fig. 1 Fiber reinforced polymers produced by an innovative pultrusion process [5]

2 Manufacturing process

Pultrusion is a continuous method of manufacturing various reinforced plastic 

shapes of complex cross sections. The unidirectional roving’s are drawn through a 

liquid specially formulated thermosetting resin bath to thoroughly wet every fiber. 

A forming-shaping guide assembles the coated fibers. While the fibers are pulled 

through a die the resin is cured under pressure and heat. Figure 2 shows the

classcal pultrusion process with two component system of polyol and isocyanate 

[3, 5].

Fig. 2  Schematic of a typical polyurethane pultrusion set up [5]
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3 Experimental work

Specimens of unidirectional E-glass polyurethane composites are tested in long 

term three-point flexure tests. The procedure closely follows the EN ISO 899-

2:2003 standard. For the purpose of comparison the program includes the investi-

gation of epoxy and polyester as resins, both with E-glass fiber reinforcement and 

in addition polyurethane with basalt fibre. The material combinations have been 

tested along and in transversal fiber direction. Almost all creep tests are performed 

at room temperature, temperature of 60°C with 5% relative humidity and tests 

with 95% humidity. Various stress levels have been applied based on the flexural 

strength of the E-glass polyurethane composite obtained in the respective static 

tests. 

So far the high stress creep results for transversal and axial tests have been ob-

tained. The maximum deformations at mid-span of the samples are measured with 

time and the strains as a function of time for the three point test are calculated ac-

cording to the beam theory respectively. Figure 1 shows exemplify the variation in 

strain with time at room temperature and an axial loading of 30 percent of the 

flexural strength. While the polyester composite failed within the very first day the 

epoxy and polyurethane glass fiber composite exhibit slighter creep and maintain 

the load. Probably due to the not yet optimized quality regarding the fiber matrix 

interface, the basalt composite exhibit inferior long term properties. Tests with 

transversal loading have shown similar characteristics.

All in all the initial results indicate the dependency of the chosen resin and manu-

facturing process, whereas the pultruded glass fiber polyurethane exhibits promis-

ing substantial creeping resistance. Furthermore it is confirmed that creep and 

creep rupture do occur also in fiber direction. Because of limited testing stations 

and the wide variety of test conditions the load time was limited to 1000h. 

The program is not completely conducted yet and has to be continuing and re-

peated also in regard to the statistical evaluations [2, 5, 6].
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Fig. 3  Axial loading of 30 percent stress level of flexural strength of the E-glass polyurethane 
composite (at room temperature) [2] .

4 Approach for a theoretical analysis

The experimental data obtained from short and long term tests allow to find rela-

tions between strain rate, stress, temperature and time. However for calculating 

and simulating the material behavior under external load, adequate theories are re-

quired. 

Since innovative, very light materials as the pultruded fiberglass are usually de-

signed with thicker walls and or show a relatively soft interlaminar shear modulus, 

they perform completely different under external load compared to the traditional 

structures for example steel or concrete parts. By applying the classical plate the-

ory for those modern materials more stress is calculated und the deflections will 

be underpredicted since the structures are assumed to be too stiff. 

Thus other “modern” plate theories like the REISSNER theory are necessary. 

The REISSNER theory provides a higher degree of accuracy as the effects of the 

third dimension are taken into account. The theory considers shear and normal 

transverse stress, whereas in the classical theory based on the 

KIRCHHOFF/BERNOULLI hypothesis these stress components are neglected com-

pletely.

Polyurethane/glass fiber
Polyester/glass fiber�

           Epoxy/glass fiber
           Polyurethane/basalt fiber

time [h]

strain

[%]
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The REISSNER problem results in three inhomogeneous, time variant, linear, partial 

differential equation with constant coefficients, which are partly interconnected to 

each other. Because of the complexity of this system of differential equations, 

even for static problems, we introduced an approximation based on the GAUSSIAN

curvature. The idea is to uncouple the second and third REISSNER differential 

equations, which is given by a specific derivation term. This term is replaced by a 

new constant parameter P. We suppose that the rectangle plate has a very small 

pre-curvature and thus the GAUSSIAN curvatures are very small. This approxi-

mated value P orientates on the small given pre-curvature of the plate. With this 

assumption of a plate-imperfection as show in figure 4, we construct analytical so-

lutions with the aid of traditional mathematical methods. The solutions consist of 

well-known elementary functions that exactly satisfying these simplified 

REISSNER differential equations for the static problem [1, 4].

�

�

�

Fig. 4  Assumption of a very small imperfection of the elastic plate [1]

To reflect time dependency a reliable constitutive model must be formulated and 

integrated in the simplified Reissner theory which is currently been working on. 

5 Core benefits and application of pultrusion profiles

The innovative pultrusion technology allows the use of a higher concentration of 

fiberglass, which leads to many superior properties compared to traditional mate-

rials. With the new fiber glass-reinforced pultruded polyurethane it is possible to 

reduce the wall thickness, which yields to lower weight of the structural construc-

tion or it can be fabricated to take advantage of the higher stiffness at constant 

cross-section.

In addition to the mechanical advantages the pultrusion process is environmental 

friendly (without styrene), cost effective and allows high-speed and automated

�and� �

��

�and� � � �
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production with high-quality and commercialized polyurethane. Furthermore al-

most any constant cross-section part can be manufactured. Also excellent resin-to-

fiber bonding and transverse properties have been achieved so far [5].

Because of the outlined key benefits the pultruded lightweight material is applica-

ble for a variety of industries, e.g. aerospace and automotive. Especially the ad-

vantage in terms of the lighter weight, wide availability and high performance in 

combination with the highly automated mass process makes it a promising struc-

tural part (such as space frame construction) for sustainable future e-mobility. 

6 Conclusion

So far the preliminary results of the long term three point bending tests indicate 

that the fibre-reinforced polyurethane exhibits better creep performance compared 

to alternative resins. The lightweight material is one of the promising key tech-

nologies in the development of efficient and sustainable e-mobility solutions. 

Furthermore in this study the mathematical description of thicker plates has been 

considered. The REISSNER theory was simplified by introducing a constant pa-

rameter that made it is possible to derivate analytical solutions. To implement the 

creep behavior in the REISSNER equations the HOOKE`s law has to be modified re-

spectively. For a complete creep modeling the end results of the long term tests 

which are still in progress have to be taken into account. Furthermore the 

verification of the applied models must be performed.
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Abstract: Every manufactured part has a surface finish, and this finish affects 
many attributes of the part including: water or oil repellency, friction coefficient, 
or appearance.  This paper describes how microstructures can be manufactured 
into the surface of real manufactured metal parts with a focus on the application of 
water repellency. 

1 Introduction

Superhydrophobicity is the extreme water repelling ability of some natural sur-
faces like the lotus leaf [1] and synthetic surfaces that mimic the surface structure 
and chemistry of the lotus leaf [2].  Figure 1 illustrates the concept of how surface 
microstructures affect the water repelling characteristics of a surface.  When a sur-
face becomes rough with patterned microstructures, the surface microstructures af-
fect the way that water interacts with that surface.  In the presence of microstruc-
tures, a surface that repels water (“phobic”) becomes more water-repelling and a 
surface that attracts water (“philic”) becomes more attractive.     

Fig. 1  Surface roughness amplifies natural surface chemistry.
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2 Superhydrophobic Silicone Micropillars

Figure 2 shows fabricated silicone rubber micropillars that rendered the nor-
mally hydrophobic silicone superhydrophobic.  While the smooth polymer origi-
nally had contact angle � = 112°, the microstructured polymer has � = 152°.  Us-
ing inexpensively fabricated superhydrophobic products to protect expensive 
equipment could mitigate the cost of automobile corrosion.  The National Associa-
tion of Corrosion Engineers estimates corrosion consumes 3% of the Gross Do-
mestic Product of the United States annually [3].  Superhydrophobic surfaces can 
also exhibit “self-cleaning” properties useful for automobiles because droplets that 
roll off of the surface carry away particles that are larger than microstructure spac-
ing [1].  Superhydrophobic microstructures such as Figure 2 shows have been 
used to decrease drag [4, 5] and reduce ice thickness and adherence [6].

Fig. 2  Micropillars molded into silicone rubber cause an increase in contact angle and render the 
silicone superhydrophobic

3 Tools for Superhydrophobic Polymer Microstructures

Hoowaki produces flat and curved molding tools for molding superhydrophobic 
structures into polymers such as santoprene that is used extensively in automo-
biles.  The tools can be used in a press or as an injection mold insert.  As Figure 3 
shows, the process of molding a superhydrophobic polymer surface begins with a 
mold cavity and a microstructured steel insert.  The steel insert is assembled with 
the mold cavity, and polymer is molded in the assembly. A polymer replicate re-
sults having microstructures from the steel insert.  The microstructures shown in 
Figure 3 cause superhydrophobicity demonstrated in Figure 2.
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Microstructured tools can have microholes or micropillars depending on the spe-
cific application.  Figure 4 shows a stainless steel mold insert with micropillars on 
a two dimensional curved surface.  The microstructures Hoowaki produces range
in size from 5 μm to 200 μm, and the molding tools range in macro size from 1” 
to 6” and can be machined to fit specific applications.  The materials Hoowaki can 
microstructure include stainless steels, tool steel, nickel, titanium, copper, and 
carbide steels.

Fig. 3  Production of microstructured superhydrophobic molded parts using microstructured steel 
mold inserts - A) The process begins with a mold cavity and a microstructured steel insert. B) 
The steel insert is assembled with the mold cavity, and polymer is molded in the assembly.  C) A 
polymer replicate results having microstructures from the steel insert.  The microstructures 
shown here cause superhydrophobicity demonstrated in Figure 2.  
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Fig. 4  Stainless steel micropillars with two dimensional curved surfaces - Hoowaki produces 
stainless steel tools with flat and curved surfaces with microholes and micropillars. 
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THE FIRST WATER BASED 
PRETREATMENT SYSTEM FOR DIRECT 
GLAZING

W.-R. Huck
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Abstract: Here, the first waterborne pretreatment for Direct Glazing is presented, 
Sika HydroPrep®-100, a water based Activator for glass bonding including current 
applications in Automotive. The excellent product properties of 
Sika HydroPrep®-100 such as the possibility of shorter flash-off times, much 
lower odour, easy handling of the mixed activator and removal in case of con-
tamination are discussed. To complete a VOC-free direct glazing process, also 
the adhesive has to be solvent-free and solvent free alternatives for paint treatment 
are required.  Here, different solutions are feasible and will be discussed.

1 Introduction

Elastic bonding is a well established joining technology in the Automotive in-
dustry, especially with regards to the bonding of two different materials. In the 
past, all pretreatment systems in Automotive Direct Glazing, such as cleaners, ac-
tivators and primers were solvent-based. 

A first, significant reduction in VOC output could be achieved by implement-
ing primerless technology. Here, the black primer is eliminated completely from 
the bonding process and only a specially formulated solvent-based activator is ap-
plied as glass pretreatment. This technology was first established at Automotive 
OEMs in 1985 and is now a well accepted process.

With the introduction of the first waterborne activators for Direct Glazing, the 
VOC output could be further reduced by almost 99%, due to a very low content of 
VOC in the product. Figure 1 illustrates this VOC reduction.  

The technical properties and key data of Sika HydroPrep®-100 are comparable 
to the solvent-based technology such as Sika® Aktivator in terms of shelf life, ad-
hesion performance on float glass or glass ceramic frits, as well as the maximal 
open time.  Furthermore, the amount of material required for the activation was 
reduced to about 50%.
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Fig. 1  VOC reduction advantage of Sika HydroPrep®-100

2 Sika HydroPrep-1:  Properties

Based on water, the product is much more user-friendly with regards odour. Fur-
thermore, handling of the mixed activator is much easier, as it is not sensitive to 
moisture and water evaporates much more slowly than other organic-based sol-
vents. This information was collected from 2 different European car manufactures 
in various line trials and laboratory tests, where Sika Hydroprep®-100 was used 
daily for the serial production cars.. No ventilation is required for the removal of 
solvent fumes, avoiding important investments and running expenses for energy 
and maintenance.  Figure 2 is a summary of general handling properties.

Fig. 2  Sika HydroPrep-100 general handling properties
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3 Comparison of time to bonding

As the adhesion promoters are already hydrolysed, Sika HydroPrep®-100 offers
the possibility of shorter flash-off times,. The adhesive can be applied as soon as 
the water has evaporated, which means the open time is effectively a ‘visible 
minimum open time’. On the wet surface, the adhesive will also build up adhe-
sion, but handling is not possible and the adhesive bead may shift when oriented 
horizontally.  Figure 3 illustrates potential process timing impact.

Fig. 3  Comparison of time to bonding of solvent based and water based adhesive pretreatment

4 General Overview of Ecological Study Results

In an ecological study these parameters were calculated. As a reference, the cur-
rent 2-step pre-treatment, consisting of application of an activator and a primer, 
was used. The primerless solution, where only an activator is applied, already 
leads to a significant decrease on impacts of in energy demand, which in turn re-
duces the impact of car production on climate change, potential of overfertilisation 
and acidification, summer smog or raw material scarcity. Switching to the Sika
HydroPrep®-100 all these effects are again significantly decreased, e.g. only 10% 
of the initial values for the cumulated energy demand or impact on climate change 
are obtained.  Figure 4 shows comparative ecological impacts of preparation 
treatment options.
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Fig. 4 Comparative ecological impacts of preparation treatments

Additional benefits are that the product is not considered as a dangerous good and 
does not require any safety labels. Therefore, there are advantages when using 
water-based activators with regards to transportation and stocking of the material. 
Furthermore, the standard aluminium containers which are used for solvent-based 
primer packaging can be replaced by an environmentally friendly plastic bottle.

To complete a VOC-free direct glazing process, the adhesive must also be sol-
vent-free. The pretreatment of the paint and processing products such as cleaners 
must also be considered.

5 Sika’s VOC-free Bonding Concept

Fig. 5  Elements of Sika’s strategy to achieve VOC bonding
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For paint substrates there are 3 different options:
1. No pretreatment is necessary. The adhesive/paint system is adapted to 

build up adhesion by itself 
2. A cleaner is used to remove contamination.
3. An activator is applied, in order to improve adhesion 

For all concepts, water-based solutions are available. 
To complete the water based products for direct glazing, Sika Clean Glass can 

be used for the removal of moderate contamination on windows. For the removal 
of silicon residues from poor window production Sika Cleaner S (II) should be 
used.

6 Application of Water-based activator

A very challenging task was the adaptation of the water-based activator to the 
increasingly frequently used spray applications. The challenge was to meet pa-
rameters which are currently used on the production line and which had been op-
timised over the years for solvent borne pretreatments, which evaporate very fast. 
Furthermore, the wetting behaviour of a solvent or water borne solution is very 
different.

With currently used equipment, the application width and flash-off time were 
not within specifications. Sika started several external and internal studies to de-
velop a suitable solution. Finally, a special commercial nozzle was found which 
can be used in combination with new efficient ventilation with no additional in-
vestment required to the current state-of-the-art spraying equipment. For the 
manual application, today’s materials such as towels, felts or foams can be used 
and have no negative impact on the product performance.  The application charac-
teristics appear in Figure 6.

Fig 6  Sika HydroPrep-100 spray application characteristics

29



Conclusion

In conclusion, the water-based activators are an ecological and economical so-
lution with many benefits. For these reasons, Sika HydroPrep®-100 is already in 
use on the first automotive assembly lines with great success.

© Copyright of all pictures and illustrations belong to Sika Technology.
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HYBRID COMMAND ISSUING IN A 2-DOF 
SERVOMECHANISM OPERATED UNDER 
VISION-BASED FEEDBACK CONTROL

C. Montes, C. Wong, J. Ziegert, L. Mears
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Greenville, SC 29607 U. S. A.; E-mail: carlosm@clemson.edu

Abstract:  This paper presents a new method for generating motion commands in 
a 2 degree-of-freedom (DOF) vision-based position control system. The control 
system uses a fixed digital camera to direct-observe the multi-dimensional posi-
tion of a known target displayed on an Liquid Cristal Display (LCD) and deter-
mines the position of the tool based on this information. This system, implemented 
on an XY-stage, was first introduced in Wong [1], and further investigated in 
Montes & Ziegert [2] and Montes et al. [3]. Previous results demonstrated sensor 
resolutions on the order of 3 μm; however the resolution of motion commands was 
constrained to values on the order of hundreds of microns due to the physical 
characteristics of the LCD picture elements (or pixels). The new method presented 
here overcomes this constraint and allows generation of motion commands as 
small as 3 μm.  Simulation results are provided.

1 Introduction

The development of cleaner and more efficient technologies in the automotive in-
dustry has come to increase quality levels in the manufacturing sector. One of the 
biggest challenges in the development of new machine tools is the one related to 
error mapping. Common servomechanisms found in computer numerical control 
(CNC) machines utilize complex kinematic models of the machine to compensate
errors affecting machine tool accuracy. In this work a 2 degree-of-freedom (DOF)
vision-based position control system for machine tools is studied. This system is 
implemented on an XY-stage as shown in Fig. 1 (a). A fixed vision sensor is lo-
cated so that camera plane is parallel to the LCD, which moves freely in the XY 
plane based upon control action. In-plane motion instructions for the XY-stage are 
given by moving or modulating the dynamic target on the LCD, and thereby creat-
ing a position error between the target and the principal point (PP) in the camera 
plane (Fig. 1 (b)). Initially the control system can be thought of as a tracking de-
vice, where the control system moves the machine axes to align the target on 
screen with PP in the image plane. However, displacements of the target on the 
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screen are constrained by the size of the smallest element on the LCD, i.e. are con-
strained by one LCD pixel. The LCD pixel size in the experimental setup is 
294x294 μm, i.e. motion commands are constrained to 294 μm along the LCD Y-
axis and 98 μm (294/3) along the LCD X-axis. The difference between the size of 
Y-axis and X-axis displacements is due to the construction of one LCD pixels, 
which is made of three different color stripes, R, G and B, arranged horizontally 
from left to right. The possibility of individually generating blue, green or red 
from a single pixel, implies control of the physical location of the target to within 
1/3 of a pixel along the LCD X-axis. A new method for generating displacement 
commands as small as 3 μm is presented next. The method, 2 Hybrid Command 
Generation Protocol, combines visual-tracking and regular servo control, where 
the former implies the tracking of the target on the LCD and the latter implies a 
non-fixed reference signal to the control loop. 

(a) (b)

Fig. 1  (a) 2-axis stage with LCD monitor and fixed CCD camera. (b) Multi-dimensional position 
control error calculated based on the mapping of the target position on the LCD (point C) onto 
the image plane (point c) and referenced to the CCD principal point, PP.

Given the fact that the dynamics of the two axes are decoupled, it is possible to 
represent the experimental multiple-input multiple-output (MIMO) system as two 
single-input single-output (SISO) servo-systems of the form ,

where X is the displacement along one of the axis, V is the input voltage to the 
servo motor and G is the transfer function. The analysis that follows is conducted 
for one axis (X-axis), only. Modeling and other considerations for the second axis 
(Y-axis) can be obtained in a similar way as for the first one.

2 Hybrid Command Generation Protocol

Due to slow hardware frame rate and long image processing times, the feed-
back signal from the camera is delayed in time and intermittent with respect to the 
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controller’s update frequency, affecting overall performance and stability. These 
factors are addressed through a model-based Smith predictor scheme, which relies
on a mathematical model of the servo motors to predict the output of the plant be-
tween vision feedback-updates, only. Fig. 2 shows the augmented control struc-

ture operating as a function of the discrete variable i, where is used to model 
the intermittency and delay associated with the real camera dynamics, V, and C
represents the controller.  is the last increment of the target position on the 

LCD, with ; xi is the position of the stage. Commands equal to a multi-

ple of one LCD pixel (or 1/3 of a pixel for the case of horizontal displacement 
commands) are issued by moving the target on the LCD by that specific distance, 
and setting the reference on the image plane as the origin (i.e. PP). In this case the 
control system operates as a regular tracking system. For commands smaller than 
one LCD pixel, the target is displaced by the smallest possible amount on the LCD 
and the reference signal is set to a value different than PP. Full attention is now 
paid to issuing commands smaller than one LCD pixel and introducing the neces-
sary adaptations to make the estimate value  behave as  in Fig. 2.

Fig. 2 Single-axis command issuing through hybrid command generation protocol.

Ignoring the Smith predictor, the controller, and the effects of the camera dynam-
ics, the visual servo loop from Fig. 2 can be represented by either one of the dia-
grams in Fig. 3. The value  is the desired displacement command, where 

 LCD pixel.
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Fig. 3  Simplified visual servo loop.

The closed-loop transfer function for the right-hand side diagram in Fig. 3 is 
known to be of the form

(1)

with . The differential equation associated with (1) is 

 with . The general so-

lution is  with , assum-

ing a stable non-oscillatory system. Given the initial conditions ,

it follows that  and . Hence,

(2)

Equation (2) indicates that the position of the stage along the X-axis converges ex-

ponentially to , as desired. From the left-hand side diagram in Fig. 3, it fol-
lows that

(3)

The value of  is now well defined for the required reference signal 

 to command the stage to move by  μm. It is necessary at 

this point to determine the conditions to make the model , in Fig. 2, provide an 

appropriate estimate of . Let the differential equation associated with , for a 
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reference signal  , be with

 and .

For initial conditions  it is possible to calculate 

 and , and the solution to the model

becomes

(4)

A direct comparison between (3) and (4) demonstrates that, if the initial conditions 

of the model  are updated according to the latest position of the target as im-

aged by the camera, , then  is indeed an estimate of . It is worth 

pointing out that  is known at all times. in Fig. 2 is used to calculate the 

required vectors  and , according to a predefined path plan. The input 

vector illustrates the initialization of the model states accord-

ing to .
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3 Simulation Results

A basic path plan for fine in-plane displacement is generated. Fig. 4 shows the de-
sired motion for each axis in (a) and (c) (continuous traces), as well as the required 
target position on the LCD (discrete traces). The required reference signals to the 
control system according to the path plan are shown in (b) and (d).

Simulation is conducted by feeding the path plan in Figure 4 to the control sys-
tem in Figure 2.  The results are shown in Fig. 5 for a controller frequency of 1 
kHz and a vision block capable of providing feedback data at 400 Hz. The fre-
quency for the vision block is defined based on image acquisition times and image 
processing times obtained from previous experiments. The graph in (a) shows that 
it is possible to obtain an output motion that is close to the desired path through 
small controller gains. However, the velocity pattern in (b) presents undesired os-
cillations. These oscillations are associated with wait times that the control loop 
has to undergo in between feedback updates from the vision sensor. These oscilla-
tions can be addressed by increasing the rate at which the image is displaced on 
the LCD, or by adding a feed forward compensator to reduce the velocity of the 
control system.

(a) (b)

(c) (d)

Fig. 4  (a) X-axis path plan (continuous trace) and corresponding (required) target position on 
LCD (discrete trace). (b) X-axis reference control-signal required for path plan. (c) Y-axis path 
plan (continuous trace) and corresponding (required) target position on LCD (discrete trace). (d) 
Y-axis reference control-signal required for path plan.
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(a)

(b)

Fig. 5 Simulation results with a 1 kHz proportional controller and a vision block capable of pro-
viding feedback signals at 400 Hz. Proportional gains: Px=30; Py=30. (a) Desired in-plane motion 
and simulation output plotted on same graph. Highlighted rectangular-area shows biggest devia-
tion between desired and simulated motion. (b) Output velocity, X-axis.

4 Conclusion

A method for generating motion commands as small as 3 �m for a pre-

existing real time control system was presented. Simulation results indicated a 

need for a velocity compensator to achieve desired motion behavior.
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Abstract:  For the realization of modern drive concepts based on high power elec-
tronics, it is necessary to take the advantages of well-adapted materials for the re-
spective challenges. In terms of high power electronics, mainly in the range of en-
ergy storage and distribution, the substitution of copper by aluminum seems to be 
adequate to reduce the mass of the overall mobile system and to lower the produc-
tion costs. However, for electrical reasons a complete replacement of copper is not 
practicable, therefore it is necessary to contact copper and aluminum by way of 
metal continuity. In order to reach high operating temperatures as well as an excel-
lent electric conductivity copper and aluminum are supposed to be joined by weld-
ing processes. For this purpose especially laser welding is a suitable technique to 
realize defined energy inputs, high operating speeds and good automation facili-
ties. Nevertheless the joining of copper and aluminum by means of laser-welding 
causes miscellaneous difficulties. Besides worse absorption factors for the typical 
industrial laser wavelengths, copper and aluminum form a lot of intermetallic Cu-
Al phases. Most of these phases feature high hardness values, coming along with a 
distinctive brittleness and effectuate minor ductility values. In this context, the 
present article deals with an alternative method for the laser-welding of Cu-Al 
connections, which avoids a direct interaction of copper and aluminum in the mol-
ten state. For this purpose, so-called roll-cladded inserts are used, in order to split 
one direct Cu-Al connection into two separate joints, i. e. Al-Al and Cu-Cu. The 
rather Cu-Al connection is transferred to the standardized roll-cladding process, 
whereby high-grade connections at dissimilar materials, which would form vari-
ous intermetallic phases at fusion welding, are achievable.
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1 Introduction

In order to optimize the characteristics of a complete high power electronic sys-
tem, more and more so called tailored constructions are established for applica-
tions in high power electronics for mobile systems. Therefore it is necessary to 
join the respectively most suitable materials for each subsystem to an overall 
package. In this context, a material connection of particular interest is the combi-
nation of copper and aluminum. While copper features an outstanding electrical 
and thermal conductance, its comparatively high density limits the request for 
light-weight constructions. Furthermore copper base materials are quite expensive 
and their market price is supposed to once again reach the level of 9.000 USD/ton 
after the economic crises. In contrast to that, both the density and the market value 
of aluminum amounts 70% less than the one of copper. Taking into account, that
depending on the relevant material composition, the electrical and thermal con-
ductance of copper is about 20% to 40% higher, the substitution of copper by 
aluminum enables a reduction of the total weight and the production costs of mo-
bile systems. As a complete replacement of copper is not practicable for electrical 
reasons, copper-aluminum connections by way of metal continuity are necessary. 
In this consequence laser beam welding offers defined energy inputs, high operat-
ing speeds and good automation facilities. Despite that, laser beam welds are chal-
lenged by miscellaneous difficulties, whereat the dominant complex of problems 
derives from the limited solubility of copper and aluminum within each other. Ac-
cording to Figure 1, an intermixture of two materials “A” and “B” can basically 
affect three different types of microstructures in the weld zone. In case of suffi-
cient solubility of both materials mixed crystals are formed, while limited solubil-
ity can lead to either intermetallic phases or total mismatch in the worst case.

The binary system copper-aluminum only features very limited solid solubility 
values for both base materials. Any exceeding of these limits results in the forma-
tion of intermetallic phases, such as CuAl2 connections in the aluminum corner of 
the Cu-Al phase diagram, see Figure 2. At fusion welds the distinctive hardness of 
these intermetallic phases typically causes an embrittlement and thereby a deform-
ability reduction of dissimilar connections.
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Fig. 1 Basic structural conditions in the welding zone of dissimilar material [1]

Fig. 2 Binary Al-Cu system, aluminum end of the equilibrium diagram [2]
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As a consequence, the dynamic performance of such direct Cu-Al contacts with 
a certain intermixture zone of the base materials is often insufficient for the typical 
operational demands in mobile systems. In this context Figure 3 shows diverse 
possibilities to optimize the tensile strength of Cu-Al butt-welds. By means of a 
lateral beam displacement towards the aluminum base material, silver filler mate-
rial and appropriate laser power modulations the connections’ tensile strength can 
be doubled. However the ductility of the dissimilar joints is only influenced insig-
nificantly by the implied optimization methods. That is why temperature cycling 
tests lead to a considerable reduction of the remaining tensile strength. Moreover 
corrosive loads with dilute sulphuric acid, which is similar to accumulator acid, 
rapidly decrease the stability of the direct Cu-Al connections, see Figure 3.

Fig. 3 Effect of diverse optimization methods and selected long-term properties; beam dis-
placement towards aluminum base material; thickness of silver filler 50 �m [3, 4]

In order to enlarge the dynamic and chemical stability of dissimilar connec-
tions, so called rollcladded inserts can be used to split one direct Cu-Al connection 
into two separate joints, i. e. Al-Al and Cu-Cu. The rather Cu-Al connection is 
transferred to the standardized roll-cladding process, whereby high-grade connec-
tions at dissimilar materials, which would form various intermetallic phases at fu-
sion welding, are achievable.
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2 Experimental setup

For the experimental tests roll-cladded Cu-Al inserts are placed between an over-
lap-configuration of the base materials. The rectangular fittings are punched out of 
roll-cladded sheet metal with a total thickness of 1.0 mm. Roll-cladded Cu-Al 
sheet metal typically features an unsymmetrical proportioning of copper and alu-
minum, i. e. the total insert thickness divides in 70% aluminum and 30% copper. 
By setting different widths for the base materials and the insert, fillet welds at the 
intersections of the base materials and the roll-cladded insert are producible, see
Figure 4.

Fig. 4 Joining geometry for the welding tests with roll-cladded fittings

As laser source for the experiments the pulsed Nd:YAG laser system 
SLS200CL60 from the Lasag AG is used. It features a peak power of 7 kW at a 
pulse duration between 0.5 ms and 100 ms and a spot diameter of 400 �m. High 
peak power is especially needed for copper-welds with IRlasers, in order to couple 
into the highly-reflective material. In addition short pulse durations limit the ther-
mal influence of the joining process on the sample, particularly at materials with a 
high thermal conductivity, such as copper and aluminum.

3 Results of the welding tests

In contrast to copper, aluminum features a higher absorption rate for the implied 
laser wavelength, combined with a lower thermal conductivity, see for example 
[5,6]. Therefore the Al-Al subsystem is comparatively uncritical for welding, es-
pecially in the fillets according to Figure 4. Furthermore, the higher proportion of 
aluminum at the roll-cladded inserts causes a further distance between the welding 
zone and the Cu-Al bonding zone within the insert. That is why a laser power of 
2.900 W at a pulse duration of 8 ms are adaptive for the Al-Al connections, before 
a thermal degradation of the Cu-Al bonding zone within the roll-cladded insert 
may take place. On the contrary, increased laser powers and lower pulse durations 
are necessary for the copper welds. By enhancing the laser power up to 6.000 W, 
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an adequate coupling of the laser irradiation into the sample and a verification of 
the deep welding effect can be assured. In conjunction with an increase of the la-
ser power, the pulse duration at Cu-Cu welds has to be reduced to 3 ms. Thereby 
the heat conductance within the roll-cladded inserts is limited to an uncritical ex-
tend and the thermal load on the Cu-Al bonding zone can be minimized.

Fig. 5 Connections of the copper-substrate and the copper-side of the roll-cladded inserts:
a) Intermixture of Cu and Al, leading to the formation of intermetallic phases
b) Without intermixture of Cu and Al

In particular, a melting of copper and aluminum at the same time has to be 
avoided. If not, an intermixture of aluminum and copper in the molten state occurs 
and once again disadvantageous element distributions and hence intermetallic 
phases are constituted, see Figure 5a. In this context the welding of the Cu-Cu 
subsystem is more critical in contrast to the Al-Al joint, as the higher melting
point of copper, combined with an also higher heat conductance impetuously can 
lead to a melting of the aluminum fraction of the roll-cladded inserts. Furthermore 
it has to be assured, that thermal welding process does not lead to a degradation of 
the bonding zone within the roll-cladded material by accelerated solid state diffu-
sion combined with a growth of the bonding layer’s thickness. In this context Fig-
ure 6 presents a closer look to the bonding zone of the roll-cladded material 
nearby the weld area before and after the welding process with the parameters 
named above. According to figure 6 no significant modification or anomaly can be
detected in the microstructure. The Cu-Al diffusion zone in the bonding area fea-
tures a thickness of less than 5 �m before and after the welding process, so that no 
growth of the critical phase seam can be seen. Therefore it can be assumed, that 
laser welding processes with adapted parameters do not lead to a pre-damage of 
the Cu-Al bonding zone.
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Fig. 6 Microsection of the bonding zone within the roll-cladded material:
a) As-delivered condition, before the welding process
b) After the laser beam welding process

4 Characterization of the welded samples

For an elementary characterisation of the Cu-Al connections with roll-cladded in-
serts mechanical and chemical / electrical tests are performed. Figure 7 a) shows 
the achievable tensile strength and the elongation at fracture of Cu-Al samples 
welded with or respectively without roll-cladded inserts. Here Al 99.5, which is 
the base material with the lower tensile strength but the higher ductility, serves as 
reference for elongation values. For clarity reasons, figure 7 does not show any er-
ror bar for the standard deviation. With a number of 5 or respectively 3 samples, 
the standard deviation for the tensile tests amounts ±17 MPa and on the analogy 
±4% for the electrical tests

Fig. 7 Elementary characterization of Cu-Al welds with roll-cladded inserts:
a) Tensile tests with Al 99.5 as reference
b) Electrical tests under chemical load (sulphuric acid, 30%)

According to Figure 7a the ductility of Cu-Al welds can significantly be raised 
by means of rollcladded inserts. The fracture position of welds with cladded in-
serts is always placed at the beginning of the overlap zone in the aluminum base 
material. Up to this point the corresponding curve progression is very similar to 
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the one for Al 99.5 in as-delivered condition. Due to the thermal modification of 
the microstructure, the elongation to fracture at Cu-Al joints with inserts differs
from Al 99.5, which features elongations up to 35%. By contrast, direct Cu-Al 
welds only exhibit elongations to fracture of less than 7%, see figure 7 a). In addi-
tion the curve for the direct Cu-Al connections displays very high gradients con-
cerning the drop of the tensile strength shortly before the fracture. Thus only a 
limited reliability of direct Cu-Al welds after mechanical preload remains and all 
types of deformation may lead to an abrupt cracking. That is why for quasi-static 
mechanical purposes the use of roll-cladded inserts can be recommended. Further 
mechanic and dynamic tests are planned for the near future, in order to analyse 
also the properties of Cu-Al connections with cladded inserts under vibration and 
fatigue loading.

For an elementary evaluation of the time-dependent electrical characteristics, 
the electrical resistance of Cu-Al samples welded with roll-cladded inserts is 
measured under chemical load, see figure 7 b). In this context welded samples are 
exposed to diluted sulphuric acid (30%) over a period of 240 hours. The recording 
of the measurement is performed with a four-wire micro-ohmmeter at ambient 
temperature. At a measurement current of 1 A the resolution amounts 100 ��. For 
both variants of Cu-Al connections an increase of the electrical resistance can be 
observed, see figure 7 b). This effect can be explained by a chemical material re-
moval of the dissimilar connections, which reduces the remaining conducting 
cross-section and enlarges the resistance. Caused by the element intermixture at 
direct Cu-Al joints, these weld seam are particularly susceptible to a chemical
degradation. Correspondingly, the resistance of direct Cu-Al welds increases 
comparatively fast and after about 200 hours to 220 hours the direct connections 
break down. In the moment of fracture, the weld seams of the direct Cu-Al con-
nections are completely decomposed without any remaining mechanical and re-
spectively electrical cross-section. In contrast, Cu-Al joints with rollcladded in-
serts sustain uniform material removal and show no fracturing after 240 hours. In 
this case the steady material removal derives from the similar element composi-
tion in the Al-Al and Cu-Cu weld seams without intermetallic phases in the rather 
welding area.

5 Conclusions and outlook

The present article points out the possibility to achieve copper-aluminum connec-
tions by metallic continuity, without directly welding the two different base mate-
rials. Instead, one dissimilar Cu-Al joint is split up into two similar connections, i. 
e. Al-Al and Cu-Cu. The rather Cu-Al bonding is transferred to well-known roll-
cladding processes, which effectuate very limited diffusions zone with a thickness 
of less than 5 �m. By means of roll-cladded inserts, an intermixture of copper and
aluminum in the molten state and with it a formation of intermetallic phases can 
be avoided. As a consequence of the minimized proportion of intermetallic phases 
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in the total connection, significantly higher ductility values are achievable by this 
alternative welding method. Due to the reduced brittleness, also the dynamic 
strength of such connections is exposed to increase considerably. In this context 
dynamic tests according automotive standards are planned for the near future. Un-
der acid load the material removal at Cu-Al joints welded with roll-cladded inserts 
continues uniformly. In addition, no abrupt break down of the connection by a 
complete decomposition of the weld seams has to be apprehended. Therefore the 
use of roll-cladded inserts for Cu-Al welds can also be recommended for electrical 
purposes.
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III  COMBUSTION ENGINES AND FUELS
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Abstract:  Over the past 5 years, ORNL has run 95 diesel range fuels in homoge-
neous charge compression ignition (HCCI), including 40 bio-diesels and associ-
ated diesel fuels in their blending. The bio-diesel blends varied in oxygen content, 
iodine number, cetane, boiling point distribution, chemical composition, and some 
contained nitrogen. All fuels were run in an HCCI engine at 1800 rpm, in the 
power range of 2.5 to 4.5 bar IMEP, using intake air heating for combustion phas-
ing control, and at a compression ratio of 10.6. The engine response to fuel vari-
ables has been analyzed statistically. Generally, the engine responded well to fuels 
with lower nitrogen and oxygen, lower cetane, and lower aromatics. Because of 
the wide range of fuels combined in the model, it provides only a broad overview 
of the engine response. It is recommended that data be truncated and re-modeled 
to obtain finer resolution of engine response to particular fuel variables

1 Fuels Evaluated

40 fuels were evaluated as a basis for this report, divided into 5 groups. These 
groups have been published previously in separate studies (ref. 1-5), and this paper 
is a new analysis of data combined from these papers with a particular focus on 
bio-fuels in the diesel range. For the purpose of this paper, bio-fuels are defined as 
those containing oxygen and/or derived from obviously biological sources. The 1st

group of selected fuels includes four #2 ULSD diesel fuels which were used for 
blending of the various biofuels. The 2nd group includes 5 common methyl ester 
biodiesels, derived from coconut, palm, rape, soy, and mustard, and blended to 
B20 level in #2 ULSD, with one also blended to B10 and B50. The 3rd group is 
composed of 8 narrow cut methyl esters obtained from Proctor Gamble Chemical 
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and blended in #2 ULSD at levels from B5 to B30, for a total of 14 fuels. The 4th

group includes 7 narrow cut oil shale derived fuels, which were partially hy-
drotreated to retain some oxygen and nitrogen content, and which were included 
because they may represent pyrolysis derived fuels. The 5th group consisting of 8 
raw plant extracts from non-traditional plants (copaifera, aleurites, pittosporum, 
cymbopogon, and dictamnus), blended to B20 level in #2 ULSD. These fuel 
groups were obtained, analyzed, and evaluated over the time period of 2008 to 
2011 and the chemistry and property data obtained were not completely consistent 
between the fuels.

Overall, 18 fuel related variables were considered common enough to be incor-
porated in the fuel data set, but not all data was available for all fuels. The matrix 
of 40 fuels and 18 variables is 78% complete, with only 8 variables available for 
all fuels and 11 variables available for 38 of the 40 fuels. This is important be-
cause selecting fuel variables which are not available for all fuels will eliminate 
fuels and data points from the final analysis. Variables which are complete for all 
fuels include cetane, T50, % oxygen, % biodiesel, % saturates, % aromatics, ppm 
nitrogen, and specific gravity. 38 fuels had the additional variables of T10, T90, 
and iodine number. These are the variables which could be reasonably selected for 
analysis of the type presented in this report. Complete fuel data is not included in 
this report, but Table 1 indicates the min, mean, and max for each of the variables.

2 Description of Engine

The engine used for this study is a simple homogeneous charge compression 
ignition (HCCI) engine converted from a 500 cc single cylinder commercial diesel 
engine. The engine has been used as a basis for many studies (ref. 1-5) and will 
not be explained here beyond the following description. In converting the engine 
to HCCI, the diesel fuel injector was removed and a heated intake port atomizing 
fuel injector was added. This injector is operated at temperature up to 375°C. and 
produces a fine fog of fuel which mixes with the incoming air before entering the 
cylinder. Combustion phasing is controlled by heating the intake air over the range 
of 100 to 400°C. and the engine operates un-throttled. Compression ratio has also 
been lowered from 20 to 10.5 to ensure a proper range of combustion phasing with 
diesel type fuels. Fuel rate is controlled with a small metering pump. Valve timing 
is stock from the original diesel engine. In operation, air-fuel ratio (AFR) is con-
trolled both by intake air temperature and fuel rate. Combustion phasing is con-
trolled by intake air temperature and AFR and engine power output is controlled 
by fuel rate. The simple method of combustion control employed in this engine 
places a great emphasis on fuel chemistry and kinetics and also make modeling of 
the engine very simple. The same kinetic processes occur in more complex en-
gines, but are more mixed up in time and space.
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3 Experimental Plan

Each fuel was run at fixed fuel rates, with intake temperature varied to control 
combustion phasing, and data acquired included temperatures and pressures, gase-
ous and smoke emissions, and combustion analysis using an AVL Indicom sys-
tem. This results in a timing sweep for the fuels, which can be studied to evaluate 
optimum performance or tradeoffs between various emission parameters. For 
some fuels, several fuel rates were run, and for others only one. Overall, there are 
510 data points covering the 40 fuels; engine variables range from 4 to 12 
grams/minute fuel rate, 0.8 to 3.7 bar IMEP, and 110 to 320 °C intake air tempera-
ture. Over this range, NOx varies from 0 to 346 ppm and smoke number from 0 to 
4.6.

4 Data Analysis

Data is analyzed by using statistics, with fuel and engine control variables as 
input variables. Because of the simplicity of the engine it can be modeled with a 
minimum of variables and, in this case, we chose combustion phasing (crank angle 
for 50% burn or MFB50) and torque output (indicated mean effective pressure, 
IMEP, bar) as input variables. Using these as input variables also allows the mod-
els to be easily exercised at constant combustion phasing and power levels. For 
fuel variables, we choose cetane, % aromatics, T90, oxygen content, and nitrogen 
content. The first 3 correspond to requirements in ASTM D7467 (B6 to B20 bio-
diesel blends). Oxygen content was included in lieu of % biodiesel because we 
were uncertain how to classify the oil sands derived fuels and plant extract fuels 
relative to % biodiesel. Nitrogen content was included because the oil shale de-
rived fuels contained nitrogen, as might partially upgraded pyrolysis derived fuels. 
These variables also have the characteristic of not being strongly correlated, so 
that they can be regarded as independent variables. 

Data is analyzed using the statistics analysis package included in AVL Cameo, 
which is intended for experimental design, mapping, optimization, and control 
map generation for combustion engines. Models are constructed as second order 
polynomials with second order cross terms, using automatic selection of model 
terms at a 95% significance level and a forward/backwards method. Second order 
terms have been eliminated for the fuel variables, because many of them result in 
model turnover that is not logical from an engineering or chemistry viewpoint. For 
NOx and smoke, a square root transform is also applied to the experimental data 
to prevent the prediction of negative values. We have also found is that fuel char-
acteristics very rarely fall into an orthogonal experimental design, and it is very 
important to track the experimental design space to avoid extrapolation of the 
models beyond the range of the experimental data. We should also note that a 
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number of models with about equal quality of fit can be constructed from the data, 
in order to study specific trends and that the data can also be narrowed to focus on 
fuels with particular characteristics. The analysis presented here is intended to 
provide a broad view of the analysis techniques and overall fuel effects on HCCI 
engine performance. The independent variables we cover in this report include 
emissions (NOx and smoke), fuel economy (ISFC) and control information (intake 
temperature).

Figure 1 compares the measured response to modeled response for each of the 
data points. The models provide reasonable R2s, ranging from 0.63 for smoke to 
0.85 to 0.87 for intake temperature, NOx, and ISFC. The smoke model is some-
what disappointing, but when one examines Figure 2, which shows measured and 
modeled data vs. run order, one can see that most of the measured and modeled 
smoke values are zero, with spikes vs. run order generally coming from points 
with high fuel rate. A similar situation exists for NOx, with the run order points
with high NOx corresponding to points with very advanced combustion phasing 
and from the points with the nitrogen containing fuels. The spiked response asso-
ciated with high fuel rate or advanced timing cannot be modeled with a second or-
der response, but we feel that the data does not support moving to higher order or 
more complex models. This is another example where it might be useful to trun-
cate a data set in order to provide finer model detail in a particular area of interest.

Fig. 1  Measured vs. modeled response for 4 main variable of interest, intake temperature, 
smoke, NOx, and ISFC, showing model ability to reproduce experimental data.
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Fig 2.  Measured (circles) and modeled (lines) vs. run order for 4 main variables of interest, 
showing ability of models to track data over timing sweeps and different fuel groups.

The overall responses of the four (4) main variables of interest to the model inde-
pendent variables are shown in Figure 3. In this figure, intake temperature smoke, 
NOx, and ISFC are the Y-axes, and % oxygen, total aromatics, T90, cetane, nitro-
gen, IMEP, and MFB50 are the X-axes. Each response graph shows the effect of a 
single input variable on the output variables when the other fuel variables are set 
to their average value, IMEP is set to 3 bar, and MFB50 is set to 362. The horizon-
tal green bars on each chart indicate the range of the experimental data and thus 
define the region where the model can be considered valid. The green lines on the 
charts indicate a 95% confidence interval for the prediction.  Intake temperature 
provides an indication of how easy a fuel is to ignite, but is not of direct concern 
as long as it falls within the range of engine capability. For smoke, NOx, and 
ISFC, lower is better, and the majority of the graphs indicate improved perform-
ance when oxygen, aromatics, cetane, and nitrogen are lower. Optimum fuel 
economy for the engine is also indicated to fall at about 3 bar IMEP and 362 
MFB50. Smoke and NOx both increase for advanced combustion phasing and 
smoke also increases rapidly at higher IMEP.  
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Fig. 3  Response of 4 main variables of interest to model independent variables, when each fuel 
variable is set to an overall average value, IMEP is set to 3 bar, and MFB50 is set to 362 (2 deg. 
ATDC)

5 Conclusions

Statistical models of large, varied, fuel related data sets are useful for providing 
a broad view of the response, but finer detail of a particular variable can probably 
be achieved by truncating a data set to focus in on a particular region of data. 
Hence, workflow should include easy access to the complete data and ability to re-
model the data easily.

The following conclusions are relevant for the type of engine operation studied 
in this research (premixed HCCI with temperature controlled ignition in relatively 
light load operation), but may not apply to other engine types or operating condi-
tions. Nitrogen, in this case from partially hydrotreated oil shale fuels, should not 
remain in fuels because its presence increases NOx emissions dramatically with-
out providing other benefit. Likewise oxygen, aromatics, and high cetane were 
generally harmful to NOx, smoke, and ISFC.

Although not discussed in this paper, it is expected that this data could also be 
used to verify fuel kinetic models which then could be applied to other engine 
strategies using CFD modeling.

57



References

[1] Bruce G. Bunting, Romain Lardet, and Robert W. Crawford, Statistical Overview of 5 Years 
of HCCI Fuel and Engine Data from ORNL, 2010 DOE DEER Conference, 09/2010.

[2] Scott J. Eaton, Bruce G. Bunting, Samuel A. Lewis, and Craig Fairbridge, Effect of Narrow 
Cut Oil Shale Derived Distillates on HCCI Engine Performance, SAE paper 2009-01-2646.

[3] Bruce G. Bunting, Scott J. Eaton, Robert W. Crawford, Yi Xu,  Les R. Wolf, Shankar 
Kumar, Don Stanton, and Howard Fang, Performance of Biodiesel Blends of Different 
FAME Distributions in HCCI Combustion, SAE paper 2009-01-1342.

[4] James P. Szybist, Joanna McFarlane, and Bruce G. Bunting, Comparison of Simulated and 
Experimental Combustion of Biodiesel Blends in a Single Cylinder Diesel HCCI Engine,
SAE paper 2007-01-4010.

[5] Bruce G. Bunting, Robert W. Crawford, Les R. Wolf, and Yi Xu, The Relationships of Die-
sel Fuel Properties, Chemistry, and HCCI Engine Performance as Determined by Principal 
Components Analysis, SAE paper 2007-01-4059.

58



NEW POTENTIAL OF OLD WANKEL-TYPE 
MACHINES

B. Schapiro

Technology & Process Consulting, Kluckstraße 25, D-10785 Berlin, Germany;
Email: boris@schapiro.org

Abstract:  One must acknowledge that epitrochoidal machines with circularly 
moving evolvent gear systems (e.g., Wankel-type machines) are indeed ingenious.  
Is it possible that such mathematical beauty cannot deliver corresponding utility in 
market-relevant applications?  I will discuss the potential of bi-angular piston ma-
chines and circularly moving evolvent gear systems in applied mechanics.  Bi-
angular machines have some important advantages.  First, the compression ratio is 
defined by design and not limited by the geometry. This makes it possible to em-
ploy the more efficient Diesel process in such machines.  Second, the vibration 
resonance of the rotating piston can be suppressed in contrast to the classical tri-
angular Wankel machine. This contributes to significantly less wear and tear of 
the working chamber.  “Classical” reciprocating and rotating piston machines can 
also profit from advantages developed through new perspectives on Wankel-type 
machines.  One could say that all this is well-known and simply ancient history. 
Granted. But perhaps we can develop new solutions to old problems by viewing 
and discussing them from a different perspective.

1 Rotation machines, their geometry and topology

It would be a truism to state that reciprocating piston engines 
dominate the power train market because, overall, they 
exhibit an incomparable efficiency. Nonetheless, even the 
fathers of today’s energy technologies, such as Watt, Carnot 
and many others, attempted to combine the advantages of 
rotary motion with the efficiency of reciprocating piston 
machines. The famous book by Harding [1], published in 
1911, contains descriptions of over 3,000 rotary machines. 
Ramelli [2] described a rotary compressor already in 1588.

I, too, devoted 15 years to this endeavor. And I was successful, developing the 
RKM technology ([3]-[5]) in which the piston’s rotary motion worked with the 
same efficiency as reciprocating piston machines, at least theoretically. To achieve 
this, the RKM piston had to rotate about a periodically jumping, instantaneous 
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axis of rotation. Mathematical analysis of this machine proved that it belongs to 
the same topological class as classic reciprocating piston machines. This explains 
why the topologically defined characteristics of the machines should be identical 
with those of reciprocating piston machines. Assuming optimal utilization of 
thermomechanical potential, it is the topology of a machine that decisively deter-
mines its efficiency. If the advantages of rotating geometry are incorporated into 
the design of these machines, then, after appropriate development, the efficiency 
of RKM machines must be clearly superior to that of reciprocating piston ma-
chines. 

While the periodically jumping, instantaneous axis of rotation contributes to a 
radical improvement in efficiency, it also results in a reduction of the power den-
sity of RKM machines compared with the high-speed rotating piston machines of 
Felix Wankel as well as turbines. 

Fig. 1  Compressor, Borsig Company, Berlin 1961 (from [6], [7])
1 – Driveshaft; 2 – immovable insert with gas exchange channels; 3 – gas exhaust channel; 4 –
radial seal; 5 – rotor; 6 – immovable housing; 7 – movable housing with working chamber; 8 –
gas intake channel; 9 – rotor bearing; 10, 11 – movable housing bearing.

Turbines are world champions in power density because of their extremely high-
speed rotation. However, they are truly efficient only when the turbine blades ap-
proach the speed of sound in the airstream. Turbines are not only extremely ex-
pensive but also achieve a high efficiency only in a relatively small operating 
range. Thus, they are generally cost-effective only for applications requiring 
megawatt or gigawatt output. They are unsuitable for mass-produced, mobile ap-
plications for use on land and water. In these areas, the technology for main and 
supportive motors is dependent on volume displacement machines. 

60



2 The Efficiency of Wankel Machines

Felix Wankel devoted his life almost exclusively to planetary piston machines, be-
cause they achieve very large volume power densities through the continuously 
circular motion about the instantaneous axes of their pistons, which attain exceed-
ingly high rotation speeds (on the order of 15,000 – 20,000 rpms). On the one 
hand, it is sad that the exceptional work of Felix Wankel and his team has never 
received the market attention it deserves. Both economic-political and understand-
able special interests of automotive giants contributed to that. On the other hand, 
the deplorable efficiency of Wankel machines and their resulting excessive fuel 
consumption played a disastrous role. The advantage of their power density could 
not compensate for their disadvantages in times of energy scarcity.   

There are two major reasons for the Wankel motor’s low efficiency: first is the 
geometry chosen for the famous Wankel machine, with its Reuleaux triangle in 
the piston’s cross section and the epitrochoidal contour of the working chamber 
with changing algebraic sign of curvature along the chamber contour. The classic 
Wankel machine’s maximum possible compression is wholly defined by its ge-
ometry. This geometry limits the machine’s compression ratio to a number in the 
range of 10. As a result, this machine can be realized as a combustion engine only 
when employing the Otto process and similar processes in a single compression 
stage. The much more efficient Diesel process requires a compression ratio no less 
than the range of 20. Two-stage diesel Wankel engines exist, in which one stage 
serves as a pre-compresssor and the other as actual motor. This approach has not 
proved economical as the pre-compressor devours more energy than the efficiency 
difference between the Otto and Diesel processes can yield. 

Second, the problem of sealing the rotating piston against the chamber wall has 
not yet been solved satisfactorily. Compared to reciprocating piston engines with 
their surface-to-surface seal between piston and cylinder wall, the seal between the 
rotating piston and the chamber wall of the trochoidal machine is a line-to-surface 
seal. Trochoidal machines can be realized with n orders of rotor symmetry, n = 2, 
3, ... The piston’s spring-loaded sealing lip slides along the chamber wall at a 
permanently changing angle during piston rotation. This angle’s amplitude is de-
fined by the piston’s order of symmetry. This amplitude is greatest at n = 2 and is 
approximately equal to � minus the angle between the tangents to the piston’s 
contours at the sealing point. It is approximately equal to ��. At n = 3 (the classic 
Wankel machine), the amplitude is approximately ��. Thus, it is clear why Felix 
Wankel chose the third order symmetry for his machine’s piston – the sealing 
quality of this machine is roughly 30% better than that of a machine with the pis-
ton symmetry of the second order. In the following, we will devote our attention to 
these trochoidal machines with second order symmetry pistons (PPM2, Planetary 
Piston Machine with 2nd order piston symmetry).
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3 Planetary Piston Machines with 2nd Order Piston Symmetry 
(PPM2)

Let us imagine that the sealing problem for planetary piston engines has been 
solved by means of an independent sealing technology. Which of the almost ini-
finite variety of planetary piston machines would be most interesting economically 
as a combustion engine? In my opinion, given the assumption above, a planetary 
piston machine with 2nd order piston symmetry (PPM2) would emerge as the clear 
victor. 

The reasons for this are simple. First, the contour of the PPM2 piston, a tro-
choidal arc, conforms to at least one similar arc in the contour of the working 
chamber. If we build a combustion chamber into the arc portion of the chamber 
wall that conforms to the PPM2 piston, then the machine’s compression will equal 
the relation between the maximum volume defined by the PPM2 geometry and the 
geometry-independent volume of the combustion chamber. Thus, the compression 
of a PPM2 motor is not defined solely by the trochoidal geometry but, contrary to 
the Wankel machine, together with the designed size of the combustion chamber. 
Consequently, the PPM2 machine can definitely be designed as a one-stage diesel 
with concomitant significantly improved efficiency. 

Second, the piston’s rotation speed and, thereby, the power density of the 
PPM2, is limited only be the fuel’s rate of combustion. That, in turn, means that 
the PPM2 engine should be able to achieve the maximum power density possible 
for any fuel used. 

With PPM2 machines, I hope to maximize both efficiency and power density.
Incidentally, all the usual advantages of planetary piston machines also accrue 

to the PPM2 machine. Among them are:

• small, light and simple construction requiring little space,
• few moving parts with less wear,
• outstanding power density.
• dynamic balancing provides quiet and smooth operation.
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Fig. 2  Compressor RPK-160, Zhukovsky Kharkover Aeronautical Institute, Kharkov 1967 (from 
[8])
1 – gas exhaust valve; 2 – immovable housing; 3 – rotor; 4, 5 – facing plates; 6 – eccentric shaft; 
7 – gearwheel, internal gearing; 8 – intake channel; 9 – immovable gearwheel; 10, 11 – dynamic 
balancing weight; 12, 13 – drive shaft bearing; 14, 15 – rotor bearing.

Fig. 3 Compressor RPK-300, Zhukovsky Kharkover Aeronautical Institute, Kharkov 1969 (from 
[8])
1 – dynamic balancing weight; 2 – immovable gearwheel; 3, 12 – driveshaft bearing; 4, gear-
wheel, internal gearing; 5, 10 – oil capture housing; 6, 8 – facing plates; 7 – housing; 9 – rotor 
bearing; 11 – eccentric shaft; 13 – rotor; 14 – gas exhaust valve; 15 – sealing strip; 16 – triple 
point sealing element; 17 – facing plate sealing strip; 18 – oil separation ring.
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4 Desired Qualities of a Seal

The vision developed in the previous section rests on the assumption that the 
planetary piston machine’s well-known sealing problems can be solved. I believe I 
have solved this problem – although only theoretically, at the moment. The solu-
tion is based on a new composite material I have invented. This material can be 
used as an elastically deformable element for a seal that will adapt to every curva-
ture. 

This material has the following properties decisive for the economic efficiency 
of PPM2 machines:

• design of the material can set its elasticity across a extremely wide parame-
ter range by,

• the material can be formed into almost any shape and will conform to every 
curvature under pressure, 

• this material’s reaction speed to deformation should be at least 4 x 105

cm/sec. Sealing the piston with this material against the chamber wall of a 
PPM2 with a chamber diameter of 30 cm would theoretically allow rotation 
speeds of up to 240,000 rpm, 

• the wear on this material should be comparable to the wear on today’s seal-
ing materials,

• its elasticity characteristics will remain virtually unchanged up to tempera-
tures approaching 1,200 °C.

I ask for the esteemed readers’ understanding that I do not disclose the know how 
for producing this miraculous material at this point. This know how is not yet pro-
tected, being currently in the assessment phase.
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Abstract Rotary Piston Machines (RPM) are a new class of machines for 

transforming stored chemical or physical energy into rotary motion or, vice 

versa, to use rotary motion to produce pressure or a vacuum concerning com-

pressors or pumps. This new class of machines uses completely new principles 

of piston motion and of transmitting work from the piston to the driven shaft 

or from the drive shaft to the piston.

Compared to conventional reciprocating piston aggregates, RPM technol-

ogy holds out the promise of a greater power density and a concomitant in-

crease in efficiency. An additional reduction of the constructed space and the 

total weight is an outcome of this. At the same time the longevity of the ma-

chine is increasing due to a reduction in the use of fixed and movable compo-

nents. Therefore, the manufacturing and maintenance costs are reduced in 

general.

Based on this new machine technology a focused combustion process of 

fuel can be carried out, this in turn is reflected in the quality and quantity of 

the exhaust gases and pollutant emissions.

1 Introduction

The concept of rotary piston machines is, on the one hand, radically new and, 

on the other, generically related to classic reciprocating piston machines and 

forming a topological class with them. The familiar reciprocating piston 

machines are an extreme limit in the mathematical sense within the RPM class 

of machines. For this reason, all the advances in reciprocating piston 

machines, including those of fuel consumption, exhaust, diesel suitability and 

much more, are in principle transferable to RPMs.

Comparing with existing motor/generator systems, this innovative technol-
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ogy delivers a much wider range of applications and offers an promising po-

tential for further research.

2 Current state of the art

The mathematical and theoretical feasibility of the newly developed principle 

is already shown in several patents, see [1], [2]. Among other things, they are 

related to the geometric dimension of the piston and the chamber based on 

mathematical considerations. There have been a realization of two different 

basic versions, with one or two shafts respectively. 

Because of the extensive material on this subject a further embodiment is 

not elaborated in this paper. Moreover, the current project work deals with the 

scientific validation of the existing theoretical body of thought and evaluation 

of pilot productions.

2.1 Schematical functional principle

Figure 1 presents a two-chamber model, or better, a two-cylindrical engine to 

illustrate the functional principle. The schematic structure as an internal 

combustion engine and the basic movements of the two-axle version is 

illustrated in the two subsequent sequences.

In these representations the placement of various elements such as seals, 

valves and ignition plugs are already integrated. Nevertheless, this arrange-

ment is not to be understood as the final one, it serves only for better orienta-

tion.

Fig. 1 Schematic drawing showing the functional principle and the movement of a RPM motor 

with a tri-oval piston in a bi-oval working chamber and two power transfer shafts [2]

The chamber and the rotation axes of both shafts are localized, only the piston 
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performs a circular motion and activates the two single shafts by an internal 

gear. About the vertical distance of the shafts to each other, which can be 

adjusted by the wall thickness of the piston or the rack height, the transmission 

ratio of the engine can be varied.

The velocities of the two shafts are different at each time during the mo-

tion, but sat together in the sum to a constant speed. With that type of transfer 

it

requires an additional transmission. In this case the two axes have to be 

synchronized by an additional gear. A combination with the regular gear box 

is conceivable. However, the bending moment within the machine should 

be as small as possible with regard to the material components and the 

dimensioning in general.

There are also relevant derivatives of both axis configurations of this tech-

nology. Which influence, in the case of the two-axis variant, on the one hand, 

the transition within the inner translation into a smoother movement and cause 

on the other hand a reduction of the workroom what affects an increase of the 

compression.

For a better understanding of the above-mentioned points, two derivatives 

of the two-axis rotary piston engine are shown in Figure 2. The shape of the 

piston and the chamber geometry always increase by two numbers of the 

oval-order with respect to the previous version.

Fig. 2 Derivates of the two-axis version of the newly developed rotary piston machine; Left: pis-

ton fifth oval-order, Right: piston seventh oval-order [2]

2.2 Key benefits

Rotary piston machines are generally characterized with respect to the 

reciprocating piston machines by a smoother behavior, this results from the 

different functionality and the related movement of the individual 

components.

Furthermore, this technology in comparison to customary aggregates prom-
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ises the possibility of a 3 to 5 times higher power density with a corresponding 

increase in efficiency. These advantages are accompanied by a simultaneous 

reduction in constructed space volume and weight of the engine.

Not only the rotation principle itself, but also the topic of the workroom 

sealing and the combustion chamber geometry can be represented by 

innovative new developments. So the determining difference to a surely 

known and often criticized rotation piston motor, the Wankel engine and its 

history, can be shown.

To give a brief insight into its set of problems, for example, it was always 

used a line sealing. In our case the sealing is substituted a plain for a line one. 

This provides on the basis of its flexibility and adaptability essential advan-

tages. 

In addition, the combustion chamber and the working chamber in the new 

engine concept are considered separately from each other and are geometri-

cally designed optimally with respect to the specific needs.

2.2.1 Combustion

Due to the high two-axis ratio of 1:7 is desired, the motor of the same power 

turns slower than, for example, a standard reciprocating piston machine or the 

Wankel engine. The filling is related to the transmission of the piston, so these 

relatively slow revolutions per minute in turn affect the filling of the combus-

tion chamber and the entire chamber as well as the combustion process in a 

positive way. Usually a complete combustion is always preferred in the sense

of operating efficiency and can be achieved when the chamber is sufficiently 

filled with fuel mixture so this in turn has more time to burn completely.

All the effects named above are reflected to the fuel consumption and the 

minimization of the exhaust gases or pollutant emissions respectively. 

Nowadays it is more important than ever to develop machines that are 

environmentally friendly and to integrate this topic actively into the process of 

development.

2.2.2 Lightweight construction issues

First of all, be mentioned that one can dispense with a rotary engine to the 

crankshaft, because a conversion of a translational in a rotational motion in 

this case is no longer necessary. This huge component saving affects the 

weight balance of the core engine and so the absence of a crankshaft is of 

course a positive effect on weight reduction.

Second, in addition to the surrender of the crankshaft, a 3 to 5 times 

smaller dimension of the constructed size is feasible. The total volume of the 
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motor can be reduced because of the increased engine performance potential. 

These savings happen all from the point of a constant power output.

Combining these advantages parallel to the use of new lightweight materi-

als for the design of the piston, the chamber and the driving mechanism, the 

weight reduction and power density can be additionally improved.

2.2.3 Economic value

The aimed longevity of the engine as well as the reduction in costs is caused 

primary by a reduction of the fixed and movable parts, such as the lack of the 

crankshaft and associated connecting rods.

Secondly, based on the smooth running of the engine and the low velocities 

in the general phase of work, materials related to the prevailing forces and 

moments will be charged less and can be laid out accordingly more filigree.

From the beginning, these measures have a direct influence on the produc-

tion process of the engine, the product as well as the following maintenance 

costs become more attractive.

3 Applications

The machine principle described here is primarily designed as a combustion 

engine and should be analyzed and interpreted as such, because in this area a 

very far-reaching spectrum can be served. Compared to existing prospective 

power-generation technologies, the RPM technology offers a much greater

flexibility for an exceptionally wide range of potential applications, including 

engines and power units for motor vehicles, helicopters and fixed-wing 

aircrafts, marine crafts of various sizes, large stationary and portable power 

generators. Furthermore, applications are conceivable in the component sector, 

such as Range Extender, or also the use in the scope of compressor and pump 

technology. The usage in hydraulic and pneumatic systems, actuators, also 

falls into the pattern of the range of applications. 

As further possible applications besides the field of internal combustion 

engines the overall transport and compression of media or other thermody-

namic benefits would be realizable.

This newly developed rotary machine has the ability to cover an enormous 

range of applications and can therefore be used in a wide product field. 
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Abstract: As battery-electric vehicle technology advances as a viable alternative 
to internal combustion engine vehicles, consumer acceptance becomes a critical 
factor for the future of these vehicles, with driving range and vehicle cost being 
the preeminent parameters of concern. Unique to battery-electric vehicles is the di-
rect inverse relationship between these parameters. Battery pack costs often ac-
count for over one half of the vehicle cost, with the vehicle range determined by 
the capacity (and thus cost) of the battery pack as well. An increase in vehicle 
range would therefore result in a significant increase in battery pack cost, and vice 
versa. In addition, the relationship between overall vehicle mass and total range 
further inversely couples vehicle cost and range. It is apparent then that a funda-
mental trade-off will always exist between the two parameters, unless an addi-
tional factor is added to decouple the direct relationship between them. This paper 
presents results of an analytical investigation of the aforementioned relationships 
unique to battery-electric vehicles and proposes inductively coupled power trans-
fer (ICPT) as a potential solution and decoupling method for the vehicle range –
vehicle cost relationship. The proposed inductively coupled power transfer (ICPT) 
system was found to be very effective by allowing the battery pack size to be re-
duced by up to 48%.

1 Introduction

Electric vehicles are becoming increasingly popular as an alternative to internal 
combustion engine (ICE) vehicles due to their zero-emission operation. While 
conventional powertrains are reaching new levels of efficiency and emissions 
amid increasingly stringent environmental regulations, many original equipment 
manufacturers (OEMs) are investing heavily in battery electric vehicle technology 
as the near-future solution for clean transportation.  

In 2003, the Energy Information Administration (EIA) estimated there would 
be 55,852 full-electric vehicles in 2004, with an average annual growth rate from 
years 2000-2004 of 53.2% [1]. More recent estimates of electric vehicles in use in 
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the US shows a significant decrease in annual growth rate (Table 1). Another more 
recent study anticipates volume sales of battery-electric vehicles to be 3.1% of to-
tal vehicle sales, or 465,000 vehicles by 2020 [2]. These numbers show that mass 
adoption of electric vehicles is still in the early stages, with several key issues still 
to be solved. 

According to the same study, two 
keys to mass adoption of battery electric 
vehicles from a consumer perspective 
are: Manufacturer’s Suggested Retail 
Price MSRP reduction and a driving ex-
perience equivalent to ICE vehicles. The 
vehicle battery pack is critical in deter-
mining the vehicle price as well as range 
and performance, making it a predomi-
nant factor in both keys. The current av-
erage cost for Li-ion battery packs used 
in electric vehicles is $650 per kWh [3], 
with typical battery pack capacities in the 
range of 25-50 kWh for battery-electric 

vehicles. This equates to approximate battery pack costs of $16,250-$32,500, re-
spectively, in many cases accounting for over one-half of the vehicle MSRP. In 
terms of vehicle range and performance, the battery pack determines the total 
range of the vehicle on a single charge, as well as the maximum power output 
from the battery. With the specific energy density by mass of Li-Ion batteries be-
ing 60-140 times lower than gasoline, the effect of vehicle range and performance 
as a function of battery pack mass is significant for an electric vehicle. This pre-
sents a critical trade-off between the battery mass, cost and total capacity, unique 
to battery-electric vehicles. 

This paper presents an analytical study of the mass compounding effect on bat-
tery-electric vehicles. The energy storage medium for plug-in electric vehicles 
which constrains the range and performance is most commonly in the form of a 
battery pack. Previous research has shown that hybrid vehicle energy consumption 
decreases dramatically as vehicle mass decreases. A 100 kg decrease in vehicle 
mass resulted in a 4.5 mpg fuel economy increase, according to one study 
[5].Depending on the battery pack type, the tradeoff between mass, cost and ca-
pacity is the main motivation for the ongoing research of energy storage alterna-
tives.

One such alternative is the use of inductively-coupled power transfer (ICPT) as 
a means to increase the range of an electric vehicle without substantial impact on 
the weight or cost of the vehicle. Recent research initiatives in the ICPT area sug-
gest that ICPT continuous power transfer to moving vehicles is possible. While 
many research initiatives demonstrated ICPT capabilities in small-scale models, 
the potential for scalability to meet power demands for electric vehicles has been 
proven successful [6]. In Turin, Italy, a stationary ICPT system has been success-

Table 1: Estimated number of electric vehi-
cles (excluding hybrids) in use in the US [1]

Year Number of Electric 
Vehicles

Annual Growth 
Rate

2003 47,485 NA

2004 49,536 4.32%

2005 51,398 3.76%

2006 53,526 4.14%

2007 55,730 4.12%

2008 56,901 2.10%
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fully implemented with twenty commercial busses since 2003, each charged with 
60kW maximum power [7]. Similarly, in Berlin, Germany, there are plans for the 
implementation of an ICPT tramway system comprising of twenty-seven vehicles.

ICPT presents a technique that can efficiently transfer power without physical 
connection between vehicle and energy source. The transfer of energy for ICPT 
has been shown to be on average 75% efficient [5]. The basic ICPT system con-
sists of three main components: the power supply, the power track (Primary coil),
and the Pick-up (Secondary coil). The power track embedded into a road surface 
allows an ICPT-enabled vehicle (with integrated pick-up) to receive electric en-
ergy through electromagnetic induction. The energy received can be used to di-
rectly power the vehicle or charge the battery pack, according to the battery man-
agement system (BMS). Strategic placement of the power track allows for optimal 
utilization, which is a function of average vehicle speed, traffic flow density and 
track power rating. The track power rating determines the vehicle battery pack 
level of charging. Conventional charging levels set by the Society of Automotive 
Engineers Standards Committee are Level 1 (120V AC Single-Phase, 16A peak), 
and Level 2 (240V AC Singe-Phase, 80A peak). These levels equate to power rat-
ings of 1.92kW and 19.2kW, respectively. For the purpose of this paper, power 
ratings of 20kW and 40kW were chosen for analysis. The rating of 20kW closely 
represents level 2 charging, while 40kW represents high-voltage fast-rate DC 
charging. High-voltage fast-rate DC charging has currently not been standardized 
by the Society of Automotive Engineers Standards Committee. 

ICPT charging of vehicles has been demonstrated for certain applications in re-
cent years; however a comprehensive analysis of the ICPT vehicle integration and 
infrastructure integration is needed. Due to the varying power requirements be-
tween vehicles, as well as infrastructure characteristics, the parameters for the im-
plementation of an ICPT system need to be considered carefully for efficient de-
ployment of an ICPT infrastructure.

2 Drive cycles

A drive cycle is a set of data points representing a desired vehicle speed versus 
time. They are commonly used to assess the performance, fuel consumption or 
emissions of vehicles in a standardized manner. In this study, several drive cycles 

were considered for the simulation 
analyses (Table 2). Both the federal 
highway driving schedule (FHDS) 
and the federal urban driving 
schedule (FUDS) were chosen to 
represent standard vehicle driving
scenarios for highway and city 
conditions, respectively.

Table 2: Comparison of drive cycles used for simu-
lation analyses

Drive cycle Length 
(km)

Average speed
(km/hr)

Duration 
(sec)

FUDS 12.0 31.5 1369.0

FHDS 16.5 77.0 765.0
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3 Simulation Model

Computer simulations are frequently used in the automotive industry to drive 
down development time and cost. The ability to accurately simulate vehicle sys-
tems and subsystems without the need for a physical model leads to a more effi-
cient vehicle development process. For the purpose of this paper, a model of an 
electric ICPT-enabled vehicle was developed in the MATLAB/SIMULINK envi-
ronment, based on actual vehicle parameters. The model takes into account vehi-
cle parameters, and also considers environmental parameters such as road grade, 
ambient temperature, etc… The vehicle parameters considered in the model are:

• Mass 
• Aerodynamics
• Drivetrain efficiencies
• Battery & tire parameters

The model consists of three main components, the vehicle dynamics compo-
nent, the battery-electric drivetrain, and the driver control model. The vehicle dy-
namics component calculates the longitudinal dynamics based on simple equations 
of motion and the forces acting on the vehicle during motion. 

(1)
Equation 1 represents the sum of the forces acting on the vehicle during motion. 

represents the required tractive force at the wheels at a given instant, 

represents the force due to the linear acceleration of the vehicle mass, 

is the resisting force due to rolling of the tires,  represents the 

aerodynamic drag force on the vehicle, and  represents the gravitational 

force acting on the vehicle from road grades.
The battery-electric powertrain component consists of the battery pack, electric 

motor, driveline and electric motor controller. The battery pack performance is 
simulated with an electrical and thermal model to analyze the performance pa-
rameters. The driver control model simulates driver inputs based on actual vehicle 
speed compared to drive cycle input reference speed. The result is accelerator and 
brake pedal position outputs to follow the given instantaneous input speed. All 
subsystems combined, the model accurately simulates the vehicle longitudinal dy-
namics and energy management system over the specified drive cycle.

4 ICPT Track Positioning

The location of ICPT needs to be carefully considered to optimize the effi-
ciency of energy transfer from road to vehicle. There are several factors that are 
critical in the optimization, such as battery state-of-charge (SOC), and vehicle av-
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erage speed over the length of ICPT track. The ICPT track should be located such 
that the vehicle battery pack can accept the maximum possible charge energy. If 
the ICPT track is located at an early stage in the drive cycle, the battery SOC up-
per limit may stop the charge to prevent over-charging of the batteries. For the 
purpose of this research, a constant ICPT efficiency of 75% was used in the simu-
lation model. 

The energy transferred from ICPT is determined by power of the ICPT sys-
tem and the duration of energy transfer (Equation 2). Since the duration of energy 
transfer is a direct function of average vehicle speed over length of ICPT track, the 
maximum energy transfer is achieved at the location of lowest average vehicle 
speed. For the purpose of this research, an ICPT track length of 500 meters was 
selected for both drive cycles to investigate the performance of the ICPT system. 
Also, an algorithm based on the equation below (Equation 2) was used to deter-
mine the location of lowest average vehicle speed was used for each drive cycle, 
with the constraint of battery SOC limits. 

(2)

Using the optimization algorithm, the ICPT track locations for the FUDS and 
FHDS drive cycles were optimized for lowest average speed, thus giving the 
maximum energy transfer potential for the drive cycle. Figures 1 and 2 show the 
result of the optimization for the FUDS and FHDS drive cycles, respectively. 

Fig. 1  ICPT track location for FUDS Fig. 2  ICPT track location for FHDS

The model simulation was run over both drive cycles for three cases, No ICPT, 
20kW ICPT, and 40 kW ICPT. The vehicle battery pack SOC was monitored to 
demonstrate the power transfer from the ICPT system for the FUDS and FHDS 
drive cycles (Figures 3, and 4 respectively). The SOC increase due to the power 
transfer from ICPT is easily visible from the SOC plots. The significantly reduced 
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power transfer for the FHDS cycle case is attributed to the higher average speed of 
the drive cycle. As previously mentioned, the duration of energy transfer, and thus 
average vehicle speed is a primary factor of total energy transferred from ICPT. 

Fig. 3  SOC over FUDS Drive cycle Fig. 4  SOC over FHDS Drive cycle

5 Vehicle Mass Compounding Effects

Mass tracking is a critical aspect of vehicle design engineering not merely due 
to the primary effects of reducing the mass of a component or structure.  More im-
portantly, the secondary mass savings from the mass reduction of the primary 
component further contributes to the overall mass reduction. This effect, also 
known as the mass compounding effect, is a means to quantify the secondary mass 
reduction. The compounded vehicle mass ( ) can be calculated by the fol-

lowing equation (Equation 3):
(3)

Where  is the original vehicle mass,  the primary mass change, and 

 the secondary mass change (Equation 4). The secondary mass change is 

calculated using a secondary mass coefficient ( ). A recent research study has 
found, for typical ICE vehicles, typical secondary mass coefficients to be between 
0.8 and 1.5 [8]. Equation 5 represents the compounded vehicle mass for a battery-
electric vehicle, taking into consideration the tertiary mass change ( ). 

(4)

(5)
The mass compounding effect for battery-electric vehicles also has a signifi-

cant effect on the vehicle cost, given the potential for decrease in battery pack ca-
pacity. Battery pack costs in the order of $650/kWh, and assuming a battery pack 
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capacity of 28 kWh, will show that a 5% decrease of battery pack capacity (or 1.4 
kWh) results in a $910 decrease in battery pack cost. The effect that the battery
pack cost alone has on the total vehicle cost presents an opportunity for alternative 
energy transfer methods in order to meet range requirements, while maintaining a 
competitive vehicle cost. 

One such alternative is the use of ICPT to decrease the battery pack capac-
ity requirements, and thus vehicle mass and cost. The effects of a potential ICPT 
implementation for battery-electric vehicles were analyzed using the simulation 
model for the two power ratings of 20 kW and 40 kW, as discussed previously. 
The ICPT system allows for energy transfer to an electric vehicle without the need 
to wait for a recharge. While the amount of energy transfer to the vehicle is a 
function of ICPT power rating and ICPT availability, two cases for ICPT were 
considered based on the driving cycles (FUDS and FHDS). The chosen ICPT 
length of 500 meters per single drive cycle (See table 2) represents ICPT availabil-
ity per unit length of 4.2%, and 3%, respectively. 

The total ranges of the vehicle model for each drive cycle without any ICPT 
were found to be 152.1 km and 165 km, respectively (Figure 5). These values rep-
resent the range that the vehicle used for this research can achieve with the 28 
kWh battery pack. The effect of the ICPT on the total range of the vehicle is 
shown in figure 5 as well, with an increase in range of up to 23.7% and 62.6% for 
the 20kW and 40kW ICPT ratings, respectively. The findings in Figure 5 suggest 
that an ICPT implementation should be located in a low vehicle speed area to in-
crease the effectiveness of the ICPT system. The mass compounding effect of 
ICPT implementation was found using the original vehicle range as a target. The 
vehicle secondary mass coefficient was assumed to be 0.5 [9].  The result was a 
gross vehicle mass decrease of up to 7.4% for the 20 kW ICPT case and up to 
14.5% for the 40kW ICPT case (Figure 6). 

As mentioned earlier, one of the driving keys for mass adoption of battery-
electric vehicles is the vehicle cost, of which a main component is the battery 
pack. By combining the use of an ICPT system with between 3 and 4.2% ICPT 
coverage and the decreased mass due to mass compounding effects, a significant 
reduction in battery pack capacity and cost is possible. Figure 7 shows the vehicle 
battery pack cost for the cases of no ICPT, 20kW rating and 40kW rating. For the 
FUDS drive cycle, a resulting battery pack cost decrease of 25% for the 20kW 
ICPT case, and 48% for the 40kW ICPT case is shown. 
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Fig. 5 Total range for varying ICPT power ratings

Fig. 6 Vehicle mass for equivalent total range

Fig. 7  Battery pack cost for equivalent total range
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6 Conclusion

This paper investigated the relationships between vehicle cost, mass, total 
range, and battery pack mass, unique to battery-electric vehicles. The mass com-
pounding effect for battery electric vehicles was investigated and found to be of 
significant importance to understand the potential mass savings and systems inte-
gration of battery-electric technology. The proposed inductively coupled power 
transfer (ICPT) system as a potential solution for decoupling the vehicle range –
vehicle cost relationship was found to be very effective by allowing the battery 
pack size to be reduced considerably. 

For this study, an ICPT track length of 500 meters was selected to investi-
gate the performance of the ICPT system. Future work should be done to investi-
gate the optimal track length based on ICPT track implementation costs and traffic 
density in order to propose a cost-effective solution. Future work should also in-
clude an investigation of experimental ICPT efficiency for a full-scale as a func-
tion of vehicle speed and primary-secondary alignment cases. 
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Abstract:  Students from RMIT University and the University of Applied Sci-
ences Ingolstadt have collaborated to build a hydrogen-powered racing car.  As 
part of the initial conceptual design, a lap simulation was developed to compare 
performance and fuel usage of hydrogen internal combustion engine and hydrogen 
fuel cell vehicles.  For the vehicle and track specifications analyzed, it was found 
that fuel cells require a power density of 5kg/kW to be competitive with the hy-
drogen internal combustion engine.  The study also highlighted the complex na-
ture of the alternative fuels debate.  

1 Introduction

1.1 The case for hydrogen vehicles 

Mankind’s dependence on personal transport is increasing as economies grow and 
as emerging nations move towards a more Western lifestyle.  However the trans-
port sector relies heavily on petroleum products as a fuel source, resulting in the 
production of large quantities of greenhouse gases, and exposure of the transport 
sector to great uncertainty in the face of diminishing oil supplies.

A possible alternative fuel is hydrogen.  When hydrogen reacts with oxygen in 
the air the only product of reaction is water, and therefore it offers the potential of 
carbon-free transport.  Two available power units for hydrogen vehicles are the 
fuel cell (H2FC) and the internal combustion engine (H2ICE).  Of the two options, 
the fuel cell offers advantages in potential efficiency as the chemical reaction en-
ergy is directly harnessed as an electric current to drive a motor.  In comparison, 
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the H2ICE cycle includes an intermediary heat phase, restricting potential effi-
ciency to ideal heat cycle limits.  From these efficiency considerations, fuel cell 
vehicles are often seen as the ideal “end-goal” for hydrogen powered transport. 

However fuel cells can be heavier and more expensive than internal combus-
tion engines, and require high purity hydrogen to prevent the cell from being poi-
soned.  Hydrogen internal combustion engines are less efficient, but offer weight 
and cost advantages and can be run on multiple or impure fuels.  

A motor vehicle is a dynamic system and therefore a vehicle’s powertrain must 
use some of its available power to accelerate itself. This leads to the question: in 
an automotive situation, how much is the potential efficiency advantage of a fuel 
cell offset by the additional mass of the fuel cell itself?

1.2 Formula H

RMIT University (Australia) and Hochschule Ingolstadt (Germany) have collabo-
rated to build a hydrogen powered racing car.  Known as Formula H, the objec-
tives of the project were to prove that alternative fuel vehicles are achievable with 
existing technologies, and to expose the student team to a real-world multi-
national design project.  The project delivered a fully functioning LeMans proto-
type style racing car, powered by a BMW 800cc motorcycle engine running on 
hydrogen fuel, and featuring a 200bar compressed gas hydrogen supply system.

2 Vehicle Comparison Methodology

2.1 Lap Simulation

Early conceptual design process required the Formula H team to assess the relative 
performance of internal combustion engines and fuel cells for racetrack use.  A 
preliminary study was undertaken in the form of a quasi-static lap simulation, 
based on the 3 km long Winton racetrack in Victoria Australia.  A vehicle model 
representing a benchmark H2ICE vehicle was simulated, with predicted lap time 
and fuel consumption results recorded.  These results were then compared against 
fuel cell vehicle models of varying powers and weights. 

The simulation was constructed as follows:

• The vehicle path was modeled as a string of straight lines and constant radius 
arcs, broken into 1 metre increments.   

• Each vehicle was modeled as a point mass with representative tyre grip and 
power output characteristics.
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• Vehicles travelled at constant speed through corners, at the tyre grip limit.  
Cornering speed defined entry and exit speeds for each straight.

• Forward acceleration was calculated as a function of engine power (PENGINE), 
driveline efficiency ( ), resistance power (PRESISTANCE, the combined aerody-

namic drag and rolling resistance), velocity (v) and vehicle mass (m):

(Gillespie, 1992)

• Velocity under braking was calculated using combined wind resistance and 
maximum tyre grip force.

• Vehicle power was assumed constant and independent of engine speed. 

• Aerodynamic drag was calculated as a function of velocity (v), frontal area 
(A), drag coefficient (CD) and air density (�), as described in [1]: 

• Vehicle energy requirements were calculated by summing kinetic energy 
changes, air resistance and rolling resistance energies across each track in-
crement.

• Relative fuel used was calculated as a function of the total energy required, 
and overall thermodynamic efficiency. Thermodynamic efficiency of the 
H2ICE was estimated at 25%, and the fuel cell at 40%.    

The modeling of detailed vehicle dynamics such as cornering transients, weight 
transfer, or suspension dynamics were considered unnecessary for this preliminary 
study. 

2.2 Tyre Grip

A critical modeling requirement was to capture the effect that varying vehicle 
weights would have on tyre performance.  Whilst a tyre’s grip force increases with 
vertical load, the relationship is not linear and the grip coefficient actually falls 
with increasing normal force [2].  This is known as tyre load sensitivity, and pub-
lished test data [3] for Goodyear tyres similar to those used on the Formula H ve-
hicle confirms this characteristic.  The grip coefficient is seen to fall by approxi-
mately 0.03% per Newton of load (Fig. 1).
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Fig. 1 Friction data, Goodyear 20.0-7.0x13 D2509 FSAE tyre ([3]).

Note that the above data were taken in controlled laboratory tests on a rolling 
drum tyre testing machine, and are believed to overestimate absolute friction coef-
ficient values.  A more representative value of friction coefficient is estimated at 
approximately 1.4-1.5, based on observations of the cornering performance of the 
RMIT Formula SAE vehicle using similar tyres.   Tyre load sensitivity is ex-
pressed in terms of percentage variance per Newton of load, so is unaffected by 
this adjustment of scale.  

2.3 Vehicle Specifications: H2ICE Benchmark Vehicle

The benchmark H2ICE vehicle was modeled on the Formula H vehicle, with the 
following specifications:

Table 1. H2ICE vehicle specifications.

Specification Value

Total vehicle mass (including driver and engine) 600kg

Engine system mass (not including H2 supply system) 80kg

Tractive power (rear wheels) 30kW

Tyre grip coefficient (all directions) 1.4

Frontal area 1.2m2

Drag coefficient (CFD estimate) 0.62

Rolling resistance (assumed constant) 200N

Thermodynamic efficiency 25%
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The above vehicle model completed one lap of the circuit in 105.1 seconds, with a 
maximum speed of 129.8kmh.  Note that the top speed of the actual Formula H 
car has been measured at 133kmh, confirming that the simulation is of reasonable 
accuracy.

2.4 Vehicle Specifications: Fuel Cell Vehicle

Fuel cell vehicles were simulated by replacing the IC engine system mass and 
output in the baseline vehicle model with each combination of the following fuel 
cell attributes:

• Power output: 30-80kW, in 10kW increments.

• Fuel cell unit power to weight ratio: 5-10 kg/kW, in 1kg/kW increments.

It was assumed that the compressed gas hydrogen supply system would be com-
mon to fuel cell and H2ICE vehicles.  In each case a modified tyre friction coeffi-
cient was calculated, using a tyre load sensitivity of 0.03% reduction in friction 
coefficient per Newton of total vehicle weight (relative to the baseline vehicle).  

3 Vehicle Comparison Results

Inspection of the results highlights the importance of fuel cell weight reduction.  
The only fuel cell vehicles to achieve equivalent or faster lap times than the H2ICE 
vehicle were those with a fuel cell mass to power ratio of 5kg/kW, and only those 
with power outputs of around 45kW or greater (Fig. 2).  The effect of additional 
mass of the heavier vehicles slowed them sufficiently in the corners that any ad-
vantage on the straights was negated.  This was despite the fact that in many cases 
the higher powered fuel cell vehicles had a greater overall power to weight ratio 
than the benchmark H2ICE vehicle.  
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Fig 2. Comparative lap times.

All fuel cell vehicles showed a similar trend of increased fuel usage at higher 
power outputs, as lesser cornering speeds and higher top speeds created greater 
kinetic energy and aerodynamic drag energy demand (Fig. 3).  Of the variants 
tested, only the 50kW and 60kW fuel cell design options of 5kg/kW power density 
were calculated to offer faster lap times and lower fuel consumption. 

Fig. 3  Comparative fuel used

It is interesting to note that lap times show a distinct negative trend at higher 
power outputs.  The vehicle designer would need to be aware that increasing pow-
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ertrain output in an attempt to gain competitiveness can in fact result in both worse 
lap times and greater fuel consumption. This is particularly dependant on the 
tyre’s load sensitivity characteristics.

4 Conclusions

The above work is a preliminary study only, and the presented results are relevant 
only to the particular vehicle, tyres and racetrack used in the study.  Moreover, the 
results presented are for race conditions at the limits of a vehicle’s performance, 
and would not be representative of common passenger vehicle usage.  

However the study highlights the danger of focusing on individual parameters
when assessing vehicle performance.  A motor vehicle is a complex system, and 
decisions made on the basis of isolated criteria such as thermodynamic efficiency
or power density may be poorly informed when observed at a system level.  It is 
recommended that further investigation be undertaken into the relative merits of 
hydrogen fuel cell and hydrogen internal combustion engine vehicles.
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Abstract: Composite structures with basic fibre reinforced elements are widely 
used in the design of aerospace structures. In 1967, the BO 105, a product of the 
former helicopter division of MBB, now Eurocopter Deutschland GmbH, flew for 
the first time. This innovative helicopter was equipped with the first serial “hinge-
less” rotor system. The fibre composite blades were attached to the head with the 
help of the “lug” element. This allowed the simple design of the rotor, without 
damper element. These “lug” elements were later also used for the attachment of 
liquid helium tanks to satellite structures, such as ISO and HERSCHEL, operating 
in the low temperature range for the scientific observation of the sky. The thermal 
conductivity could be minimized and thus the lifetime could be extended. In this 
paper several load introduction elements derived from the „lug” element are de-
scribed. The stress situation due to the load transfer is quite complicated and has 
to be calculated by a detailed analysis. The mechanical behaviour of composite 
materials allows the design of outstanding basic structural elements such as plates 
and shells having a high range of different stiffness, in plane and out of plane. 
These elements are often used for the attachment of vibration absorbing structures. 
In this paper several applications of anisotropic structures are described and pos-
sible use is shown. Furthermore outstanding possibilities of designing with com-
posites will allow us to integrate electrical elements into the structures to improve 
their abilities.

1 Introduction

With fibre composites, outstanding new designs are possible. The early devel-
opments in the 60´s at MBB, now Eurocopter Germany, show an intensive use of 
composites in the design. The attachment of the composite blade to the rotor head 
with the help of one simple lug fastened to a titanium structure allowed the trans-
fer of the loads. The damping behaviour of this load introduction element was 
such that no additional damper was necessary for the dynamic lead-lag motion. 
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The “hingeless” BO 105 rotor system was also used for the design of the helicop-
ters BK 117 and EC 145. The design of the EC 135 is a “bearingless” rotor system 
including a “flexbeam” with a special cross section for the torsion element, shown 
in figure 5. 

Special elements are used for damping vibrations of a structure such as the air-
frame of a helicopter. The elastic wall structure forming a tube-shaped hollow 
body supports a weighted vibrating object. The soft elastic out of plane behaviour 
of the wall, together with the stiff in plane behaviour can be used for several 
spring elements. The lug as load introduction element is also used for the suspen-
sion of cryogenic tanks of satellites. In this case the low thermal conductivity of 
the composite materials is used. The open net face sheet sandwich is used for the 
solar arrays of communication satellites. Low weight and high stiffness are the 
main advantages of this sandwich design.

2 Material Properties of Unidirectional Composites

Light weight structural components are of special importance for the design of 
helicopters. The use of composite materials is therefore recommended. The rotor 
blades are designed with the help of glass and carbon fibre composites. In Figure 1 
the normalized properties of unidirectional composites divided by the specific 
weight factor indicate high strength and stiffness compared to the data of metals 
and wood.

Fig. 1  Properties of unidirectional composites
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The normalized tension strength of the composites is in the same range, 
whereas the compressive strength decreases with the stiffness of the carbon com-
posite. Kevlar (AFC) and the pitch fibre composite K13 have a very low compres-
sive strength. The right hand side table shows the properties for different compo-
sites in figures. The unidirectional composites (60 fibre vol. %) show a high range 
of stiffness. The unidirectional carbon material K13 has about three times the 
Young´s modulus of steel in fibre direction. The thermal coefficients of carbon 
composite can become negative and the thermal conductivity is low. Only K13 
has a very high thermal conductivity (three times the value of copper). The trans-
verse properties are dominated by the properties of the resin, and are therefore 
similar for all composites as shown in Figure 1.

3 The “Lug” Load Introduction Element for Several 
Helicopter and Space Applications

The “lug” for the attachment of the blade to the rotor head was a key element 
of the BO 105 “hingeless” rotor design. The fixation of the “lug” with the help of 
the titanium fitting (whose cutaway picture appears in Figure 2) allowed some 
damped movement of the rotor blade. This rotor concept was used with success 
for the helicopters BO 105, BK 117 and EC 145 [2].

Fig. 2 The commercial EC 145 helicopter with the components glass fibre composite lug and 
titanium fitting

The reinforcement “lug” elements that appear in Figure 3 introduce high trans-
verse local loads into 2-dimensional areas. Figure 4 shows the reinforcement 
straps of the liquid helium tanks for the space observatory HERSCHEL.  The out-
standing low thermal conductivity of composites allows optimization of the design 
of the chain of straps with respect to thermal conductivity to take into account the 
local temperature of the chain. At helium temperature the carbon composite lugs 
show a very low conductivity, whereas the glass fibre composite support strap has 
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a low conductivity at room temperature. Several further applications of load intro-
duction elements are used in the automotive and aeronautical world. 

Fig. 3  Load introduction glass- and carbon fibre composite elements

Fig. 4  Space Observatory HERSCHEL and liquid helium tank glass fibre composite support 
straps
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4 The Cross Section of the “Flexbeam” of the Helicopter 
EC 135 

The EC 135 has a “bearingless” main rotor system with the basic “flexbeam” 
(see Figure 5 [3]). The design of the “flexbeam” includes several fundamental 
functions such as the attachment area, the flap bending section and the torsion 
structure. The attachment  consists of two double “lugs” bonded together estab-
lishing a fail safe component.

The flap bending section has the function of a hinge, having a low flapping 
bending stiffness and a high strength. The torsion section was optimized with re-
spect to many parameters, such as high torsion strength and low torsion stiffness. 
Its “warping free” cross section does not induce longitudinal stresses into the 
“flexbeam”. Transverse shear loads, centrifugal loads, bending and torsion mo-
ments are transferred by the element. The geometry of the main axes is kept in 
order to avoid additional stresses. The design also includes elements of new rules 
for damage tolerance. After the dynamic test, the residual strength including 
higher temperature and moisture was demonstrated. The complicated design of 
the complete rotor blade is shown in [5].

Fig. 5  The commercial EC 135 helicopter with the “flexbeam” main blade structure and 
torsion cross section 

5 Spring Elements for Reducing Vibrations of a Helicopter

Due to the oscillations induced by the main- and tail-rotor, the use of vibration 
absorbers are of essential importance for the flight behaviour and the passenger 
comfort. The vibration absorbers include spring and mass elements as shown in 
Figure 6. The apparatus for damping vibrations of a structure, such as the air-
frame of a helicopter, consists of a mass element, e.g. a battery, and an elastic wall 
structure forming a tube-shaped hollow body which supports the mass. The elas-
tic wall elements have an in-plane spring stiffness tuned to the frequency of the 

99



vibration to be damped. The wall elements are soft in out of plane direction due to 
the longitudinal strips which are loaded with torsion moments. The vibration 
damper containing the battery is installed at a location where clear structural vi-
brations occur in two directions perpendicular to each other. The damper is tuned 
to the vibration frequencies in both directions. This patented technology [6] can 
be used to reduce vibrations of a structure, for example the tail-shake of a helicop-
ter. 

6 The Open Net Face Sheet for Sandwich Structures

The electric power supply is of essential importance for the satellites in space. 

In the course of time mainly the communication satellites needed more and more 

electrical power up to 20 kW presently. So the area for the application of solar 

cells increased. High modulus carbon fibre components are necessary for covering 

the stiffness and strength demands of the wing. As high modulus carbon fibre fab-

rics were not available in 1970, the designers had the idea to use the filament 

winding process to create the “open net face sheet” fabric. 

As shown in Figure 7 the sandwich of the solar arrays is composed by several 

elements such as “open net face sheet”, Al-honeycombs, film adhesive, doublers 

and “Capton” foil. Very light stiff panels provide a big area for the application of 

solar cells. The total wing is stiff enough for the demands of dynamic and strength 

Fig. 6  Apparatus for reducing vibrations of a helicopter 
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specifications. The open net sandwich allows the transfer of air during the starting 

phase of the spacecraft flight [9].

Fig. 7  Communication satellite solar arrays using “open net face sheet” sandwich

7 Summary

Light weight components are essential for the design of helicopters. In 1967, 
the BO 105 flew for the first time using composite blades for a “hingeless” rotor 
design. Special attachment “lugs” were created to connect the composite blade to 
the metallic rotor head. Later the “bearingless” and also “hingeless” rotor of the 
EC 135 used the “flexbeam” with elastic torsion elements. Other special elements 
were used for the design of vibration absorbers. The stiff in plane and soft out of 
plane spring elements connected with mass elements can improve the flight be-
haviour and the passenger comfort of a helicopter. Another important composite 
component is the filament wound open net face sheet. These face sheets can be 
integrated to a sandwich light weight structure for space solar arrays of communi-
cation satellites. In summary it can be stated that the use of composites can create 
innovative light weight structures. 
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Abstract Focus of this paper is the sustainable lightweight design of a composite 
seat shell and the development of a fully-automated high-volume production proc-
ess for lightweight-optimized automotive structures made from fibre-reinforced 
thermoplastics. It was shown, that the lightweight component was able to meet all 
static and crash-relevant requirements in combination with a weight reduction of 
nearly 50 %. Accompanying analyses of the economical and ecological key fig-
ures pointed out that the designed lightweight seat shell can be produced at equal 
costs with less resource demands than the original steel part.

1 Introduction

Considering the growth rate of the global population and the therewith associ-
ated enormous increase in resource demands – resource-poor countries like Ger-
many – are forced to explore new ways of resource usage in order to ensure their 
wealth. Lightweight engineering with its inherent material and energy efficiency 
offers the potential to combine high technological requirements with resource con-
servation and cost effectiveness. Thus lightweight engineering can strengthen the 
vision of a sustainable economical growth. Especially in the mobility industry – as 
a key industry of the German economy – these issues are currently highly focused.

The “Dresdner Modell” with its vision of function integrated lightweight sys-
tem engineering in multi-material design has set the benchmark in the develop-
ment of efficient lightweight products. By extending the constructive development 
methodology in respect to resource conservation, future lightweight products are 
developed technologically and economically sophisticated as well as resource ef-
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ficient. Within the Collaborative Research Centre 639 (SFB 639) and the associ-
ated transfer unit 639 a new fibre rein-forced thermoplastic seat shell for the VW 
Golf plus and VW Tiguan has been developed. The development was performed 
at the Institute of Lightweight Engineering and Polymer Technology (ILK) and its 
tight linked development partner, the R&D Department of the Volkswagen AG. 
Within this paper the new process technology for structural interior part will be in-
troduced and a resource orientated analyses on both parts will be performed.

2 Development of a Lightweight Seat Shell

The task for the development was to design a novel lightweight seat shell 
which permits the highest possible weight reduction without impairing mechanical 
properties and production costs. After analyzing the basic conditions the use of 
textile-reinforced thermo-plastic materials seems to be an appealing approach to 
achieve the stated requirements. Due to their good mechanical properties and short 
cycle times during processing, textile-reinforced thermoplastic composites gain 
increasing relevance for high-volume lightweight applications. Using fast-stroke 
presses in combination with efficient pre-heating systems, complex structural parts 
can be produced within a few process steps as demanded in automotive applica-
tions. 

The seat shell was chosen as a reference object for the new process technology 
since it is a complex and well elaborated structural part, which in addition is 
highly stressed in case of a crash. Furthermore it was intended that the results of 
the development shall indicate the novel technology potential. Therefore it was 
necessary to conduct studies on the mechanical and economical key figures to 
compare the results with the already known details of conventional steel seat 
shells. 

In view of the fact that the lightweight seat shell was developed in respect to 
the holistic design approach of the “Dresdner Modell” the design was not only de-
termined by mechanical and economical aspects. In order to enhance the sustain-
ability of the novel seat shell parallel to the engineering process a prospective re-
source-orientated product assessment was carried out. By the means of this 
approach the life cycles of the steel and lightweight seat shells were analyzed in 
respect to their resource demand.

3.1 The Seat Shell Development in Detail

Typically seat shells used in modern cars are made of steel. The reference part 
used in the 2010 VW Golf plus and Tiguan is made of one steel pipe and four spot 
welded plates which are all coated by cataphoretic painting. In total the mass of 
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the reference part is 4.6 kg. The multistage manufacturing process for this part 
with several forming and joining steps is time and cost intensive. 

The design concept of the new lightweight shell pursued an integrated design 
approach by combining semi-finished textile-reinforced thermoplastic hybrids 
(TRTP) and long-fibre reinforced thermoplastics (LFRT)1.  The developed process 
technology allows to manufacture the whole lightweight seat shell within a single 
step. Furthermore the composite seat shell already features a stress optimized de-
sign. In particular this means that variable wall thicknesses in highly stressed load 
introduction areas are realized by applying additional local textile patches as well 
as forming complex stiffening structures out of the LFRT. In total this leads to a 
drastically cut of weight to 2.4 kg. The differences in structural design can be seen 
in Figure 1.

Common steel seat shell Fibre-reinforced lightweight seat shell

Fig. 1 Comparison of the seat shell designs.

Since the structure of the original steel part needed a stiffening pipe in order to 
cope with the crash requirements large efforts in terms of simulating and mechani-
cal testing under static and highly dynamic loads were carried out to evolve a 
LFRT stiffening structure which guaranties a highly stressable link to the TRTP 
ply stack. For this purpose different semi-finished products made of thermoplastic 
hybrid yarns, e.g. fabrics, knitted fabrics and multiaxial multilayered fabrics were 
assessed in respect to their potential usability for the lightweight seat shell. [1-3] 
Therefore material properties where obtained which served as input parameters for 
LS-Dyna analyses. The comparison of simulated and tested mechanical deflec-
tions under load showed a deviation of not more than 3 %.

1 Within the development process it was decided to use glass fibre reinforced polypropylene 
(GF/PP).
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Fig. 2 Comparison of tested and simulated fibre-reinforced stiffening structures in a 3-
point bending crash bench.

Further failure analyses revealed the need of a surface layer made of fibre-
reinforced thermoplastic fabrics to avoid unintended failure behaviour. In order to 
trace back influences of the manufacturing process on the fracture behaviour dif-
ferent failure modes were localized by the means of 3D computed tomography an-
alysis.  

Fig. 3 Investigations on the failure modes of the stiffening structure using a CT scanner.

To establish a stable high-volume capable production process for the light-
weight optimized seat shell a fully automated manufacturing process chain was 
designed and built. The developed process begins with the positioning of the pre-
formed textile surface layer and the individual reinforcing patches. The ply stack 
is then heated in an infrared emitter field up to a processing temperature of 180 
°C, meanwhile the LFRT-compound is extruded. By the means of a fully auto-
mated handling system, both components are simultaneously inserted into the 
moulding tool. For the handling system and pressing mould adapted fixing ele-
ments had been developed to prevent a slipping of the textile surface layer during 
the transfer and press process. The trimming of the consolidated seat shell to the 
final shape takes place in a subsequent stamping process. Several optimizations of 
the process parameters lead to an entire process time of less than 45 s.
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3.2 Analyses of the Resource Efficiency of the Seat Shells

Within the “Material Efficiency and Resource Conservation” (MaRess-) Pro-
ject founded by the German Federal Ministry for the Environment, Nature Con-
servation and Nuclear Safety and the Federal Environment Agency several ana-
lyses on the resource efficiency of the novel process technology were carried out. 
Therefore the production chains of the steel and composite seat shell were ana-
lysed via the “Material Input per Service Unit” (MIPS-) Concept.[4] MIPS fea-
tures an input orientated approach which allows to estimate the resource produc-
tivity of complex systems within a short period of time. Studies on the result 
quality of different abridged lifecycle oriented concepts in comparison to the life 
cycle analyses (LCA) showed that MIPS was able to achieve result equality. [5]

Analogous to LCA in the first step it is mandatory to determine the objectives 
of the analyses. In case of the seat shells the resource demand of both products 
with regard to the service units ’lightweight seat shell’ (LWSS) and ‘lightweight-
kilogram’ (LWKG) ought to be analysed. Under that perspective an inventory an-
alysis was carried out. Therefore it was necessary to analyse the production pro-
cesses, define realistic product life cycles, measure process times and energy con-
sumptions for both seat shells. Table 1 gives an overview of the collected data set 
and the live cycle specific assumptions. 

By the means of the collected data the energy and material inputs of the differ-
ent life cycle phases were aggregated and multiplied with the material input factor 
(MI-factor). This factor represents a material intensity value for individual input 
materials and energy quantities (also known as “rucksack factor”). The resulting 
resource consumptions are related to the preliminary defined service units. 

Referring to the service unit LWSS the novel composite seat shell shows higher 
resource preservations in every aspect of the analyses (Figure 4). It can be ob-
served that the resource demand of the steel part is dominated by the raw material 
acquisition- and use-phase. In contrast the resource consumption of the light-
weight seat shell is primarily influenced by the production- and use-phase. It ap-
pears that due to the higher energy demands for heating up the thermoplastics the 
production phase of the lightweight seat shell is more resource intensive. However 
within the use phase the resource demand could be traced back to the weight re-
lated fuel consumptions, hence the lightweight part passively helps to lower the 
CO2 emissions.

Table 1 Overview of the assumptions for the MIPS analyses

Type of the seat shell Life cycle phase Energy & Materials Inputs, Assumptions

Lightweight seat shell Raw Material 

Acquisition

Input of Polypropylene

Input of E-glass fibres

Distinction of  energy input for the production of 
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LFRT & TRTP

30 % of the LFRT can be obtained as recycling pro-
duct [6]

Production Energy input via infrared emitter field

Energy input via extruder

Energy input via tool heating

Energy input via handling robot

Recycling of the stamp scrap

Use Estimated lifetime 150.000 km

0.12 l Diesel saving through the reduction of 100 kg 
per 100 km [7]

Recycling After the use phase it is possible to recycle the fibre 
reinforced thermoplastic seat shell

Common steel seat shell Raw Material 

Acquisition

55 % Input via hot rolled, blast furnace steel

45 % Input via electric arc finance road steel [8]

Production Energy input trough the cathodic electrophoretic 
coating

Energy input via spot welding is negligible

Use Estimated lifetime 150.000 km 

0.12 l Diesel saving through the reduction of 100 kg 
per 100 km [7]

Recycling After the use phase it is possible to recycle the 
whole steel seat shell

Fig. 4 Distribution of resource demands over the entire life cycle, referring to LWSS

Under the perspective of LWKG a sensitivity analyses was performed under 
the perspective of analysing the resource demand for 1 kg seat shell produced in 
the described manner (Figure 5). The analysis shows that if the seat shells would 
have an equal weight, the steel seat shell would be less resource demanding. Any-
how through a targeted exploitation of the mechanical properties of the fibre re-
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inforced plastic it is possible to lower the weight even further than what would 
have been necessary for equilibrium in resource consumption.

Fig. 5 Influence of the lightweight degree on the resource demand, referring to LWKG.

4 Summary

Within the frame of research of the SFB 639 and the MaRess project a novel 
process technology for the production of fibre-reinforced thermoplastic structural 
parts was developed and assessed in respect to the caused resource demand. The 
conducted studies on technological, economical and ecological issues acknow-
ledge that the developed composite seat shell offers superior characteristics in re-
spect to all aspects of the conventional steel counterpart. Although the weight of 
the lightweight seat shell was reduced by nearly 50 % it was shown, that the 
lightweight component was able to meet all static and crash-relevant requirements.
Additionally it was indicated that these improvements were generated without im-
pairing economical key figures. Furthermore a life cycle analysis regarding the re-
source consumptions of the seat shells was performed. For this purpose the MIPS 
concept with its “cradle to grave” approach was used. The results of the analysis 
showed that the lightweight seat shell can significantly lower the resource con-
sumption by a range of 14 to 34 % relative to the steel part. This gives powerful 
arguments for the novel lightweight-design and manufacturing technique to be ap-
plied for prospective high-volume production.
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Abstract An optimization study of a door reinforcing assembly is presented. 
The objective of the study, apart from an alternative material search, is to find an 
optimal assembly configuration and an optimal topology, whereby the topology 
optimisation allows for topologies to be produced by unconventional manufactur-
ing processes. A factor analysis was conducted to investigate the effects of multi-
ple input parameters. The thicknesses of the components were observed to be the 
most influential input parameters. The chosen optimum improved the crush resist-
ance by more than 80%, while reducing the mass by 1.2%. However, the material 
volume increased by 80% and material utilisation decreased 7%.

1 Introduction

Buying a car is a complex decision making process influenced by many reasons 
including economic, environmental and social. As customers are becoming more 
environmentally aware and they demand greener cars. In addition to this height-
ened environmental awareness, the automotive industry has been affected by with 
more stringent legislations as well. The reduction of fuel consumption and exhaust 
gas emissions has become a priority whereby many countries have introduced 
motor vehicle taxes designed to realise the set reduction targets ([1]). 

Substituting alternative materials for conventional materials in vehicle design is 
an important strategy for reducing environmental burdens over the entire life cycle 
through weight reduction. Studies have shown that 10% reduction of vehicle 
weight results in 5 to 8% increase in fuel efficiency ([2], [3]). Lightweight materi-
als such as composites, aluminium and titanium have been investigated as steel 
substitutes for different vehicle components, resulting in potentially more sustain-
able vehicle designs. According to Finkbeiner and Hoffmann ([4]), and Gibson 
([2]), sustainable vehicle design process should also include other criteria like 
technical performance, design, vehicle production, cost, quality, etc. Their view on 
the need to integrate sustainable design principles sooner into the development 
process to achieve greater benefits in terms of minimised environmental load and 
cost, is largely accepted in industry and the research community ([5]-[8]).

mailto:mladenko.kajtaz@rmit.edu.au


However, a range of possible alternatives is often limited by other factors such 
as manufacturability. In this study, computer aided engineering (CAE) and finite 
element analysis (FEA) in particular, were utilised as rapid design tools in a sus-
tainable virtual design and development of a side door intrusion bar assembly. An 
extensive exploratory optmisation exercise was conducted to search for a light-
weight assembly which would not compromise the strength and stiffness require-
ments for side doors of passenger cars. In addition, the search for the optimal as-
sembly will not be limited to the conventional manufacturing processes.

It is, therefore, the objective of this study, apart from an alternative material 
search, to find an optimal assembly configuration and an optimal topology, 
whereby the topology optimisation allows for topologies to be produced by un-
conventional manufacturing processes.

2 FEA Model

2.1 Side Door Reinforcing Assembly

Generally, a passenger car door is mounted on a passenger car by a number of 
vertically spaced hinges attached to a substantially vertical edge of the door. The 
door can be locked in closed position by a lock incorporated in the door, which is 
another mounting point. Passenger car doors are required to have a sufficient de-
gree of rigidity to resist external forces applied from front and side areas. Re-
inforcements, also known as impact beams, are usually placed in the passenger car 
doors for additional protection against large external forces that are applied upon 
vehicle collisions. Such impact beams are, however, responsible for an increase in 
the weight of the doors, resulting in an increase in the total weight of motor vehi-
cles. It is, therefore, an objective to provide a passenger car door having light-
weight reinforcing beams, or assembly, arranged effectively to increase the rig-
idity of the passenger car door, but add a relatively small weight.

The side door reinforcing assembly investigated in this study consisted of four 
parts (see Fig. 1.):

• Bracket, a short extrusion that encloses and reinforces the door lock;
• Post, a long, curved convexly outwardly extrusion that houses the door hinges
• Upper and Lower Cross-Bars, two long extrusions disposed in the door body 

joining the door hinges and the lock
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2.2 Requirements and Specifications

The strength and stiffness requirements for side doors of passenger cars are 
specified by the Australian Design Rule (ADR) 29/00 – Side Door Strength [9].
This standard is applicable to all passenger vehicles in Australia. The crush resist-
ance is determined as an integral of the applied load with respect to the crush dis-
tance. The test procedure guidelines for establishing the crush resistance, de-
scribed in the standards, were used to create a representative FEA model. 

Fig. 1. Side door reinforcement assembly – Representative FEA Model as per ADR 29/00

3 Exploratory Optimisation

3.1 Description of Parameters

The optimisation consisted of coupling the ABAQUS ([10]) solver with the op-
timisation engine provided by modeFrontier ([11]), a commercial optimisation 
software package. A total of 83 parameters, summarised in Table 1, were used in 
the optimisation process to fully define the materials, geometry and assembly con-
figurations.

The materials were parameterised as Density, Elastic Modulus and Elastic 
Limit triplets. The geometry parameters were used to define extrusion profiles of 
the components. Each profile was defined by eight control points whose x and y 
coordinates were input parameters (see Fig. 2.). Finally, the assembly configura-
tion was varied by changing the hinge location with respect to the horizontal 
centre line. In Fig. 3., these parameters are labelled as uxB_VA and lxB_VA.
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Fig. 2. Extrusion profile – Eight control points

Fig. 3. Assembly configuration parameters

3.2 Description of Constraints and Objectives

The FEA results were assessed by the constraints and rated by the objective 
functions. The constraints were associated with combinations of the geometry co-
ordinates to ensure feasible profile extrusions. They were treated as an additional 
objective.

The objective of the optimisation was to find the lightest design that maximised 
the crush resistance and the Utilisation Factor. The Utilisation Factor was a de-
rived parameter measuring a percentage of elements that exceeded a set value of 
Mises stress. The twofold roles of the parameter were to monitor and eliminate po-
tential stress concentration and to increase material utilisation.
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3.3 Optimisation Scheduler

A proprietary version of Multi-Objective Genetic Algorithm, MOGA-II, was 
used as the optimisation algorithm in this study. MOGA-II is an efficient multi-
objective genetic algorithm (MOGA) that uses a smart multi-search elitism ([12]). 
Genetic algorithms are designed to mimic an evolutionary selection. A population 
of candidate designs is evaluated at each iteration, and the candidates compete to 
contribute to the production of new designs. Each individual is represented by a 
string, which is a coded listing of the values of the design variables. The entire 
string is analogous to a chromosome, with genes for the different features (or vari-
ables). When individuals are selected to be parents for offspring designs, their ge-
netic strings are recombined in a crossover operation, so that the new designs have 
elements of two earlier designs. A mutation operation also allows random modifi-
cation of elements of the new individual so that it may include new features that 
were not present in either parent. Therefore, there were several user-defines pa-
rameters required to provide robustness and efficiency to the optimisation and the 
values used in this study are summarised in Table 2.

Table 1. Summary of input variables

Parameter Range Step

Geometry

Coordinates:

PT_Ix, PT_Iy, PT_IIx, 

PT_IIy, PT_IIIx, PT_IIIy, 

PT_IVx, PT_IVy, PT_Vx, 

PT_Vy, PT_VIx, PT_VIy, 

PT_VIIx, PT_VIIy, 

PT_VIIIx, PT_VIIIy

-75 – 75 [mm] 1

Thickness 1 – 20 [mm] 1

Material

Elastic Modulus 30,000 – 250,000 [MPa] 5,000

Elastic Limit 100 – 700 [MPa] 50

Density 7.8E-10 – 7.8E-09 [tonnes/mm
3
] 1E-10

Configuration

Location of upper hinge 30 – 300 [mm] 3

Location of lower hinge 30 – 270 [mm] 4

Table 2. Optimisation algorithm parameters

Parameter Value Parameter Value

Number of Generations 5000 Probability of Selection 0.05

Probability of Cross-Over 0.5 Probability of Mutation 0.1
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4 Optimisation Findings

4.1 Factor Analysis

Factor Analysis is an exploratory data analysis which investigates the effects of 
multiple factors simultaneously. The main feature of this analysis is the Effects 
Chart, also called DOE or DEX mean plot (DOE and DEX stand for design of ex-
periments). It is a sequence of box-whiskers plots useful for determining a ranking 
list of the important input parameters. Every experimental design is considered 
with all input parameters set at two levels, called "high" ("+1" or simply "[+]") 
and "low" ("-1" or simply "[-]"), respectively. The data are split into two equal-
sized groups and a mean value is generated for these groups to see if the mean is 
increasing or decreasing over time. The means for a single input parameter are 
connected by a straight line. An input parameter is important if it leads to a sig-
nificant shift in the location of the response variable or if it leads to a significant 
change in variation of the parameter.

4.1.1 Effects of Configuration Input Parameters

Fig. 4. Effect of configuration parameters on volume (the lower hinge on the left, the upper on 
the right)

The effects of changing the locations of hinges with the respect to the horizon-
tal centre line are shown in Fig. 4. The lower hinge location dominated the upper 
hinge location when the amount of material present in the model was considered. 
It was observed that closer the lower hinge is to the centre line, less of the material 
volume was present in the model. Furthermore, the crush resistance improved as 
both hinges were closer to the centre line. However, the material utilisation dete-
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riorated as the hinges got closer. Improvements of the material utilisation were ob-
served as the lower hinge moved away from the centre line.

4.1.2 Effects of Material Input Parameters

Graphs, similar to that in Fig. 4., were derived for the material input parameters
as well. It was observed that a material selection for the Bracket was very critical. 
The effect of the Bracket elastic modulus was at least two times more significant 
than any other material parameter with the respect to the crush resistance. The ma-
terial utilisation and material volume were significantly influenced by the elastic 
limits of the Upper and Lower Cross-Bars, which was expected since these com-
ponents were mostly deformed. Surprisingly, the effects of material elastic moduli 
were insignificant with the respect to these two objectives.

4.1.3 Effects of Geometry Input Parameters

For the Bracket, all parameters that define dimensions in the direction of the 
loading were dominant. This was observed for all three objectives. On the other 
hand, all parameters that define dimensions in the direction parallel to the loading 
were dominant in the case of the Post component, especially with the respect to 
the crush resistance objective. The dominating geometry parameters in the case of 
the Cross-Bars were obviously parameters that define the surface area perpendicu-
lar to the loading direction.

The thicknesses of the components were observed to be the most influential pa-
rameter out all input parameters. The findings of the factor analysis are summa-
rised in Table 3.

Table 3. Summary of Effects of Input Parameters

Parameter max(Mat. Util.) max(Crush R.) min(Vol.)

Location of upper hinge – Close to CL –

Location of lower hinge Away from CL Close to CL Close to CL

Elastic Modulus – Bracket –

Elastic Limit Cross-Bars – Cross-Bars

Dimensions perpendicu-

lar to the loading

Bracket,

Cross-Bars

Bracket,

Cross-Bars

Bracket,

Cross-Bars

Dimensions parallel to 

the loading

– Post –

Thickness YES YES YES
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4.2 Optimal Design

The gauge lengths for the baseline model in this study were taken from Wu et 
al. ([13]). Their rectangular cross section optimum design was considered.

Fig. 5. Pareto Frontier

In a multi-objective problem, such as this one, a notion of optimum changes as 
the aim is to find good compromises rather than a single solution. Therefore, the 
study produced a set of solutions, called Pareto solutions or Pareto frontier. In the 
Pareto frontier, none of the objectives can be improved without deterioration of at 
least one of the other objectives. As the Pareto optimal solutions can be regarded 
as equally desirable, in the mathematical sense, a trade-off study was necessary. A
design, indicated in Fig 5., was identified as the most preferred one among the so-
lutions – representing an acceptable trade-off between the objectives.

In contrast to the baseline model (see Fig. 6.), the chosen optimum (see Fig. 7.)
improved the crush resistance by more than 80%, while reducing the mass by 
1.2%. However, the material volume increased by 80% and material utilisation 
decreased by 7%. Such incomparable change in the volume and mass was possible 
due to the alternative materials. The optimisation converged to lighter and suffi-
ciently strong materials such as wrought aluminium and zinc-aluminium general 
casting alloys.
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5 Conclusion

An optimization study of a door reinforcing assembly was presented. The ob-
jective of the study, apart from an alternative material search, was to find an opti-
mal assembly configuration and an optimal topology, whereby the topology opti-
misation allows for topologies to be produced by unconventional manufacturing 
processes. A factor analysis was conducted to investigate the effects of multiple 
input parameters. The thicknesses of the components were observed to be the most 
influential input parameters. The chosen optimum improved the crush resistance 
by more than 80%, while reducing the mass by 1.2%. However, the material vol-
ume increased by 80% and material utilisation decreased by 7%.

Fig. 6. Comparison against the baseline model

Fig. 7. Optimal assembly
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Abstract NSL (Natural Stone Laminate) is a new sandwich material combining 
the favorable properties of natural stone and metal. Using two widely available 
and low priced components, the laminate will reach a competitive price level. The 
fields of application include construction, security and design. The current re-
search is mainly working on the optimisation by running several tests. Finding dif-
ferent values for Tensile strength, Young’s Modulus Bending- and impact behav-
iour are just a short overview of our work. Further development especially in the 
fields of forming and processing NSL will certainly open up even more possibili-
ties for this competitive sandwich material. By regulating the used layers and ma-
terials NSL perfectly fits to the consumers needs. 

1 Introduction

Light construction is the philosophy of gaining maximum reduction in weight. 
Especially in times of raising ecological damage, R&D efforts are on their way to 
find lighter constructions. On the one hand this is achieved through weight opti-
mization of existing materials, on the other hand through engineering totally new 
materials. Variable sandwich- and laminate-structures combine different materials 
in order to create optimized material behavior. Besides material properties, avail-
ability and price play a major role in the development process of new materials.

Strengthening plastics using carbon fibre herein surely was one of the most in-
teresting ideas in former times. The developed combinations turned out to be suit-
able for usage and are certainly very useful in their field of application. Also com-
binations of plastics and glass fibre are well known, and GLARE® was a further 
development in using aluminum. Figure 1 shows the material mix in a modern air-
plane and underlines the extensive usage of composite structures.
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Fig. 1 Material overview in long distance airplanes [1].

2 Approach

To consider availability and price being the major focus in developing a new 
material a new idea needs to be found.

In the field of metallic materials a lot of realisable variants have been created 
and are still in use. Especially in modern Airplanes aluminium is often used as a 
light and stable metal in a lot of fields. The problem of difficulties in availability
is negligible and one can count on the experiences in using aluminium and steel as 
it creates reliable and save constructions. To minimize damage in cases of debris 
containment a combination with an impact resistant material is very rewarding and 
surely opens interesting fields of application.

Earth is a terrestrial planet, meaning that it is a rocky body. It is the largest of 
the four solar terrestrial planets, both in terms of size and total mass. Considering 
availability issues stone as a new “material” is quiet obvious.

The “Private Institute for technique and artistic design e.V” and the “Univer-
sity of Applied Sciences Ingolstadt”   are intensively working on developing a 
brand new composite. A thin foil of stone is brought to a metal carrier which is the 
source for creating a laminate of several coatings. The result is called “Natural 
Stone Laminate” (NSL – Figure 2) and combines advantages of both of the differ-
ent elements.
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Fig. 2 Natural stone laminate.

By changing the properties of the three constituents - metal, stone and the way 
of bonding - the behaviour of the laminate can be adjusted to the users’ require-
ments. There is no need for temperature treatment on the material and no difficul-
ties of machining. By using high temperature resistant adhesives it even could be 
used in hot environments (up to 500°C and higher).

A density of 2,7 kg/dm� with simultaneously very good bending behaviour, 
acoustic damping, impact resistance and many more, the NSL reaches different 
fields of the market.

3 Production

The pilot production is laboratory work. Layers of an “AB” combination - con-
sisting of metal and stone - are produced in different types depending on their 
needs. By bringing several layers together symmetrical and asymmetrical plates 
can be created and formed, always allowing for construction issues.

Fig. 3 Schematic of natural stone laminate.

metal layer natural stone adhesive metal ayeradhesive
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Figure 3 shows the first “ABA” Layer of a symmetrical assembly. The used 
material is a combination of Bianco Sardo and aluminium using an adhesive. In-
vestigation is also working on alternative possibilities of bonding (e.g Ceramic, 
Ultrasonic) and optimisation of serial production.

4 Experimental and numerical investigations and validation

4.1 Bending behavior

For a better understanding of the materials behaviour several experimental and 
numerical testing are planned within the projected research. One of the steps is the 
comparison of a mathematical model with laboratory work which is done in coop-
eration with the University of Applied Sciences in Ingolstadt. Within a three-point-
bending test a specimen is bent while data of force and elongation are collected.
As it can be seen in Figure 4, a compressive loaded AB – Laminate reaches dis-

tinctly better results considering bending behaviour – stiffness and strength. That’s 
not exciting, knowing the good values of comprehensive strength of the natural 
stone.

Fig. 4 Bending behavior under selected loads.
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Although stone is very brittle, the fact that it is used in thin foils and set be-
tween aluminium provides it with a very good bending behaviour. That even al-
lows a certain amount of bending the stone, without loosing the function of the 
composite. In Figure 5 that effect is shown.

Fig. 5 layer of NSL using “Bianco Sardo” after bending.

By calculating a Young´s Modulus of the entire laminate a model can be built 
for FE methods to integrate the CMA in engineering construction methods. For 
supporting the theory several laminate theories have been applied to composite 
laminates. The classical laminate theory is an extension of the Love-Kirchhoff as-
sumption for isotopic plates and can be applied if the laminate is thin because 
transverse shear stresses are not considered [2]. As the problem of shear stress 
cannot be neglected, there is a need for a higher order shear deformation theory. In 
this case the third order theory of Reddy [3] will be used to describe the inner ac-
tivities.

Fig. 6 FE simulation of a 5 layer natural stone laminate resistance.

4.2 Acoustic testing

Besides very good compressive properties the natural stone offers excellent 
values of noise insulation. In a test in cooperation with the Fraunhofer Institute at 
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Stuttgart, sound transmission values were evaluated. Therefore an aluminium 
sandwich (Figure 7) was compared with a natural stone laminate plate of the same 
weight.

Fig. 7 Aluminum sandwich test specimen for noise insulation.

For the acoustic tests a natural stone called “Nero Assoluto Zimbabwe”, a 
magmatic plutonic rock was chosen in an “ABA” composite with aluminium.
With over 3dB in the middle, natural stone laminate reaches a far better insula-

tion level, than the aluminium sandwich does.

Fig. 8 Noise reduction index of selected testees.
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5 Outlook

Next steps are to continue the evaluation of NSL. Therefore the ITD is working 
together with the University in Ingolstadt which allows the use of very modern 
laboratories. The ITD has built up a slow speed impact testing system for penetrat-
ing materials with different projectiles like ice and stone.
Possibilities of the system are:
 Maximum of projectile size 300x300
 Projectile: ice 50 g, stone 10 g
 Distance of acceleration 5 m
 Work pressure 8 bar
 Maximum of velocity 250 m/s
Another point is to determinate substitutes to the used adhesives, e.g. the pro-

cedure of ultrasonic welding, that shows great results in first tests and even allows 
operation in high temperature areas. Exceeding investigation must be done in 
scope of manufacturing complex shaped structures.
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IN-WHEEL COUPLED SUSPENSION AND 
DRIVE:  DESIGN, DEVELOPMENT, AND 
MODELING

R. Clippard, J. Ziegert
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SC  29607 U. S. A.; Email:  rclippa@clemson.edu

Abstract:  Vehicle propulsion systems are evolving to include more hybrid and 
purely electric systems.  This trend has revived interest in hub-motor technology 
where the electric motor providing traction torque is integrated into the wheel, 
providing space saving and packaging advantages and enabling enhanced vehicle 
stability control through torque vectoring.  The disadvantage of this approach is a 
significant increase in unsprung mass, which may detract from ride quality.   This 
paper describes the development of a novel in-wheel coupled active suspension 
and drive system.   This system utilizes two motors per wheel and a two degree of 
freedom kinematic mechanism that allows their torque to be utilized for both ver-
tical suspension actuation as well as rotational actuation of the wheel.  The system 
is designed such that when the motors are providing equal torque in the same di-
rection, all energy is directed to traction and longitudinal propulsion of the vehi-
cle.  When the torque output of the motors is unequal, a net vertical force is ap-
plied to the wheel causing the suspension to move vertically and enabling active 
control of ride quality as well as control of vehicle attitude in acceleration, brak-
ing, and cornering.  This paper will discuss the design of the system including 
kinematic synthesis, drive component selection, and simulation using multi-body
dynamics software. Vertical, longitudinal, and combined actuation was tested and 
analyzed using multiple torque combinations and loading conditions. Although 
this integrated propulsion drive and active suspension architecture inherently 
tightly couples the longitudinal and vertical dynamics of the vehicle, the results of 
the simulations show that the system is capable of actuating in either degree of 
freedom independently, or in a coupled mode where it actuates in both modes si-
multaneously.  The simulations showed that the system was capable of actively 
controlling the vertical wheel position while maintaining constant drive torque and 
rotational velocity of the wheel.
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1 Introduction

Increases in electrically based vehicles are quickly penetrating the marketplace 
and are winning a spot in consumer’s hearts.  Many of these are based around a 
similar architecture to current internal combustion powered vehicles with a main 
drive motor, transmission, and then the power is delivered to the wheels.  An al-
ternate architecture under consideration is to locate the motor(s) inside the wheels 
to eliminate the transmissions and driveshafts.  A downfall of hubcentric drives is 
the increase in unsprung mass.  Increases in unsprung mass relative to the sprung 
mass of a vehicle increases the transmissibility ratio between the two masses, and 
this leads to a lower vibration isolation efficiency of the suspension [1].  This pa-
per describes a novel design that allows the drive motors to also be utilized to ac-
tuate the vertical motion of the suspension to enable active control of vehicle atti-
tude as well as potential improvements in ride quality. This design incorporates 
dual electric motors inside each wheel, coupled with a two degree of freedom 
kinematic mechanism to replace both the drive and suspension of a vehicle.

2 Kinematic Synthesis and Operational Modes

The system consists of two coupled slider crank mechanisms combined with a 
dual electric motor drive.  The two motors can be linked to the main drive by any 
number of methods, but for the initial system the actual drive connections were 
treated as a friction connection with zero slip.  This removed the potential noise 
that gears or a timing belt would add to the system while also reducing the simula-
tion time and resources needed.  The slider crank shown in Fig. 1 represents the 
right side of the entire system and provides a single degree of freedom.  The motor 
pivots around the main drive connection maintaining a constant distance between 
the main drive and motor so that the drive coupling will remain in contact.  The 
mass is connected to the motor mount via a control link and is also constrained to 
purely vertical motion by a slider connection.  As the motor is actuated it walks 
around the main gear pushing and pulling on the vehicle body.  When two of these 
systems are connected together to form a symmetric mechanism the main drive 
can be allowed to rotate and thus a second degree of freedom introduced.  The 
coupled configuration also utilizes a spring and damper to support the vehicles 
mass.
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Fig. 1 Slider Crank Mechanism

The system has the ability to actuate in the vertical direction, rotationally, or 
both at the same time.  These three different actuations are the operational modes 
of the symmetric mechanism. The operational modes are defined by the relative 
direction and magnitude of torques T1 and T2 (

Fig. 2).  When both motors are providing equal torques in both magnitude and 
direction the system acts as only a drive system for the wheel.  Forces F1 and F2
are equal and opposite so there is a zero net force acting on the vehicle body so no 
vertical actuation takes place and all the actuation effort is utilized in driving the 
rotation of the tire and wheel.  When the torques are of equal magnitude but oppo-
site directions the system works solely in the vertical direction.  In this situation 
forces F1 and F2 are equal in both magnitude and direction and the vehicle body is 
moved, but the net torque on the main drive, T3 is zero so there is no rotational ac-
tuation.  When any other torque condition exists, the system operates in both the 
vertical and rotational degrees of freedom.
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Fig. 2  Full System Diagram

3 Drive Sizing and Tradeoffs

As with any design there are a couple of obvious tradeoffs that can be made to 
allow for some adjustment in the overall sizing, performance, and configuration.  
The first major tradeoff is the physical size of the motor versus the size of the 
wheel.  The torque of the motors versus the gear reduction is another tradeoff al-
though this is closely linked to the physical size of the motors.  The third tradeoff 
is the upper control link mount position on the motors.  These design considera-
tions allow for the system to be adjusted for different applications and perform-
ance metrics.
Currently, the power density of electric motors limits their ability to produce 

large amounts of torque from a small package size.  Advances are being made, 
liquid cooling and stronger magnetic fields are allowing overall size to be reduced 
while the torque is increased [2-4].  The inner wheel diameter limits the amount of 
space that can be occupied by the two electric motors, and the actual vehicle de-
sign can limit the overall length of the motor.  The system relies on the motors 
ability to rotate around the same axis as the wheel and main drive gear.  As such 
there is some space that must be occupied by the rotational mechanism.  So the 
two motors are limited to the space that is defined by the wheel inner diameter 
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minus the rotational mechanism diameter.  This sets the spacing and limits the 
available reduction ratio between the motors and the main drive.
The reduction between the motors and the main drive defines the available mo-

tor vertical travel as well as the maximum speed available.  To increase the maxi-
mum velocity of the vehicle a lower reduction ratio is desired, but this hurts the 
acceleration performance as well as reducing the vertical travel of the motors.  In 
order to combat the reduction of vertical travel it is possible to adjust the upper 
control link mount on the motor. 
This control link allows the overall travel to be adjusted as well as providing a 

mechanism for mechanical advantage for actuating the system vertically.  As the 
upper links mounts are moved closer to the center of the wheel there is a larger 
mechanical advantage and this generates larger actuation forces, but it also re-
duces the available vertical travel.  The motors have limited rotation around the 
central rotational axis before they encounter a collision with another part of the 
mechanism.  By moving the upper control link mounts further away from the cen-
tral rotational axis the mechanical advantage is reduced, but the overall vertical 
travel is increased.
As with every system, the end design is a compromise between these tradeoffs.  

The overall design goals will help to weigh the effect of one design choice over 
another.  The goals for this system were to prove that both motions were possible 
utilizing the mechanism, that adequate vertical and rotational accelerations could 
be obtained by current motor technology, and that the coupled actuation could be 
achieved with the available torque.

4 Simulation

Simulation of the quarter vehicle model was performed utilizing Simpack© 
multibody dynamic simulation software. The vertical displacement and accelera-
tion were tested to determine the system’s ability to perform vibration isolation 
and attitude control.  The longitudinal acceleration was tested to determine poten-
tial braking and acceleration performance.  Finally the coupled system was simu-
lated by applying time varying torque signals to the system to induce different ro-
tational and vertical operating conditions.
The vertical actuation was tested by applying equal but opposite torques to the 

two motors.  The results are shown in Fig. 3.  The system is sized with two DC 
electric motors capable of delivering 75 Nm peak torque.  With opposing torques 
the motors were able to actuate the vehicle body vertically by 60mm when push-
ing up and 32mm when pulling down.  The reduced downward travel is due to the 
support spring that holds the mass up when there is no actuation.  The additional 
displacement towards the maximum vertical position is due to the increased me-
chanical advantage as the motors near the top of the main drive.
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Fig. 3 Vertical Position versus Torque

Utilizing the 75 Nm motors and a 5:1 drive ratio between the motor pinion and 
the main gear, the peak available vertical acceleration is just over 3.5 m/s2 in both 
directions.  Higher vertical accelerations can be achieved if the upper link connec-
tion points are moved closer to the spindle axis the spindle at the expense of re-
duced range of vertical motion.  .  
The rotational simulation utilized an equivalent inertia for the tire to simulate 

actuating the actual mass of the vehicle longitudinally.  The motors are driven 
with equal torques in both magnitude and direction.  The calculated peak accelera-
tion of the vehicle is 5.5 m/s2.  This can be adjusted by the design tradeoffs also.  
An increased drive ratio will increase peak acceleration performance at the cost of 
a reduced maximum speed.  

Fig. 4 shows the system operating in a coupled mode.  The rotational actuation 
was held constant so that there was no rotational acceleration, i.e. the vehicle 
speed is constant.  At 0.5 seconds a torque differential of 20 Nm was applied to 
the existing torque signal. This differential allowed the vertical actuation of 6mm 
which is what is expected when referring back to the pure vertical simulations.  
There was still a positive torque on the main drive which maintained the rotational 
velocity.  
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Fig. 4 Coupled Actuation

5 Conclusion

The coupled mechanism has the ability to provide actuation in both the rota-
tional and vertical degrees of freedom with equivalent inertias and masses of a 
quarter vehicle model.  Peak accelerations of over 3.5m/s2 vertically and 5.5m/s2

longitudinally are possible when only actuating the mechanism in a single DOF.
The vertical actuation opens the door for use as an active suspension and/or atti-
tude control actuator for vehicles while still providing longitudinal actuation of the 
vehicle.  This actuation is possible with torque ranges that are available in com-
mercial motors that fulfill initial packaging requirements of a compact vehicle.
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OPTIMISATION OF AUTOMOTIVE SEAT 
KINEMATICS

M. Leary, M. Mazur, T. Mild, A. Subic
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Abstract Automotive seating structures have evolved over an extended period of 
development, resulting in convergence of practical embodiments to a planar kine-
matic chain, typically based on a four-bar linkage. Seating structures are subject to 
a stringent set of constraints and objectives, including: allowable envelope of mo-
tion, structural integrity, modularity and product cost. Although four-bar linkage 
kinematics is well understood, the large design space, combined with multiple 
constraints and objectives, impose significant challenges to design optimisation. 
The following work illustrates a practical method to resolve these conflicting de-
sign requirements by mapping the feasible design space and quantifying the rela-
tive merit of feasible designs for various objectives. 

1 The design problem 

The automotive seat structure is required to accommodate the anthropometric var-
iation of users while meeting minimum safety standards under low and high speed 
crash scenarios [1]. Seating position is adjusted in multiple degrees of freedom 
(DoF) to locate the user with respect to vehicle controls (pedals and steering 
wheel). The design problem is further constrained by the allowable spatial enve-
lope and allowable actuating effort for each DoF. Commercial competitiveness re-
quires the minimisation of manufacturing cost and system weight.
The design task is a multi-objective optimisation problem consisting of identi-

fying the set of dimensional parameters that achieve the required range of motion 
in each DoF without violating the design constraints. This work illustrates a prac-
tical method of identifying the set of feasible and optimal seat parameters. 
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2 Fundamental model

Benchmarking of automotive seating structures has identified that practical em-
bodiments have converged to a planar kinematic chain [1]. This kinematic chain 
may exist in several variants, each with their own unique performance attributes. 
Of these observed kinematic chains, the typical implementation is a four-bar link-
age1, “the simplest possible pin-jointed mechanism for single degree of freedom 
controlled motion” [2]. 
The behaviour of the four-bar linkage is well understood based on the Grashof 

condition (Fig.1) [3], which classifies kinematic behaviour based on the length of 
the shortest, s, longest, l, and other links, p and q. Depending on which of these 
links is shortest (Table 1), the grounded links will be will behave as a crank (ro-
tary motion), or a rocker (reciprocating motion). Of these permutations, the paral-
lelogram and crank-rocker are often observed in automotive seating structures. 
The latter is typical as it results in induced tilting as the seat lifts – desirable to ac-
commodate different percentile users. For example, shorter users typically require 
a higher seating position and greater seat tilt and vice versa [1]. 

Table 1. Classification of four-bar mechanisms. 

Type Grashof condition Shortest link Behaviour 
1 l+s <  p+q frame double-crank

2 l+s <  p+q grounded link crank-rocker

3 l+s <  p+q coupler double-rocker

4 l+s >  p+q any double-rocker

5 l+s =  p+q any double-crank 

(parallelogram)
4. > any link double-rocker triple-rocker5. = any link change point change point

Fig 1. Four-bar linkage and associated nomenclature. 

1 Other embodiments include five-bar linkages and independent rocker actuation. The four-bar 
linkage may include an additional crank-slider to enable seat tilting [1]. 

Coupler

Grounded link (input)

Grounded link (follower)
Frame
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3 Simulation 

Despite the apparent simplicity of a four-bar linkage system, the number of input 
parameters (link lengths and frame position) and allowable permutations results in 
a very large design space. Furthermore, automotive seating structures are subject 
to multiple constraints and objectives which stymie systematic optimisation ef-
forts. Historically, such problems are solved by inspection, or with graphical [4], 
or numeric [2] aids. The following work illustrates a practical method to resolve 
these conflicting design requirements by mapping the feasible design space and 
quantifying the relative merit of feasible designs for various objectives. 
An algebraic model of four-bar linkage kinematics [3] was interfaced with a 

process integration and design optimisation (PIDO) tool (Fig. 2). PIDO software 
has the capability to facilitate automated analysis by the integration of standalone 
CAE tools to enable automated design of experiments (DOE), parametric analysis, 
multi-objective optimization, and statistical evaluation of system models [90, 
120]. The optimisation approach consisted of two phases. 
An initial analysis was developed to explore the design space using a DOE ap-

proach. Due to the analytical nature of the kinematic model, the computation cost 
of each evaluation was sufficiently low2 to allow a high resolution experiment, 
providing the designer with a rapid overview of the feasible regions of the design 
space and aiding in the identification of local optima. 
The second phase of the optimization approach addresses the multi-objective 

optimisation problem within the feasible regions of the design space. Genetic Al-
gorithms are stochastic optimization algorithms modeled on the processes of evo-
lutionary biology. A random population of problem input variables is evaluated to 
identify how well they satisfy problem objectives. The fitness of the population is 
subsequently improved through manipulations that are analogues for the mechan-
ics of natural selection. 
Stochastic optimization algorithms are suited to a large search space due to in-

herent robustness against objective function discontinuity and local optima stagna-
tion. In contrast, deterministic algorithms (such as the Simplex approach) are more 
efficient at converging towards an optimum, but are typically only robust within 
localised regions of the search space and can stagnate at local optima [6]. For 
models which exhibit a high computation cost, it may be beneficial to refine the 
optimisation phase with deterministic algorithms prior to stochastic optimization 
[7].  Due to the low computational cost of the kinematic model used in this work, 
the direct application of a stochastic GA yielded acceptable results within a rea-
sonable computation time. 

2 The basic four-bar linkage analysis required approximately 2.5 seconds on a 3GHz CPU.
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4 Simulation results

The initial high resolution DOE analysis parameter space was populated using full 
factorial sampling of the model input parameters with an experiment size of 
12,888 model evaluations. The subsequent multi-objective GA optimisation analy-
sis was initialised with the feasible design space identified in the DOE results. The 
optimisation problem consisted of four competing objectives, and additional con-
straints. The GA was limited to 10 generations, resulting in a simulation size of 
122,880 model evaluations. The total solution time was 3.5 days on a 3GHz CPU.  

Table 2. Model input parameters.

Input parameter Dimension
Input link length mm
Follower link length mm
Height of ground link and frame node mm
Input link inclination degrees
Follower link inclination degrees
Included angle of follower rotation degrees

Table 3. Model output parameters, dimension and objective.

Output parameter Dimension Objective
Vertical travel (at reference point) mm Minimise
Horizontal travel (at reference point) mm Minimise
Lift effort N Minimise
Pumps to achieve full lift - Minimise

The simulation identified 20,204 feasible designs with 304 designs being Pareto-
optimal (Fig. 3). Without relative importance weighting of the competing design 
objectives there is no clearly optimal solution, as the set of Pareto-optimal designs 
offer equal performance in satisfying the design objectives; an improvement in 
one objective leads to a compromise in others. Designs of interest are identified 
with associated identification numbers (Fig. 3):
• Minimum  peak force: #105908
• Minimum  number of pumps to lift seat: #53684, #122063 and #105908 
• Minimum  horizontal travel: #50568
The other identified designs of Fig. 3 are balanced compromise between compet-
ing objectives.
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Fig. 2. Graphical process and logic workflow associated with the second phase of simulation.

Fig. 3. Four dimensional chart indicating performance of Pareto-optimal solutions. Designs re-

ferred to in the discussion have been labeled with associated identification numbers.
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5 Conclusion

Despite the apparent simplicity of the planar four-bar linkage, the large number of 
input parameters and possible permutations result in a very large design space. 
Furthermore, the presence of constraints and competing design objectives makes it 
difficult to identify regions of local and global optimum performance.
Due to the low cost of the analytical model a high-resolution DOE analysis 

combined with a stochastic optimization algorithm provide a practical method to 
resolve these conflicting design requirements by mapping the feasible design 
space and quantifying the relative merit of feasible designs for various objectives.
PIDO tools lend themselves well to the rapid solution of this problem through em-
bedded automated analysis, optimizations and decision making tools. Manual 
analysis would be impractical and significantly limited in comparison. 
The proposed solution strategy can be extended to other problems for which the 

design space is large and the associated system model has low computational cost. 
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