Mechanical Engineering Series

Lorenzo Morello

Lorenzo Rosti Rossini
Giuseppe Pia
Andrea Tonoli

The Automotlve/;
Body € a@

Volume I: Components Design




The Automotive Body



Mechanical Engineering Series

Frederick F. Ling
Editor-in-Chief

The Mechanical Engineering Series features graduate texts and research monographs to
address the need for information in contemporary mechanical engineering, including
areas of concentration of applied mechanics, biomechanics, computational mechanics,
dynamical systems and control, energetics, mechanics of materials, processing, produc-
tion systems, thermal science, and tribology.

Advisory Board/Series Editors

Applied Mechanics

Biomechanics

Computational Mechanics

Dynamic Systems and
Control/Mechatronics

Energetics

Mechanics of Materials
Processing

Production Systems
Thermal Science

Tribology

F.A. Leckie
University of California,
Santa Barbara

D. Gross
Technical University of Darmstadt

V.C. Mow

Columbia University

H.T. Yang

University of California,
Santa Barbara

D. Bryant

University of Texas at Austin

J.R. Welty

University of Oregon, Eugene

I. Finnie

University of California, Berkeley
K.K. Wang

Cornell University

G.-A. Klutke

Texas A&M University

A.E. Bergles

Rensselaer Polytechnic Institute

W.O. Winer
Georgia Institute of Technology

For other titles published in this series, go to

http://www.springer.com/1161



Lorenzo Morello e Lorenzo Rosti Rossini e
Giuseppe Pia e Andrea Tonoli

The Automotive Body

Volume I: Components Design

@ Springer



Lorenzo Morello

Via Bey 5B

10090 Villarbasse

Italy

E-mail: lormorello@ gmail.com

Lorenzo Rosti Rossini

via Canova 9

20145 Milan

Italy

E-mail: lorenzo_rosti @hotmail.com

ISSN 0941-5122
ISBN 978-94-007-0512-8
DOI 10.1007/978-94-007-0513-5

Giuseppe Pia

via Filadelfia 237/8 B

10137 Torino

Italy

E-mail: giuseppe.pia@libero.it

Andrea Tonoli

via Oronte Nota 55

10051 Avigliana (TO)

Italy

E-mail: andrea.tonoli @polito.it

e-ISBN 978-94-007-0513-5

Springer Dordrecht Heidelberg London New York

The accuracy and completeness of information provided in this book are not guaranteed
to produce any particular results. Therefore, the Authors and the Publisher will not be
liable for any direct or indirect loss or damages incurred from any use of the information

contained in the book.

(© Springer Science + Business Media B.V. 2011

No part of this work may be reproduced, stored in a retrieval system, or transmitted in
any form or by any means, electronic, mechanical, photocopying, microfilming, record-
ing or otherwise, without written permission from the Publisher, with the exception of any
material supplied specifically for the purpose of being entered and executed on a computer

system, for exclusive use by the purchaser of the work.

Cover design: eStudio Calamar S.L.

Printed on acid-free paper

Springer is part of Springer Science+Business Media (www.springer.com)



Contents

About the Authors ...... ... ... .. . . . X
Foreword ... ... .. .. . XV
Preface ... ... . XVII
Acknowledgments ........ ... ... XXI
1 Introduction to Volume I ...... .. ... .. .. .. .. .. ... .. .. ... 1
2 Historical Evolution .......... .. .. . .. ... ... ... 3
2.1 Industrial Organization ........... ... ... ... ... 4

2.2 Non Unitized Bodies and Chassis . .................. ... )

2.3 Partially Unitized Bodies and Chassis .. ..................... 13

2.4 Unitized Bodies and Chassis . ..., 19

2.5 Body Shape Evolution ......... ... .. ... ... . i 21

2.6 Electric Components .. ........ ..., 27

3 Graphic Representation Systems ........................... 33
3.1 Introduction ........ ... . i 33
3.1.1 Typical Activity Planning . .......... ... ... .. ... .. 34

3.2 CAS, Computer Aided Styling .............. ... i... 39
3.2.1 Form Generation ..............c.ouuiiiirinininnnn .. 39

3.2.2 Mathematical Model Generation ..................... 42

3.3 CAD, Computer Aided Design ........ ... ... ..., 45
3.3.1 Body Modelling . ........ ..o 47

3.3.2 Rules and Common-Practice in CAD Modelling . ....... 54

3.3.3 Reference Points ......... ... ... .. . . . 59

3.3.4 Part Detailed Drawing Example...................... 63

3.4 DMU, Digital Mock-Up ...... ... .. . i 69
3.4.1 Examples of DMU Applications ...................... 73

3.4.2 Virtual Reality and Body Engineering ................ 79

4 Body Work ... ... 91
4.1 Bodyin White . ... 91
4.1.1 Body Setting .........c.. i 94

4.1.2 Body Functions ........ ... .. ... .. i i 105



VI

Contents

4.1.3 Materials and Technology ............ ... ... ....... 135
4.1.4 Specifications and Delivery Tests ..................... 149
4.2 Body Side . ..o 151
4.2.1 Body Side Setting ......... .. .. i 152
422 Fuel Filler ....... .. . . 156
4.2.3 Body Side Specifications .............. ... ... ... ... 157
4.3 Fenders . ... 162
4.4 Roof Assembly ... ... 166
4.4.1 Roof Specifications ......... ... . ... . . 172
4.5 Front Frame .. ... .. . . . 172
4.5.1 Front Frame Specifications .......................... 177
4.6 Rear Frame........ .. ... . ... i 179
4.7 Compartment Floor ........ .. .. .. .. . . ... . ... 180
4.8 Closed Bodies. ... ..o 184
4.9 Spider, Coupe and Cabrio ......... ... ... .. .. 186
4.9.1 Spider and Cabrio Soft Top............ ... ... ....... 188
4.9.2 Convertible Top . ........ i 193
4.10 Commercial Vehicles and Trucks .......... ... ... ... ... .... 194
4.10.1 Articulated Vehicles .......... ... .. . i 194
4.10.2 Pick-Up ..o 200
4.10.3 Commercial Vehicles, Vans .......................... 203
Body Components .............. i 207
5.1 Outer Body Components .. ..........couiuiiniinnnaen... 207
5. 1.1 Bumpers .. ... 207
5.1.2 Grilles ..o 225
5.1.3 Sill Covers and Side Airdams ........................ 236
5.1.4 Outer Moldings ........ ..o, 241
5.1.5 Spoilers ... 245
5.2 Weather Strips ... ... ... 249
5.2.1 Mission and Delivery Criteria .......... ... ... ... .... 250
5.2.2 Door Weather Strips......... ... ... ... 259
5.2.3 Liftgate and Trunk Lid Weather Strips................ 267
5.2.4 Hood Seals ....... .. i 268
5.2.5  Opening Roof Seals......... .. ... .. .. .. ... ..., 270
526 GlassSeals ... i 272
5.3 Glass and MIrrors . ......... ..ottt 274
5.3.1 Windshield ....... .. . 291
5.3.2 Door Windows . ...t 303
5.3.3 Quarter Glass. .........iiiii 306
534 Back Window .. ... i 307
5.3.5 External Mirrors .......... .. .. .. . . i, 311
5.3.6 Imside Mirrors......... ..., 321
5.4 Movable Parts . ........ .. . 323
5.4.1 Side DoOTs ... .o 325

5.4.2 Sliding Doors . ... 358



Contents VII
5.4.3 Trunk Lid, Liftgate, Tailgate......................... 363

5.4.4 Twin Rear Doors...... ... .. i 369

545 Hood . ..o 372

5.4.6 Sunroofs ......... .. 382

5.4.7 Window Glass Regulators ............ ... ... ... .... 385

5.5 Windshield Wiper ...... ... . 393

5.6 Vehicle Lighting and Signalling . ....... ... ... .. .. ... ..... 409

6 Body Interiors........ ... ... ... 439
6.1 Restraint Systems — Safety Belts ......... .. .. ... ... ... 439
6.1.1 General Issues ....... .. .. . . i 439

6.1.2 Seat Belt Anchorages .......... ... ... ... ... 440

6.1.3 Analysis of Seat Belts Components ................... 448

6.2 Restraint System — Air-Bag........ .. ... ... i 462
6.2.1 General ISSues ...........c.oiiiiiiii . 462

6.2.2 Components of the Air-Bag System ................... 464

6.2.3 Air-Bag Typologies . ..., 469

6.2.4 Simulation Model .......... .. .. ... i L. 477

6.3 Dashboard Cockpit — Dashboard — Console .................. 478
6.3.1 CoCKpit .. oo 479

6.3.2 Dashboard ........... .. ... 483

6.3.3 Console . ... 529

6.4 Interior Trims. ... ... .o i 531
6.4.1 Pillars and Interior Valence Panels.................... 531

6.4.2 Door Panels .......... .. ... i 537

6.4.3 Parcel-Trays ... .. ... 546

6.4.4 Headliners........... ..., 551

6.5 SeatS .. 560
6.5.1 Front Seats ........ ... 562

6.5.2 Rear Seats........ ... 592

6.5.3 Child Seats ......... ... i 598

6.6 Air Conditioning System .......... ... .o, 603
6.6.1 Heater ...... ... i 603

6.6.2 Control Groups . ........c..uuuiiiiiinnan.. 609

6.6.3 Air Conditioning ........... ..o 611

6.6.4 Air Distribution in the Cockpit ...................... 644

6.6.5 Design Criteria......... ... . i i 655

6.6.6 Innovative Trends ........... .. .. .. .. .. . . ... 658
References. . ... ... ... 663
Index .. ..o 665






About the Authors

Lorenzo Morello

Lorenzo Morello received his degree in Mechanical Automotive Engineering in
1968 at the Politecnico of Turin.

He immediately began his career at the Politecnico as Assistant of Machine
Design and Technologies.

Leaving the Politecnico in 1971, went to work at a branch of Fiat dedicated to
vehicle studies, one that has been joined to the new Research Center in 1976. He
participates in the development of cars and experimental prototypes for the ESV
US Program. He has also developed mathematical models for vehicle suspensions
and road holding simulations.

Since 1973 he has been involved in a major project for the development of
mathematical models of the vehicle, to address the product policies of the com-
pany in facing the first energy crisis; as part of this activity he began the de-
velopment of a new automatic transmission for reduced fuel consumption and a
small direct injection diesel engine to be used on automobiles.

Dr. Morello was appointed manager of the chassis department of the Vehicle
Research Unit and has coordinated the development of many research proto-
types, such as electric cars, of-road vehicle, trucks and buses.

He was appointed manager of the same Research Unit in 1977 and has been
leading a group of about 100 design engineers, dedicated to the development
of prototypes. A new urban bus with unitized thin steel sheet body, with spot
welded joints, a commercial vehicle that will start production later, a small
lightweight urban car, under contract from the US Department of Energy, were
developed in this period of time.

He took responsibility of the Engine Research Unit in 1980; this group, of
about 200 people, was primarily dedicated to the development of new car en-
gines. He has managed the development of many petrol engines according to the
principles of high turbulence fast combustion, a direct injection diesel engine for
cars, many turbocharged pre-chamber diesel engines, a modular two cylinder car
engine and many other modified prototypes.



X About the Authors

He was appointed Director of Product Research in 1983; this position included
all applied research activities on Vehicle Products of Fiat Group. The Division,
with about 400 people, was addressed to power train, chassis and body studies
as well as prototype construction.

Dr. Morello joined Fiat Auto in 1983, to take responsibility for the develop-
ment of new automotive petrol engines and the direct injection diesel (the first
in the world for automobile applications). He was appointed Director for Power-
train Engineering in 1987; the objective of this group was to develop all engines
produced by Fiat Auto brands. The most important activity in this period was
the development of the new engine family to be produced in Pratola Serra, which
included more than 20 different engines.

At the end of his career, he returned to vehicle development in 1994, as Direc-
tor for Vehicle Engineering; this group was addressed to designing and testing
bodies, chassis components, electric and electronic systems and to apply wind
tunnels, safety center and other facilities.

Dr. Morello retired in 1999 and started a new activity as consultant to the
strategic planning of Elasis, a new company in the Fiat Group, entirely dedicated
to vehicle applied research.

Along with Fiat Research Center he participated in the planning of courses
for the new Faculty of Automotive Engineering of the Politecnico of Turin, and
prepared related lecture notes.

He was contract professor of Vehicle System Design and has been contract
professor of Automotive Transmission design at the Politecnico of Turin and
the University of Naples since 2003; he has also published a text book on this
subject, on automotive chassis design, together with Giancarlo Genta, and many
articles about the evolution of car technology.

Giuseppe Pia

Giuseppe Pia received his degree in Chemical Engineering in 1970 at the Po-
litecnico of Turin.

After a military service of 15 months in the Italian alpine troops (six of them
as official instructor as the Military Alpine School), he joins Stars in 1972, a
Company of the Fiat Group, specializing in automotive plastic components and
participates into innovation activities, particularly of engine compartment com-
ponents.

He is appointed as manager in charge of product design and prototypes fab-
rication with particular reference to stamped dashboards and bumpers in ther-
moplastic materials. He starts afterwards an in field test program of computer
aided design systems and performs the personnel training to the new technique
that is gradually substituting the drafting board.

He takes the responsibility for Product engineering at Comind, a Company in
the new Fiat Components Group, whose Plastic Division merges Stars. This new
assignment includes also the research laboratories and the entire development
process, from style and feasibility studies till production.



About the Authors XI

Since 1980 he is involved in the development of all car body plastic compo-
nents including fuel tanks. In consideration of the high quality standards re-
quested from car interior components, a new laboratory is developed, under his
responsibility to objectively define the most important quality parameters for
interior trimming, such as color, gloss and embossment.

After the merge of Comind Plastic Division with Fiat Auto in 1988, he is
appointed of the responsibility of Fiat Auto Innovation Department, managing
new products development, such as parking sensors, four wheel steering proto-
types, automotive radars. He takes the responsibility of car interiors design for
the three automobile brands of the Fiat Group.

After six years in this position, he returns to components development at
Gilardini, a company of the Fiat Group and he is appointed Director of new
automotive products development, such as on-board navigation systems, active
noise reduction, magnesium applications for weight reduction on seat structures.

He joins Lear Corporation in 1995, a global American Company for produc-
ing interior components, particularly seats; his new assignment is Europe Engi-
neering Vice president and from this position he takes care of Fiat Group seat
supplies.

After two years he joins Ergom, a major supplier for automotive plastic com-
ponents; his responsibility is the development of new car plastic components as
fuel systems, fenders, dash boards, interior trimming and pedals.

He retires in 2001, but continues do perform consultancy activities for Ergom
till 2002.

Many different consultancy activities both for Fiat and Ergom about body
components development and engineers training are performed till 2007.

He has been contract professor of Car Interiors Design at the Politecnico of
Turin since 2003.

Lorenzo Rosti Rossini

Lorenzo Rosti Rossini has been graduated in Mechanical Engineering in 1966 at
the Politecnico of Milano, with a study on a tubular space frame for a 3 door
coupe.

Immediately after he joined the Automotive engineering Section of the Po-
litecnico, with the task to develop new measurement tools, such as a fixture to
measure torsional stiffness of vehicles driving on the road.

In 1967 he joined Alfa Romeo and worked for the R.&D. Department till 1973,
being involved in special projects, mathematical modeling and virtual analysis
of different vehicle subsystems.

In this period, he developed a 16 degrees of freedom multibody vehicle model
with random road excitation, to predict the vibrational loss of contact of tyres
and the vibrational comfort of vehicle and seats. Moreover, he developed some
mathematical models suitable to optimize suspension geometry and components
design, models for engine vibration damping devices and unconventional design
of hydraulic tappets for overhead camshaft engines.



XII About the Authors

In the same period, he was appointed as leader for the structure and safety
Team, supporting the virtual analysis of structures in car accidents and taking
part to the implementation of frame design based upon finite elements analysis.

From 1972, still with Alfa Romeo, he was involved with studies and testing
in the international ESV (Experimental Safety Vehicle) Program, contributing
to some invention and original patent on occupant protection systems.

In 1974 he moved to Body Design Department of Alfa Romeo, with the task to
develop occupant safety subsystems and devices for body vibration reduction;
afterwards, he was appointed to lead the Advanced Body Engineering Team.
The first body developed by his team has been the Alfa Romeo 33.

From 1980 to 1985, he leaded as Body Chief Engineer the design and testing
of new projects, among them the model 164, entirely designed with C.A.D. and
mainly analyzed with finite elements method; this process resulted in one of the
lightest and stiffest body, as compared with competitors of similar size.

In 1985, he left Alfa Romeo to join Candy S.p.A., a major italian domestic ap-
pliances manufacturers, where he remains for two years as Engineering Director,
contributing to innovation in design and testing process.

After Alfa Romeo merge by Fiat Group, in 1987 he was invited to join the new
company again as Body Design Manager, with a team of about 150 engineers.

In 1991, he was appointed Engineering Director of car body design and testing
for the entire Fiat Group, including as divisions Fiat, Lancia and Alfa Romeo;
this department staff included about 500 engineers.

Between 1991 and 2001 many patented safety and body components devices
have been invented, more than 30 different car and commercial vehicle bodies
have been designed. During this period of time, co-design with suppliers has
been introduced, as well as simultaneous engineering. He is particularly proud
for having promoted the implementation of parametric associative CAD 3D de-
velopment systems for Body, fitted to archetypes and process flow, taking profit
of original parametric associative features developed with the support of IBM
and Parametric Technology Inc.

From 1998, his charge integrates also the Safety Centre, a large facility to
perform full scale crashes and safety components testing and the Wind Tunnels,
that have been widely modified with the purpose to measure cars aerodynamic
noise.

He retired in 2001 and established R.DES., a consultancy company to serve
car manufacturers and components suppliers in new developments.

He cooperates part time with the Politecnico of Milano to train new graduated
engineers and is member of the technical Commission of the Automobile Club
of Milano for traffic safety.

Andrea Tonoli

Andrea Tonoli received his degree in Aeronautical Engineering in 1988 at the
Politecnico of Turin.



About the Authors XIIT

From left: Lorenzo Rosti Rossini, Lorenzo Morello, Andrea Tonoli, Giuseppe Pia

He joined Fiat Aviation Division immediately after and remained in this com-
pany till 1991 designing transmission gearboxes.

He developed research activities at the Mechanical Engineering Department of
the Politecnico of Turin that allowed him to obtain in 1994 a research doctorate
on Machine design and construction, under the guidance of Professor Giancarlo
Genta.

Together with other researchers he established in 1993 the Mechatronics lab-
oratory, a research structure within the Politecnico of Turin devoted to study
electronic control system applications to mechanical systems.

He joins the Politecnico as Researcher in 1994. In this position he performs
many research activities on vehicle systems and related topics, for the Mechanical
Engineering department and for the Energetics Department.

The main subjects of research are the following.

Mechatronic system design for automotive applications.

Vibration control with electromechanical active and passive systems.

Parasitic current dampers.

Magnetic suspensions.

Piezoelectric actuators.

Belt transmission mechanical behavior.

Tilting body vehicle dynamics.

Light and hybrid vehicles.

He was appointed associate professor at the mechanical Engineering Depart-
ment of the Politecnico of Turin in 2005.

He teaches Vehicle body system design, Ground vehicles design and Mecha-
tronic systems modeling.



X1V About the Authors

He has been appointed academic referent to supervise the activity of many
Formula SAE/ATA competition teams (see web address: http://squadracorse-
polito.com).

He is Director of the Mechatronics laboratory of the Politecnico of Turin (see
web address: http://www.cspp.polito.it).



Foreword

These two books about the vehicle body may be added to those about the chassis
land are part of a series sponsored by ATA (the Italian automotive engineers
association) on the subject of automotive engineering; they follow the first book,
published in 2005 in Italian only, about automotive transmission.

They cover automotive engineering from every side and are the result of a
significant effort lasting more than five years and now accomplished, addressed
to support the academic activities af the Politecnico of Turin and the University
of Naples on automotive engineering.

The Fiat Group is, in fact, well aware of the importance of specialized knowl-
edge on the development and management of a highly competitive product and
has turned to the Politecnico of Turin for the opportunity of setting up a course
on automotive engineering, addressed to first and second level degree achieve-
ment, for specialists who will be dedicated to the development, production and
continuous improvement of automotive products.

This course was aimed not only to provide new resources for the company,
but also to sustain the company itself in the globalization process, only possible
with a cultural homogeneity between parts or services suppliers and people in
charge of delocated processes.

This course, operative in Turin since the academic year 1999/2000 and in
Naples since the academic year 2004/2005, has been planned and begun as
a result of a project that involved Professors of the Politecnico, addressed to
the automotive disciplines and experts of many companies of the Fiat Group;
the participation of these experts was not limited to the planning of specialist
courses, but was also extended to the preparation of lecture notes and, quite
often, to actual teaching activity.

Fiat assigned this task to the Fiat Research Center, for many reasons.

Fiat Research Center (CRF) has the responsibility not only for designing
innovative products, but also for developing new processes for product devel-
opment and production. In addition, CRF must diffuse and make available to
the company’s operating sectors the knowledge that derives from new product

! Giancarlo Genta, Lorenzo Morello, The Automotive Chassis, Springer, 2009.
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development, to assure a quick introduction of competitive products to the mar-
ket.

Finally, CRF is dedicated not only to automobiles, but also to other automo-
tive products and components and to production systems; for this reason it has
been possible to include industrial vehicles and component suppliers, taking for
granted a greater emphasis on automobiles.

This task was particularly difficult and involved the participation of many
specialists of the Research Center and a number of experts from the operating
field; the result of this effort consists not only in an integrated studies plan,
but also complete lecture notes and audiovisual aids to support lessons and the
activities of students.

The quantity of this material has encouraged us to go further, with the inten-
tion of transforming this material into reference books in Italian and, possibly,
in the English language.

As for “The Automotive Chassis” this book is made by two Volumes.

The first produces the needful cultural background on the body; it describes
the body and its components in use on most kinds of cars and industrial vehicles:
the quantity of drawings that are presented allows the reader to familiarize
with the design features and to understand functions, design motivations and
fabrication feasibility, in view of the existing production processes.

The second Volume is addressed to the body system engineer and has the
objective to lead him to the specification definition used to finalize detail design
and production by the car manufacturer or the supply chain. The processing of
these specifications, made by mathematical models of different complexity, starts
always from the presentations of the needs of the customer using the vehicle and
from the large number of rules imposed by laws and customs.

ATA, our Italian associations of automotive engineers, has overseen publi-
cation of the Italian edition; this task fits well with the institutional objec-
tives of the association, to diffuse and foster automotive culture among young
people.

Nevio Di Giusto
CRF and Elasis Chief Executive Officer



Preface

In the collective imagination the car body represents the result of an exclusive
combination of art and handicraft, namely a product that is put on paper by
the hand of a designer and then translated into a physical object by skilled
craftsmen, the coachbuilders.

Today the body is an industrial product of a process that is initiated by
the designer’s creativity, before being developed by a complex interfunctional
engineering work and then produced by specially dedicated machinery and highly
skilled workers.

The object of this book is to address the engineering design process or 'project’
which starts from a model created from a design concept, which is transformed
into a virtual prototype with drawings and mathematical models, then into phys-
ical prototypes and finally into the finished article through the production cycles.

Therefore the project includes the detailed definition of the final product
(product design) and of the operations that must be executed to obtain the
working car (process design). A project starts from the technical specifications,
a list of the objectives the final product must meet, transforming them into
virtual models that are validated by calculations and simulations and finally
into the final product.

The scope of this book is not to define how to design commercially successful
vehicles but rather to explain how bodies may be developed in order to perform
their mission correctly.

The principal objective is to provide the reader and the students of Automo-
tive Engineering with the following specific information:

e The nomenclature and the configurations of the body components and archi-
tecture.

e The main functions the body performs in relation to the components
incorporated.

e The most suitable materials and technologies applied.

e The criteria applied in order to select the most productive design options and
design and testing criteria.

e The regulations and standards to be observed and respected.



XVIII Preface

Tables, pictures, sketches and drawings are accompanied by theoretical inter-
pretations and practical suggestions resulting from many years of
experience.

For this reason the authors regard this book to be not only a training tool for
neophytes, but also as a means for stimulating and corroborating the fundamen-
tal competences of car manufacturers and part suppliers engineers. Furthermore
marketing experts, who have to specify new cars in relation to customers de-
mands and expectations, should benefit from reading this book.

One of the most important points of personnel training by car manufacturers,
as for any complex product, is the time necessary to acquire a sound knowledge
on the entire body: daily activities are necessarily specific and enable compe-
tences to be developed that may be deep but relatively limited to few compo-
nents and related issues.

The authors consider that these two Volumes could prove very useful to illus-
trate, even if not in considerable detail, all aspects and issues of all components
and sub-systems of the automotive body; contamination is a fundamental engine
for cultural growth.

The book starts from the historical evolution of the body architecture in con-
nection with the evolution of design methods, technologies, materials and scien-
tific disciplines. Then the state of the art is presented and the most frequently
asked questions are addressed concerning successful and unsuccessful features,
different design philosophies and the importance of certain technical and non
technical aspects in order to be able to select between the alternative options
available.

The chapter sections are organized starting from the general issues before
proceeding to the details, the same criterion being applied to introduce the
different components.

Practical comprehension should be enhanced with the numerous pictures in-
cluded; graphs and tables are always presented when is possible to provide prac-
tical examples and, in this way, Volume I can be used also as a handbook.

In this book, attempts have been made to integrate and make available every
result of the authors’ experience gathered in a wide range of professional areas,
including practical engineering, applied and academic research.

The subject is particularly complex because the vehicle body must perform
many different functions including:

e Space utilization and packaging of car parts, passengers and useful load.

e Ergonomic condition of the operations that the driver and passengers have to
perform while using the vehicle, such as access to the interior, operation of
controls, seating comfort, internal and external visibility.

e Climatic comfort of the passenger compartment, either for heat generation or
subtraction or for heat conduction through the compartment
boundaries.

e Acoustic and vibration comfort, including body structures and seats.
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e Passive safety, obtained through the structural behavior of the body while
collapsing after a crash and by the many devices applied to avoid or reduce
passenger injury.

e Structural integrity and aging resistance.

It is extremely important to remember also the aesthetic function that impacts
the architecture and details of every visible element of the vehicle and particu-
larly of the body.

In addition, the car body is the part of the vehicle that is more often reviewed or
completely redesigned to better match the product to customer’s taste and needs;
it is important to reflect upon, not only the changes in body appearance, but also
to the many new body styles introduced in the last period of time. As a result, the
development of a new car body is the task that automotive engineers are more
likely to meet during their professional career.

With the experience in the organization and supply of courses at the Au-
tomotive Engineering Faculty, a deliberate choice was made to include in the
automotive body also those vehicle parts which are not usually covered in simi-
lar books on this topic.

Specifically, when considering the body shell, usually made of steel sheet,
which performs the most important structural jobs, it has been decided to include
other components that can be opened or removed, glasses, headlights, wipers and
other details which may rely on completely different technologies but must be
conceived together with the body shell.

In the same way, when describing car interiors, the explanation could not be
limited to their shape and function but rather extended to also include parts
of their fabrication process in order to better understand how they influence
customer perceptions.

This book offers two different views of the body: The first is the design of their
parts and the related design criteria, as consequence of the fabrication technol-
ogy; the second is the system engineering that derives technical specifications
from customer needs and system operation.

Since many car body functions are correlated with human operation and inter-
action, the chapters dedicated to Ergonomics, Acoustic, Vibration and Climatic
Comfort and Passive Safety are supplemented by outlines on the relevant Phys-
iology, considered necessary to better understand the subject and aim for the
following results:

e Thoroughness of the perimeter of this book.

e Possibility of consultation from different points of view: nomenclature, func-
tions performed, design criteria, calculation methods, detail design.

e Multidisciplinary approach; functions and characteristics explained by con-
sidering technical, technological, marketing, economic motives that influence
them.

e Integration of theory and praxis, conceptual analyses being enriched by de-
tails, remarks and hints derived from the direct professional experience of the
authors.
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Introduction to Volume I

Volume 1 is entirely dedicated to the primary parts of the car body with some
mention about commercial and industrial vehicld]. Body shell, body components
and body interiors components are considered in respective chapters.

A decision was taken to dedicate the first chapter to the history of the car
body, with particular reference to the body work and its parts, enabling current
car architectures to be explained in an appropriate context, presenting them
within process of evolution.

Some types of body separated from the chassis frame are introduced; initially
such bodies were made of wood, then of composite structures, including wooden
skeletons covered by steel panels, before arriving at more recent solutions made
entirely of steel.

The consequences for the car architecture, and the industry in general, of non
unitized body and unitized body are introduced.

The second chapter is introductory in nature and focuses on the graphical rep-
resentation of the body parts which exhibit certain specific features due to the
fact that they are made of thin panels, sometimes without a stable shape. Com-
puter Aided Drafting (CAD) systems, specifically developed for this purpose,
are introduced together with some examples regarding steel sheet components.

Some mention is made also of the development process for aesthetic shapes,
despite not being addressed directly within this book; nevertheless this process

1 We define as commercial vehicles, vehicles for transportation of goods or minibuses derived
from or produced with car technologies; industrial vehicles are also vehicles for transporta-
tion of goods or busses, but they are produced with specific technologies. GVW of these
vehicles is usually over 3.5 t.
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2 1 Introduction to Volume I

should be completely understood with respect to shortening the body develop-
ment time without jeopardizing the style features that are defined during the
phase of creative activity.

The computer aided systems used to verify the geometrical compatibility be-
tween the body shell and the constituent parts, and issues relating to the feasi-
bility of the assembly process in the production plant and the disassembling in
the service shop, are also introduced.

The fourth chapter is dedicated to the body shell architecture broken down
into components, with particular reference to a sedan body made of steel sheets.

The functions of the assembled body are analyzed together with the related
design criteria and testing procedures; materials and technologies applied to
permanent joints presently in use are also introduced.

Then the contributions of the different parts in order to attain the performance
and desired functional targets are introduced, again with reference to three- and
two-volumes sedans.

The last part of this chapter addresses the analysis of the variations of body
styles different from the sedan, particularly station wagons, sport utility vehicles,
off-road vehicles, coupes, convertibles, commercial and industrial vehicles.

In the following chapter, all components applied to the body shell are intro-
duced, including bumpers and other elements such as grilles, skirts, moldings,
weather strips, etc. Considering the large quantity of materials applied and pro-
duction technologies involved, particular attention is paid to these issues and
their consequences on body design.

This chapter includes also glasses, wipers and headlights; despite not being
conventionally addressed in books in this field, these issues are considered partic-
ularly relevant in light of the tight function and style integration of these parts
adopted by most recent cars.

The last chapter addresses the primary components present in the passenger
compartment.

The first section regards restraint systems (safety belts) and includes an anal-
ysis of the functions performed, a description of the primary components and
the design rules concerning the definition of the anchorage points on the body.

The following section describes air-bags, their required functions, their com-
ponents and, again, the description of design strategies with respect to the pro-
tection they must offer.

In the same way, the dash board, interior trimming and seats, functions,
components, design options, materials and production technologies are discussed.

Also this chapter considers a part not usually considered to form part of the
body, namely the Heating, Ventilation and Air Conditioning system (HVAC).
The reason for this choice relates to the tight correlation with body functions,
in this case, the climatic comfort within the passenger compartment; also in
this case the functions performed and the primary components incorporated are
introduced.



2

Historical Evolution

The aim of this chapter should be the description of the evolution path of the
car body, as it was defined in the introduction of this Volume, including body
shell, interior components and trimming and a number of accessory devices.

The notable complexity of this subject is discouraging an exhaustive approach;
we will limit the scope of this chapter to the body shell (with the chassis frame),
including its closures (doors, hood and trunk lid) and the accessories for external
lighting.

This decision is motivated by the higher relevance of these parts to the car
and also by the complexity of their evolution.

However some remark about the evolution of interiors is reported in related
chapters.

In the following sections the initial organization of the automobile production
will be described, to supply the reader with a reference frame; afterwards the
historical evolution of chassis frame and body shell will be presented according
to three historical periods, partly overlapping, including respectively:

e Non-unitized chassis frames;
e Partially unitized chassis frames;

o Unitized chassis frames or unitized bodies.

A dedicated section will outline the external shape evolution and its conse-
quence on the aerodynamic drag.

The last section is dedicated to the electric system and has the aim to offer a
scenario on the evolution of many body accessories, as for example the headlights
that used different source of lighting before arriving to electricity.

L. Morello et al.: The Automotive Body, Vol. 1: Components Design, MES, pp. 3
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4 2 Historical Evolution

2.1 Industrial Organization

The body structure includes chassis frame and body shell. The first supplies all
mounts for mechanical components, such as engine, transmission, suspensions
and steering system, characterized by relevant and concentrated reaction forces.
The body shell is the container hosting passenger and useful loads; it can be
mounted on the chassis frame or be unitized with it, as in modern cars.

The term chassis, not to be confused with the same word, indicating in this
case the chassis frame or structure, implies that part of the vehicle including all
mechanical elements useful for vehicle motion and their supporting frame; this
assembly of parts might be really available at a certain stage of the production
cycle, as happened till about the end of the ‘940s on most cars, or might be
considered as a virtual subassembly that cannot be separated from the rest of
the vehicle.

At the downing of the motoring era, the inventors who dedicated their intellec-
tual and financial efforts to develop this product preferred to concentrate on the
aspects that are most peculiar and essential to mobility, as engine, transmission,
suspension and steering.

In other words, they became designer and producer of chassis, a French name
for frame.

The technology for the body as it appeared on cars of the end of the 19th
Century was not considered to be crucial and was imported from horse carriages;
many coach builders became, therefore, also car body makers.

This situation determined also an initial clear-cut separation between the
chassis and body industry.

Car manufacturers worked primarily on metallic materials and had tooling
suitable for casting, stamping, welding and turning; in consideration of the com-
plexity of matching parts, they had to rely on drawings and work on small
production lots.

On the other side, body manufacturers used primarily structures of pure wood
or wood reinforced or covered with steel; they had tooling for carpentry or for
cutting and shaping sheets; they produced without drawings, because each body
was often one of a kind, to satisfy individual customer desires.

This tradition derived from the fact that wood was easier than steel, to be
shaped in curved surfaces, according to the fashion rules of that time.

Varnishing, essential to obtain an aspect pleasant to the eye and to the touch
and to protect surfaces, was again a point in favor of wood, in consideration
of existing oil varnishes and caused a separation of chassis from body produc-
tion cycle, to avoid damages to the body varnish, during the complex chassis
assembly.

It should be remembered that a complete surface treatment cycle requested
hundreds of work hours to apply a number of coatings; the drying time of each
coating had to be added, to obtain a figure in the range of 400 hours to finish a
complete body.
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The existence of a chassis physically available was therefore caused by the avail-
able technology and related industrial organization. It allowed car manufacturers
to present a finished product to the customer or to the body manufacturer; the
chassis could, therefore, be driven, tested and transferred easily.

This is why we find a ’test body’ among the body styles, listed in Fig. 2.3l
(detail 8).

Usually the final customer bought a chassis, which was then delivered to a
coach builder to obtain a car at customer’s specification; nevertheless there were
examples of body makers who bought chassis on their own, to sell finished cars or
of car manufacturers who had permanent agreements with body manufacturers
or who set up their own body shop.

This situation was widespread in Europe till the beginning of the first World
War. The first series productions were made with their body produced at the car
manufacturer premises and manufacturers had to develop their own capability
to design and produce bodies.

This last point favored a gradual transition from wood to steel technology,
including what we could call hybrid bodies made with wooden skeletons covered
by steel sheets.

The development of synthetic enamels shortened, in addition, the paintwork
of an order of magnitude and made possible a tighter integration between chassis
and body assembly cycles.

This new work organization was developed in the United States and imitated
by major European manufacturers, starting from the end of the ‘920s. About
twenty years later the first unitized bodies were developed in Europe.

2.2 Non Unitized Bodies and Chassis

The chassis frame, the bearing structure of the vehicle, had to provide all mount-
ing points for mechanical components and to carry on the complete body, that
could be considered at that time as a dead weight. In addition, the chassis frame
had to favor a sound organization of the assembly work.

First chassis frames were made of wood or steel; steel was more widely diffused
than wood. Steel frames were made either by bent and cut sheets, or by tubes,
according to the already existing cycle technology.

A wooden chassis frame is shown by a picture of the 1907 Sizaire Naudin,
shown in Fig. 2.1} this car is characterized by two massive wooden side beams
and by a body made with cut and bent steel panels.

We do not have points to explain this choice. We could argue that the manu-
facturer did not have a suitable tooling to bend thick sheets and preferred using
wood, notwithstanding the lesser resistance of this material; on the contrary the
body panels could be easily bent by beating steel sheets on wooden open face
stamps.

The most diffused technology for the chassis frame could be explained by Fig.
22 showing a sample of the beginning of the last Century.
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Fig. 2.1. 1907 Sizaire Naudin; this car shows a very seldom combination of technolo-
gies: a wooden chassis frame with steel sheet body.

Fig. 2.2. Grillage chassis frame of the beginning of the last century. The frame is made
by two side beams and many cross beams. Cross beams are located where major loads
are applied, typically at the leaf spring ends and powertrain mounts. Joints between
parts are obtained by hot riveting.
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It is made by two side beams made by bent steel sheets, with a ‘C’ cross
section. In the front of the vehicle the beams track is reduced, to allow space for
front wheel steering motion, while in the rear is enlarged to better cope with the
body width; in this area the width of the chassis frame is determined by the rear
wheels track and by the transmission bulk. This shape variation was obtained
by bending side beams or by putting them according to a trapezoidal layout.

The front and rear ends are curved, in the side view, to better match with
the semi-elliptical shape of leaf springs and are tapered to take into account the
reduction of bending torque. On younger cars this curvatures were increased in
order to reduce the chassis height from the ground in the mid of the car.

The two side beams are connected by a number of cross beams, building-up a
ladder-like structure, called, again from French, grillage; cross beams are curved
under the engine and the gearbox, to reduce vehicle height. They are usually
located near the points of application of concentrated loads, such as leaf springs
end and powertrain mounts.

The joints between side and cross beams are made, in this case, by hot pressed
rivets; in other applications screwed bolts were used and only later welds.

This kind of structure remained unchanged for years and is still in use on
modern industrial vehicles; also for them, rivets and bolts are used for joining,
because frame dimensions are such as to make thermal deformations and internal
stress caused by welding heat dangerous.

The bodies adopted in connection with these frames were, as we already said,
similar to those of horse carriages as shape and technology.

We will refer mainly to sedans or salons as they are called in Fig. 2-3] showing
the main body styles in use at the end of the ‘930s; body styles were many and
mirrored the existing situation of horse carriages.

The very first cars, those of Daimler or Benz in Germany, were open, ac-
cording to the scheme of spiders and phaetons, but already in 1899 Renault
introduced the first sedan. Open cars represented till 1920 the 80% of sales; but
this percentage reduced to 20% few year later and closed bodies maintained a
predominant position till yesterday. Body styles have been proliferating again
during last years, but still with majority for closed cars.

To better understand horse carriage technology, we can look at Fig. 24l rep-
resenting a landau of the beginning of past Century, during its fabrication; the
picture was taken before the installation of the external panels.

A very complex wooden skeleton can be noticed; beams are cut from solid
wood and are assembled with complex dovetail joints to reach a curved shape
and adequate resistance.

Interior panels are already pasted and are made by thin plywood sheets,
curved in place. External panels will be applied according to the same tech-
nology.

This technology allowed obtaining sturdy and light structures with shapes
suitable to the aesthetic tastes of that time; the solid wood skeleton had not
only the job of bearing loads but also was used as a tool to shape covering
panels that were nailed and glued wet.
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Fig. 2.3. Body styles classified at the beginning of the 20th Century in an Italian
engineering manual. The corresponding names in other languages refer to different
traditions; for example sedan is called saloon in the UK and ‘berline’ in France and
Germany, this name coming from the city cabs of Berlin. To favour foreign trade an
international numerical coding system was also proposed.
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Fig. 2.4. Photography of the Coronation Landau of Edward VII of England in 1902.
The picture was taken during the fabrication of the horse carriage, before the instal-
lation of covering panels. The wooden skeleton is visible; it will be covered by wooden
panels to be shaped in place.

Fig. 2.5. Picture of a car body shop at the beginning of the 20th Century; in foreground
a partially assembled phaeton. The similarity with the horse carriage of the previous
picture can be noticed.
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Fig. 2.6. The wooden skeleton was made with beams, along the body edges, and with
ribs and formers, spaced in the areas of higher curvature, as for example the roof, the
area below the windshield or the back of the body that was used also as back rest of
the rear seat. The roof cover was made of waterproof synthetic fabric.

A good similarity with the horse carriage structure can be noticed on a car
body of the same years, in Fig. 25l in the shop during assembly.

The most complicated shapes could also be obtained; they were made with a
number of wooden splints that were subsequently smoothed to the final shape,
after nailing them on the skeleton (the body style was called bateau, after the
wooden boats fabrication process).

The wooden skeleton was made with beams, along the body edges, and with
ribs and formers, spaced in the areas of higher curvature, as for example the
roof, the area below the windshield or the back of the body that was used also
as back rest of the rear seat, as shown in Fig. The roof cover was made of
waterproof synthetic fabric.

We should now recall that the torsional stiffness of a grillage type frame is
low, because it is determined by the sum of the torsional stiffness of the two side
beams, considering the low bending stiffness of cross beams bolted or riveted
joints.

In addition, the side beam cross section, almost always of open type because
of the easier manufacturing and assembling process this shape implies, entails
a low torsional stiffness. Also the bending stiffness is reduced because of the
limited height allowed to the side beams.
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Looking into the engineering manuals of that time, we have the impression
that a higher attention was paid to the bending than to the torsional stiffness;
today, the second looks more critical. As a matter of fact, torsion stress is more
frequent, due to the non symmetric nature of road obstacles, wheels must afford
and the presence of lateral acceleration.

Bending and torsion deformations of the chassis frame became later a ma-
jor concern, because of their effect on the body shell; this aspect increased in
importance as car speed increased.

The body shell was made, as we have said, by a wooden skeleton of notable
stiffness, in consideration of the mortise and tenon or dovetail joints between the
different parts. This high stiffness induced premature deformations and ruptures.

Body shell and chassis frame, in fact, are two elastic structures that work in
parallel, because they are subject to same displacements in their joining points;
the stiffer element absorbs, therefore, the higher torque, in proportion of the
ratio between stiffness values.

Wooden structures were certainly unsuitable to bear high loads and, after
a short period of use, joints became loose, reducing the structure stiffness
significantly.

Chassis frame deformations, imposed to the body shell, implied mutual dis-
placements between parts concurring in the same joints. These displacements
caused squeaks and plays between parts caused rattles. Sometimes the deforma-
tion of the body shell when the car was stopped made opening and closing doors
difficult.

For this purpose, metallic joints were studied to improve the behavior of
structure. Two different philosophies were followed: increasing the body shell
stiffness or decreasing it to a level of insensitivity to squeaks and rattles.

Fig. 27 shows the characteristics of these two solutions. On the right side (at
top) we see the cross section developed according to the first school; the body
shell is mounted on a second steel frame of ‘L’ shape cross section. This frame
is firmly joined to body sides and floor.

On the other side the joints with the chassis frame are made with rubber elas-
tic bearing; in this way the body can be stiff and does not follow the deformable
chassis frame displacements.

The opposite is accomplished by the second engineering school, as proposed
by Weymann, the most important body maker that introduced this approach.
This structure concept was derived by the aeronautical technology of the ‘920s,
Weymann experienced in field.

The body skeleton, as we can see in the left side of Fig. 27 is again made of
wood beams, following the scheme of ribs and formers, but the joining elements
between them are flexible steel brackets, screwed in wood.

Attention is paid to keep wooden parts at a distance to avoid any contact
following deformations and the consequent noise; the flexibility of steel brackets
does not allow to transfer chassis deformation to the body with significant stress
on wood parts.
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Fig. 2.7. On the right side of the picture (on top) a wooden body is shown which is
mounted on ‘L’ cross section stiffening steel frame; this frame is joined to the chassis
frame using elastic bearing. The effect is to not impose chassis deformation to body
shell structure, with squeaks and rattles reduction. On the left the same effect is reached
in the opposite way, according to a technology developed by Weymann; the wooden
skeleton joints are made by elastic metallic brackets that can bend without noise. The
covering of the body shell is made by waterproof fabric that can also receive significant
deformation without damage.
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The external covering is insensitive to skeleton deformation because is made
with waterproof fabric with a surface finishing similar to natural leather.

This fashion lasted about a decade; the most significant disadvantages were
found on the limited endurance and on the possibility of obtaining only polyhe-
dral shapes.

This situation may refer to the end of the ‘920s; steel sheet became to be
largely used in the following decade, even if some all steel application is present
in advance as the Lancia Lambda we will describe in the following section.

2.3 Partially Unitized Bodies and Chassis

Some chassis frame of the ‘930s received a different, more elaborate shape; in
particular ‘X’ cross beams were developed, as Fig. 2.8 shows.

Fig. 2.8. Chassis frame with ‘X’ cross beam; this kind of cross beam is also riveted
to the side beams but is interested by their torsion by means of shear forces applied
to the joining points. The consequent bending stress is very well absorbed even by the
open section of cross beams. The overall torsion stiffness of the frame is significantly
improved.

The ‘X’ cross beam nailed with the side beams reacts to their torsion with
shear forces applied to the joints; the cross beam works therefore by bending;
this kind of stress can be very well absorbed even by its open section. The overall
torsion stiffness of the frame is significantly improved.

A new step forward may be shown by Fig. 2.9 relating to the chassis frame
of the 1935 FIAT 1500; this car is an example of the most modern technologies
available in those years, not only as the structure is concerned by also as the
aerodynamic performance, as we will discuss later.

We can notice, at first, that part of the chassis frame beams are made with
closed section elements; they are produced with stamped and welded parts; in
previous examples, beams were made by open stamp bent profiles, cut to their
final length.
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Fig. 2.9. Chassis frame of the FIAT 1500 of 1935; the different parts are made by steel
sheets formed in closed stamps and they are welded. The shapes that can be obtained
have closed section and allow weight reduction at an increased stiffness; it is possible
now to design different sections for their local stress. The two side beams are joined
together to obtain a stiff tubular structure. Crossbeams are changed to cantilevers.

The advantage of this innovation is in an improved control of the structure
weight, because each cross section can be now designed to its local stress; dis-
advantages are to be found in most significant capital investments for the pro-
duction process.

The chassis frame structure reuses the ‘X’ shape of the previous example but
goes over the grillage lay-out; the two side beams, in their central area between
the cross beams, join to shape up a tubular beam, which is very stiff to torsion; it
contains also the propeller shaft. The cross beams became cantilevers and have
also closed section.

A further advantage of this structure architecture is that the side part of
the chassis frame is free from the bulk of beams; the floor can be made by two
lowered sinks and the height of passenger compartment and centre of gravity is
reduced.

This kind of chassis frame was bolted to the steel body shell and not welded;
this is the reason why we defined this arrangement as partially unitized. Even
with a flexible joint a contribution of the body could be given to the overall
torsional stiffness of the car.

These new engineering concepts are also consequence of the fact that big
presses for steel stamping are starting to diffuse at the car manufacturers in this
period of time.
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The body of this car, as many of this period of time, is made with stamped
steel panels, still reinforced with a wooden skeleton with joining screws, as we
saw in previous section.

These wooden elements have the job of offering easy fixation to the interior
trimming and to avoid local instability of relatively thin sheets.

Fig. shows a drawing of the mid of the body, in the passenger compart-
ment area. We can notice many wooden ribs along the roof sheet and at the edges
of the windshield and of the rear windows; many wooden formers reinforced the
roof, the tail of the body and the doors.

Wooden screws were certainly unsuitable to exchange significant forces, but
reduced the shape instability of panels. Their shear resistance contributed a su-
perior torsional stiffness to the entire body, as compared with previous solutions.

Floor and body are bolted to the chassis frame; this is not an unitized body
yet, but we can guess an improved behavior.

Again in Fig. some cross sections are marked, whose drawings are shown
in Fig. 2111

Notice the wooden skeleton and how panels are joined to it; door panels
(sections E-E, D-D, B-B, H-H) are also framed by wood.

A more modern and functional solution is shown in Fig. Z.12] where the same
cross sections corresponding to those of the previous figure are sketched, for an
almost contemporary car with similar style, the 1937 FIAT 1100.

The wood has disappeared and the skeleton itself is made by welded steel
elements, shaping up tubular beams. Let us compare, for example, the C-C cross
section, showing the frame of the two wardrobe doors near the upper latch, in
Fig. BTT] with the similar section of Fig. BI2] or section G-G of Fig. 211 and
section E-E of Fig. [Z12] showing the rear area of the door near the hinge.

Also this all-steel body shell is bolted to the chassis frame in the floor area.

It looks difficult today to understand the reasons why two so different archi-
tectures existed by the same manufacturer in the same period of time and why
the most advanced was applied to the cheaper model.

We should argue that the lower volumes of the larger model have discouraged
the engineers in proposing, also for this car, the capital investments necessary
to the higher complication and number of stamped parts.

On the other side, the higher assembly cost was not considered to have a too
negative economic impact, considering the availability of a significant number of
skilled carpenters and their cheap hourly rate.

By the FIAT 1500 and other cars of the same generation, fenders are no more
a pure add-on, as by previous cars (see for instance the first two pictures in Fig.
218); they are made by two parts: The inside part, integral with the body shell
side, is bolted to the chassis frame and cooperates effectively with side beams to
torsional and bending rigidity; to the outside part, structural tasks are instead
not assigned, as it can be seen in Fig.

Structures of this kind were also applied by many other car manufacturers till
the end of the ‘950s and sometimes even further.
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Fig. 2.10. Longitudinal cross section of the FIAT 1500, with a side view of the interior
side covers of the passenger compartment. We can notice many wooden ribs along the
roof sheet and at the edges of windshield and rear windows; many wooden formers
reinforced the roof and the tail of the body. The fixation between wooden and steel
parts was made by wood screws.
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Fig. 2.11. The perimetral skeleton of the body covering panels is completely made by
wood (cross sections are referenced to previous figure); door panels (sections E-E, D-D,
B-B, H-H) are also framed by wood. Sections A-A and G-G show the hinge mount of
front and rear doors with wardrobe opening. Sections C-C and F-F show latch locks.
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Fig. 2.12. Body shell cross sections of the 1937 FIAT 1100: The wood has disap-
peared and the skeleton is made by welded panels that are shaping up closed sections.
A comparison can be made between section C-C of this figure and the same of the
previous.

Fig. 2.13. Fenders are no more a pure add-on, as by previous cars; they are made by
two parts: The inside part, integral with the body shell side is bolted to the chassis
frame and cooperates effectively with side beams to torsional and bending rigidity.
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This intermediate solution in parallel with already existing unitized bodies
can be justified also by the existing assembly work organization, with separation
between body and chassis; in addition, this solution allowed to install different
body kinds on the same chassis, also with satisfaction for those customers who
still looked for more elaborated styles, as custom built cars.

2.4 Unitized Body and Chassis

Structural integration of body shell and chassis frame is considered as a mean
to obtain good performance at a reduced weight; in a sedan car, the notable
distance between chassis frame side beams and side roof rails allows, in fact, to
obtain a very stiff assembly, if these elements are well joined to very stiff pillars,
connecting them as to work as a single body.

In addition, panels covering the body, if suitably shaped, can further in-
crease structure stiffness, by limiting angular displacements between longitudinal
beams and pillars.

The first car applying this concept, even if not completely, was the 1922 Lancia
Lambda, whose unitized body, with mechanical components installed, is shown
in Fig. .14

The body shell is made by a number of welded or riveted steel panels that
shape-up a reticular space frame; lower body elements are higher than conven-
tional side beams and increase the torsional stiffness of the assembly in compar-
ison with previous solutions of that time.

A further increase comes from the limited size of the doors, that makes sills
height more important, and from some stiff cross panels, as dash board, seat
back rests and tail closure. Similar purpose has the portal frame, surrounding
the radiator and integrating the independent suspension sliding elements.

Also without taking into consideration the improved structural performance,
we cannot demonstrate objectively, we can see at a glance the result on car shape,
consistently slimmer and lower than contemporary cars; the reduced height had
a positive impact on dynamic behavior.

The sedan version did not take profit of the possibility of exploiting roof
elements. It applied the phaeton structure with a flexible add-on top of Weymann
style.

A further step was made, years later, when spot welds became practical and
deeply stamped steel sheets available; it can be noticed, by the way, that all steel
panels of the Lambda are flat pieces of steel sheet with very simple bendings.
They could be produced with very basic tools.

One of the first example of fully unitized body is offered in Europe by the 1934
Citroen 11 CV, shown in Fig. We can notice the presence of two robust
longitudinal beams integrating sills at the floor level; they provide also engine,
gearbox and front suspension mounts and are rigidly integrated with the three
door pillars.
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Fig. 2.14. Phaeton body of the 1922 Lancia Lambda, complete with mechanical com-
ponents. The body shell is made by a set of panels joined by welds and rivets, shaping
up a reticular space frame. The torsional stiffness is significantly increased by the con-
tribution of cross panels, corresponding to dash board, seat back rests and tail closure.
The front suspension is connected to a portal frame, surrounding the radiator and
bearing the vertical sliding elements of the independent suspensions.
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Fig. 2.15. Unitized body of the 1934 Citréen 11 CV, produced till 1956. We can notice
two robust longitudinal beams integrating sills at the floor level; they surround also
the engine compartment and offer the mounts for the front suspension. This car is also
a first example of high volume application of front wheel drive.

The Citréen 11 CV is also an example of the first application of front wheel
drive to mass production.

A more conventional example of this concept, was the 1950 FIAT 1400, shown
in Fig.

All steel panels shape along the junction lines beams organized as a space
frame represented in dark in the picture.

The chassis, as a physical assembly, is no more existing and cannot be sepa-
rated from the rest of the car. The assembly cycle of the car and the production
plant lay-out is completely changed; the unitized body shell is produced at first,
by welding panels and by receiving paint. Afterward it goes to the assembly
plant for mechanical part installation and application of body trimming.

2.5 Body Shape Evolution

The body style evolution has had a strong impact on aerodynamic performance,
and therefore maximum speed.

We must avoid, first of all, the prejudice that aerodynamic performance was
neglected on the first cars, as the squared shapes of older vehicles seam to suggest.

The problem of reducing aerodynamic drag was already studied by ship engi-
neers; as a matter of fact the first experiments were not made in wind tunnels
but in water channels. The shapes developed were very ingenuous for the lack
of suitable experiments.
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Fig. 2.16. A more conventional example of unitized body is the 1950 FIAT 1400.
All steel panels are shaped in such a way as to build a rigid beam at all junctions,
surrounding doors, floor and trunk. All these beams, darkened in the picture, build-up
a space frame.

Fig. 2.17. 1914 Alfa Romeo 40/60 HP with body made by Castagna, after a design
of Earl Ricotti; the symmetric slender shape proves to have very low resistance only if
positioned far from the ground.
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Fig. 2.18. Fiat’s cars showing the fundamental evolution of the shape of bodies. Upper
left: the 1908 25/45 HP. Upper right: the 1910 501. In the middle row, at left, the 1934
508 Sport: this might be considered as the first body shape of this company developed
as a result of aerodynamic experiments. In the same row, the 1500 of 1935. Bottom:
the 1400 of 1950.

Many old cars witness attention to aerodynamic drag; among them the Jamais
Contente (speed record of 106 km/h in 1899) and the Alfa Romeo 40/60 HP of
Earl Ricotti, shown in Fig. BXT7

Both bodies were designed according to the slender body shape that presents
minimum drag at a large distance from the ground. Later it was demonstrated
that ground proximity requires the body shape to be slightly curved.

These shapes were premature, in consideration of effective needs and aesthetic
tastes of those times; in addition they were completely unsuitable to build-up a
vehicle and were not followed by similar examples.

To document the evolution of shapes we will refer for simplicity to a single
manufacturer, looking at different sedans produced by FIAT.

A first period of time may be identified at the beginning of the motoring
era, from 1899 to 1915, where shapes were squared, especially in the front area,
where the hood joined with a flat dash board and windshield without any kind
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of rounding; an example of this form is the 35/45 HP of 1908, in Fig. 218 at
upper left.

This form is partly influenced by the fashion, coming from horse driven coaches
and existing fabrication technologies, that did not allow very rounded shapes;
in addition, a fully functional approach did not consider yet the integration of
engineering solution and technologies.

The next period may be set between 1915 and 1930 and the 501 of 1919 can
be assumed as its emblem; this car is shown in the same figure at upper right.

Shapes are notably more rounded and show an evolution coming from the
adoption of steel sheets worked essentially with roll or bending press. A 'torpedo’
shape provides for uninterrupted lines, connecting the radiator with the car back.

Fenders assume an esthetic value and are made with round shapes integral
with running boards; in addition, they are used to cover mechanical parts under
the floor, still positioned at a notable height. Fenders are produced by beating
steel sheets on open wooden stamps manually.

The hood is part of the same surface of the body sides; the radiator also is
rounded at its edges.

Frameworks surrounding body panels have also disappeared because of the
abandonment of the wood.

The overall aspect still recalls the horse driven coach, but details do not.

This style is still present at the beginning of the ‘930s; a break point might
be represented by the 1934 508 Sport; this body is the result of the first aero-
dynamic experiments, partly performed in a airplanes wind tunnel, partly on
the road directly. It was determined, for example, that a slight inclination of the
windshield could increase vehicle top speed by 5%, around a value of 100 km /h.

Similar studies were performed in other parts of the world during this period;
we remember in particular the experimental studies of Lay, published in 1933 in
Germany, about the influence of different shapes on aerodynamic drag.

The famous, but unsuccessful, 1934 Chrysler Airflow is the starting point of
this new style.

We see in the middle of Fig. 2.1§ at left the appearance of the 508 Sport. Hood,
passenger compartment and trunk are integrated in a single volume; windshield
and radiator grille are inclined. Also windshield frame is rounded. The body is
tapered in the side and upper view and shows a very long tail; fenders start
merging with body sides.

For the first time the drag coefficient is well below 1.0.

This is also one of the first examples of the integration of trunk with body;
in previous cars it was an add-on attached to the back of the body.

A further evolution of styling rules developed for this sport car, was their
application to a series produced car, the 1500 sedan of 1935, in Fig. in the
middle right. To stylistic features of the 508 more details were added, as head
lights built into fenders and rounded disc wheels. The drag coefficient of this
car was about 0.5, less than 0.7, the average value obtained with former more
traditional shapes.
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Fig. 2.19. The reduction of drag coefficient in connection with the evolution of body
style is documented by this diagram, where the best and worst measured values are
reported as function of the model year. The measurement was made recently on full-
scale cars in the same wind tunnel.

The passenger compartment is wider and has replaced part of the space pre-
viously taken by running boards, that now are a style decoration only; they are
no more necessary, because the adoption of central beam chassis frames and
independent front suspension have notably lowered the floor height.

Lowering the body has also made the body more vulnerable; the increased
traffic density suggests introducing bumpers at the front and rear ends.

We can identify the ‘ponton’ body shape in the 1400 of 1950, at the bottom
in Fig. 2T8 still in use on present bodies.

Characteristics of this new style are the disappearing of separated fenders and
running boards and the full integration of head lights.

The passenger compartment takes all the space available between the wheels
and the very rounded shapes conceal a highly efficient space frame structure;
the reduction of drag coefficient is not so high as for the previous generation.

The reduction of drag coefficient in connection with evolution of the body style
is documented by the diagram in Fig. .19 where the best and worst measured
values are reported as function of the model year decade. The measurement was
made recently on full-scale cars in the same wind tunnel.

The following body styles have not always brought big reductions. The ‘970s
oil energy crisis has renewed the interest about more stream lined forms; the
performance increase is not only caused by an evolution of the base form of the
body but to the optimization of many small details of the external surface and
of the underbody.
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Fig. 2.20. At left: roof cross section of a sedan at the beginning of ‘960s; roof and
body sides are flanged and welded in a surface shaping up a drip molding. At right:
the same cross section for a ‘990s sedan; the roof is interrupted more inside and glass
surface can be better aligned with the body side.

The most showy feature of new styles is the integration of bumpers and the
alignment of the glass surface of side windows with the body surface; this last
feature is the result of a totally different organization of body shell components
in the roof area.

Fig. puts in evidence what we said. At left, we can see the roof cross
section of a sedan of the ‘960; the roof and the side sheets are flanged and welded
together shaping up a drip molding. Together with them, a roof reinforcement
is also joined.

The door is cut in the body side and the shape of weather strips causes the
glass surface to be positioned inside. The discontinuities on the side surface affect
drag coefficient negatively.

A notable improvement was introduced in the ‘970s and diffused gradually
on all sedan bodies; it is still adopted in contemporary cars. It is shown on the
right of the figure above.

The roof is welded along a section more inside of the body side surface; the
reinforcement is welded along the same section and the wending is concealed by
an esthetic coverage.

The door side is now aligned to the roof without discontinuity.

The glass weather strip is completely modified (please notice that weather
strips are represented with their natural shape, not deformed by the closure of
door or side window glass) and allows the glass to be almost aligned with the
body side surface.



2.6 Electric Components 27

2.6 Electric Components

Electric energy application on cars was introduced by gasoline internal com-
bustion engines ignition systems, that were applied also to the very first cars;
nevertheless, this practice was not universally accepted because of the cost and
the limited reliability of those systems, more similar to laboratory instruments
than industrial products. Many examples are in fact available of open flame or
hot spot ignition systems.

However electricity prevailed at the beginning of the 20th Century.

Electric energy was initially made available by dry cells; they produced elec-
tricity through an irreversible electrochemical reaction that made the cell no
more reusable at the end of its discharge.

The limited energy density and the high cost of these accumulators did not
allow to use this source for other application but the ignition.

A more rational choice, later available, consisted in applying the electric en-
ergy already available in homes to charge lead batteries to be used on cars.

Lead batteries, that were reusable after a limited discharge, were invented by
Plante in 1859.

They were made by rolling-up thin sheets of lead, between separators of porous
insulating material. The roll that was obtained from this process was put in a
tight jar, containing a diluted sulfuric acid solution in distilled water.

The final product had to be charged and discharged many times before that
porous separators contained a sufficient quantity of lead oxide, to accumulate
an energy quantity of practical interest; this technology was therefore expensive
and not productive.

The idea was perfected by Faure in 1881, by building-up a battery where elec-
trodes were made by lead grids with meshes filled-up with lead oxide paste; these
plates were piled with insulating separators in a sufficient number to produce
the desired voltage. The production time of the battery was notably shortened
because it was ready to charge.

Each couple of lead plates was able to produce a voltage of 2.25 V; many plates
in parallel were sufficient to reach the desired quantity of energy. A typical energy
density was about 60 Ah per battery.

A set of these batteries in series could reach a suitable value of voltage. The
nominal values of about 6, 12, 24 V became almost immediately an international
standard; 6 V batteries disappeared in the ‘970s and 24 V batteries were reserved
for industrial vehicles.

This kind of battery, after many improvements, is still in use today as a service
battery for internal combustion engines.

The crucial stimulus to the adoption of lead acid batteries and to the applica-
tion of electricity to body appliances was given by the introduction of a starter
motor; this contribution to the car evolution was probably merit of Kettering
who already invented the breaker ignition and founded DELCO Company.

He was in fact spurred by Durand, at that time CEO of Cadillac, to introduce
electric starter into those luxury cars, starting from 1912. The car history passed
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on that Durand was struck by the death of a friend killed by injuries after a hand
crank.

Before of this event engines were started manually, by a handle, connected
to the crankshaft; the clutch between handle and crankshaft was made by non
symmetrical teeth. This design was aimed to avoid that the hand of the man
could be dragged by the engine, when rotating at higher speed after start.

The maneuver was quite complex and hat to be made after other operations,
as gasoline enrichments and spark advance adaptation; it required a lot of effort
from a strong and skilled person, especially to start big displacement engines.

Many would-be drivers were prevented by their practice. In addition this
operation could became dangerous and induce injuries when the cranking clutch
was not working properly or the engine started in the opposite direction, because
of a wrong choice of the spark advance.

The introduction of electric starter motors brought an important contribution
to car diffusion; this practice introduced into the car electric generators and a
battery size that was also suitable for additional applications.

The solution that was developed by Kettering was inspired to the principle of
using a single electrical machine, both for cranking and for electricity generation;
this option is in fact available because electric motors and generators are quite
similar.

This solution had to take into account that cranking required high torque and
current, at a low speed, lower than idle speed, while generation required lower
current and torque but at higher engine rotation speed.

This problem was solved, as Fig. 221l shows, with a two speed gearbox, con-
necting the machine with the internal combustion engine; two ratios were avail-
able: about 1:1, through the water pump, and about 1:100, through the engine
flywheel.

This assembly, as long as the engine, included the breaker and the distributor
also; the reduced speed gear was shifted by a starting pedal, while the direct drive
was shifted by a free-wheel at the end of cranking, when the engine accelerated.

Two different windings were available on the machine: one in parallel for
generation and one in series for starting.

Later, two different machines were introduced for these two functions; the cost
increase was paid with advantage by the gearbox elimination.

A relay regulator allowed the charge voltage to be kept constant.

But we will concentrate on lighting, the purpose of this section.

Headlights were an heritage of horse driven coaches, where they were applied,
to make driving at night easier and to warn other road users.

They were lanterns with rudimental projectors, made by inside thin-plated
case; sometimes they had lenses to better direct the lighting beam.

The praxis consisted in applying two big lanterns for lighting in the front of
the vehicle and two smaller at vehicle sides to light the doors of the coach.

Fig. shows two different lanterns, one for head lighting, one for side
lighting.
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Fig. 2.21. Sketch of the Kettering’s starter-generator machine, for the 1912 Cadillac.
The electrical machine rotor could be joined to the engine with two very different
transmission ratios; an almost direct drive through the water pump, almost directly
connected to the crankshaft and at about 1:100 through the engine flywheel. The
assembly included the high tension distributor and contact breaker also.

Fig. 2.22. Car lanterns at the beginning of the ‘910s. The left is suitable for front
installation; the shape recalls a paraffin lamp with oil reservoir at the bottom; lens and
parabolic mirror are already applied. The right is suitable for lateral lighting and was
applied at the lower rim of the windshield as a position and courtesy lamp. We can
notice on both the air vents.
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Générateurs “CUVRARD”

A. Réservoir a eau. H. — Joint cuir.

B. — Cartouche a carbure. I. — Ecrou de fermeture.
F. — Bouchond'emplissage. | M.— Départ du gaz.

G. — Joint caoutchouc.

La simplicité de ces générateurs est la meilleure garantic
de leur bon fonctionnement ; un seul robinet d'eau a ouvrir
et I'appareil se met en marche, se chargeant lui-méme de
son réglage. 11 peut se charger plusieurs jours d'avance;
il re surproduit pas et ne dégage pas d'odeur.

N¢ 2101. — Pour une scule face. Charge soo gr.

Durée 6 heures. Cuivre poli, La piéce. . . . . 46.75
N 2404 bis. — Pour deux faces. Charge 1 kilegr.

Durée 6 heures. Cuivre poli. La picce . . . . . 58.50

Boite noyer verni pour générateur 2101. . . . . 12

— — — 2101 bis.. . . 14. »

Fig. 2.23. Acetylene gas generator. A certain quantity of water in the reservoir A is
reacting with granular calcium carbide, in room B, producing a quantity of acetylene;
the gas pressure, built up by the faucet M, could stop water flow and chemical reaction,
switching off light in a very easy way. By faucet opening the pressure decrease allowed
new water to enter the reactor and restarted gas generation.

The energy source was given by burning paraffin or similar liquid fuels that
soaked a wick; light was modest but acceptable, in consideration of speed and
traffic intensity.

A first improvement came from using acetylene as fuel; the combustion of this
gas in the air produces a very sharp and bright flame, very suitable for lighting.

Acetylene was produced with a simple gas generator on the car running board,
similar to that advertised in Fig. A certain amount of water, introduced
into the reservoir A, reacts with a quantity of calcium carbide, in room B, gener-
ating acetylene at ambient temperature; the gas pressure, built-up at the faucet
M, could stop the water stream and interrupt the chemical reaction and gas
generation in a very simple way.

Lighting-on headlights required to get out of the car, to open faucets and to
ignite acetylene with a match.

The higher brightness and concentration of the flame could take advantage of
parabolic mirrors and lenses and generated a more effective lighting.

Electric lighting, introduced in the American homes by Edison already in
1879, could not be applied to the first automobiles because of the mentioned
problems of electricity availability.

The first patent for an electric car lighting system was filed in Paris by Bassée
in 1899, with reduced practical results.

Again the 1912 Cadillac received the first practical application of electric
lighting, together with electric starter; Fig. shows a pictorial view of the
entire electric system.
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Fig. 2.24. Scheme of the electric system of the 1912 Cadillac. We can notice the
starter-generator connected to an Exide 6 V battery. It is very interesting to outline
the availability of four dry cells to be used, in case of need, in connection with a spare
hand crank starter. Lighting includes two front headlamps, with simple filament bulbs,
a single tail light and a lamp for the instrument panel. An electric Klaxon horn is also
applied.
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Fig. 2.25. The headlight appearance became one of the peculiar style features of the
front of the car, as shown by this 1931 Alfa Romeo 8C Le Mans.

We can notice on this scheme the starter-generator connected to an Exide 6
V battery. It is very interesting to outline how designers did not completely rely
on this system, having made provision for four dry cells, to be used, in case of
need, in connection with a spare hand crank starter.

Lighting included two front headlamps, with simple filament bulbs, a single
tail light and a lamp for the instrument panel. An electric Klaxon horn was
also applied. Switches on the dashboard control lighting; dimmed headlights are
obtained inserting in the circuit an additional electric resistance.

The headlight appearance became one of the peculiar style features of the
front of the car, as shown by this 1931 Alfa Romeo 8C Le Mans, in Fig.
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Graphic Representation Systems

3.1 Introduction

A drawing of an automotive body has some aspects and features that make
it different from those of other industrial products, deriving not only from its
technical characteristics and production technology, but also from the aesthetic
appearance of its shape which plays a fundamental role in determining the com-
mercial success of a car.

From a technical standpoint, the body includes the body shell and trimming
which are primarily made by elements of reduced thickness, where the external
surface performs usually aesthetic functions; this fact justifies particular devel-
opment techniques.

In addition, these elements of reduced thickness and complex shape have
required the study of particular representation rules, that are different from
those used for mechanical components (engine, transmission, suspension, etc.),
that require, instead, a limited number of views and sections considering their
relative simplicity.

A further specific characteristic is related to the high economic cost of capital
investments necessary to produce a body in series, with respect to its useful life,
usually limited to few years; contrary to many other components, invisible to
the customer, that may be reused with only incremental improvements on next
generation models, the body shell and trimming are totally revised at each new
model launch, i.e. every 5 + 7 years on average.

The reason for this short life may be justified by the accepted tradition of
transmitting the image of new product contents through a new shape, which

L. Morello et al.: The Automotive Body, Vol. 1: Components Design, MES, pp. 33
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is supposed to correspond better to the aesthetic tastes and style trends of the
moment.

The simultaneous needs for careful management of costs and cash flows for
new investments on one hand, and for developing aesthetic forms coherent with
the customer demand at the time of the commercial launch on the other, result
in considerable pressure to compress the time allocated to development to a
minimum; although this requirement is shared also by other car components, it
is a critical issue as concerns the car body.

When considering product representation, it should be remembered that these
drawings have also different applications with respect to car production and
assembling; they also provide the starting point for the development of other
drawings that are just as important. With respect to a body shell stamped
panel drawing, for example, it is necessary that the following items are mutually
coherent:

e Stamp set for production.
e Positioning and fixing tools for welding with the neighboring parts.

e Working robots for painting and assembling (usually applied for many model
generations).

e Spare parts catalogues.

e Disassembling and assembling schemes for servicing and repairing.

The development of these items also includes activities which rely on body
drawings, often comprising tests on actual or virtual prototypes, the latter being
performed using mathematical models describing completely the component ge-
ometry, such as Finite Elements (FE) analysis or Digital Mock-up (DMU) used
to verify the geometrical compatibility between parts or to verify their kinematic
behavior (e.g. : doors opening, wiper motion, side glasses opening, etc.).

3.1.1 Typical Activity Planning

Body drawings should be available sufficiently in advance with respect to the
start of production in order to enable all related activities to be conducted;
therefore project has to be organized is such a way as to enable many activities
are performed in parallel; to accomplish this, the minimum amount of informa-
tion necessary for performing each of these activities must be determined.

So-called simultaneous engineering or concurrent engineering provides a means
for organizing each elementary operation in such a way so as to produce results
consistent with the need to initiate the related successive operations with mini-
mum delay.

For instance, in order to start the design of a stamp of a positioning tool, it
may be sufficient to determine the overall dimensions of the steel sheet rather
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than the details of its aesthetic shape; therefore tool drafting can be commenced
before the body shell panel has been defined in detail.

This way of organizing the activities increases the number of modifications
to be introduced considerably, either for completing drawings with additional
detail, or for correcting mistakes that arise due to lack of information when
previously executed.

Correspondingly the rate of modification becomes just as important as draft-
ing speed; in addition, a critical factor for success becomes the knowledge and
know-how of those involved in the development process, and of those who per-
form subsequent activities. Consequently each of those involved in the process
must aim for final customer satisfaction while effectively working also for an
internal client who will apply the results to other equally important activities
from the perspective of production or commercialisation.

In the case of the body, the organization of the development work is further
complicated by the fact that each design engineer is not only supplier to an
internal client but is, at the same time, the customer of activities performed
by designers developing the aesthetic shapes; in fact, body engineering must be
considered to be in parallel with style development.

Today an overall development time in the order of 24 months, from style model
choice to start of production, represents the best performance level achieved by
major car manufacturers, although this is only possible thanks to the wide-
ranging application of computers regularly utilized for:

e Computer Aided Styling (CAS) applied to develop visible shapes.

e Computer Aided Drafting (CAD) applied to engineering activities related to
final product or production tools.

e Computer Aided Manufacturing (CAM) applied to the design of some aspects
of the production process.

e Digital Mock-Up (DMU) applied to represent complex assemblies for virtual
testing or develop production and assembly plant lay-out.

In addition, computer codes and simulation models, recognized to be essential
for shortening development time, should be considered.

Computers have not only reduced the time needed for drafting and the im-
plementation of modifications, but have made it possible to set up a unique
data base that enables all the operations necessary to keep product development
aligned and updated.

In fact the outside surface of a body panel, the result of the body style de-
velopment, part of the component drawing, stamp drawing, etc. may be unique,
avoiding replication for the different working environments and the risk of error
and delay.

The development process may be outlined as in Fig. Bl

The scheme demonstrates that a high project development speed (here engi-
neering activities are divided in planning and engineering) can be justified by the
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Fig. 3.1. The logical scheme of the main phases of the development process, with
specific reference to the body. The time scale, at bottom, is measured in months and
the elapsed time is highlighted with respect to major milestones.

existence of a phase, here termed pre-engineering (or shelf-engineering), where
alternative solutions are studied and validated experimentally, without a real
finalization; these activities contribute to filling an ideal shelf where good ideas
are stored for their future application.

The concept development phase, or feasibility study, is performed with the
cooperation of engineers, marketing experts and stylists, who arrive to define a
product specification (concept) by examining alternative solutions in parallel;
this concept specification must simultaneously satisfy customer’s aesthetic and
functional expectations and achieve technical and economical feasibility.

The manufacturing of prototypes is started at almost the same time as the
engineering activities; consequently, prototypes relate to partial aspects only that
allow design features to be validated one at a time. Only at the end, prototypes
similar to the final product will be available to be used for design approval (or
design release), to certify that each specification defined by the concept has been
respected.

The so-called pre-series are other prototypes that, as opposed to the first pro-
totypes, are built using mass production tools and plants; the positive conclusion
of their tests is used for product approval (product release), i.e. providing cer-
tification that the adopted production means and organization are adequate to
obtain a product complying with specifications.

The Job #1 vehicle is the first that can be delivered to final customers.
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During the interval between concept definition to product definition (from 40
to 22 months before the commercial launch) many activities are performed in
parallel such as planning, engineering, style definition, planning and development
of stamping, welding and assembling processes, economical evaluation and op-
timization, in addition to the manufacturing of prototypes that are increasingly
complete and closer to the final product.

Many activities that, logically, would be executed in sequence are instead per-
formed in parallel and as a consequence are based upon provisional and continu-
ally changing information. This organization of activities, apparently nonlogical,
can provide advantages in term of cost and time assuming that design tools, in
this case CAS, CAD and CAM, enable rapid modification and reutilization of
models for different purposes.

This procedure enables a product solution coherent with production processes,
that will not require major changes during the following industrialization phase,
to be developed 22 months before the commercial launch; it is therefore possible
to start building production tools in time for validation 8 months before the
commercial launch at the supplier’s premises. Subsequently the production tools
are transferred to the plant of the car manufacturer in order to initiate producing
pre-series vehicles and accumulate the necessary numbers for commercial launch.

The advantages of CAD in terms of shortening the time for engineering ac-
tivities have been widely described; correspondingly the significant compression
of timescales have only been possible through the pervasive application of com-
puters to all development activities.

Fig. illustrates the existing links between engineering activities and corre-
sponding informatics tools.

e Style development applies CAS tools with two different outcomes: Improving
style architect productivity and generating an output (mathematical style
model) that can be reused as it is by body engineers.

e Virtual reality as an informatics tool that enables the representation of exte-
rior visible surfaces with enhanced realism in context; this makes it possible
to evaluate the forms and light reflections they will have in a real environment
and enable their visualization from any point of view or in motion; this tech-
nique enables those not familiar with drawings or informatics to be involved
also in the decision process.

e Structural analysis is one of the major tools included in the CAE that enables
the evaluation, not only of the body structural integrity, but also many other
aspects, from weight to drag coeflicient. The body mesh, the starting point
of any FE analysis, is performed by computers almost automatically, starting
from CAD mathematical models.

e A particular FE analysis, performed by considering the elasto-plastic material
behavior, can be applied to the design of stamps, again using CAE tools; the
same body panel mathematical model, defined by product engineers, can be
reused by process engineers to verify that sheets can be stamped to their
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Fig. 3.2. Scheme showing the links between product development activities and ded-
icated informatics tools.

shape, without risk of rips and wrinkles; similar tools are also used to assess
plastic parts formability.

CAM enables the definition of the cutting tool path for milling machines that
will manufacture the stamps; again the same body panel mathematical model
that has been used for stamp design can be used also for stamp manufacturing.

The calculation power of modern computers enables the preparation of com-
plete assemblies renderings with simplified surfaces, including also related
production tools, applying DMU techniques, that also take advantage from
virtual reality.

Such renderings offer many potential applications by:
Style architects: evaluating aesthetic results obtained by joining different pan-

els taking into account gaps or profile errors.

Product engineers: evaluating kinematic mechanisms or interference between
neighboring parts.

Production engineers: assessing the motion of parts along the production line
while checking for collisions.

Service engineers: evaluating assembling and disassembling operation for
repairs.
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3.2 CAS, Computer Aided Styling

When a new model development is started, a series of general vehicle specifica-
tions are defined, essentially consisting in the following information:

The type of car, market segment and expected production volumes.
o Relevant exterior and interior dimensions.

e Engines, gearboxes and tires to be adopted.

e Parts to be carried-over from previously developed models.

e Manufacturing and assembling technologies to be adopted in connection with
the production plant selected.

e Performance and cost targets.

A preliminary car lay-out sketch of the car can be drafted from the first five
items; from this preliminary sketch, style and body structure developments are
initiated. An example of a preliminary car lay-out sketch is shown in Fig.

Usually, each new car is born as a replacement or part of an existing car
family; this fact determines constrictions regarding the utilization of an existing
platfornﬂ, including car floor, chassis components and powertrain.

To consider only the constrictions to be the starting point of style development
is an over-simplification; in fact the crucial objective is to generate a form that
can excite positive emotions on future customers which is coherent with the
commercial target of the model to be developed and with the existing boundary
conditions (i.e. production plant, suppliers, cost, etc.).

In this context two distinct phases in style development can be identified:

e Form generation.

e Mathematical model generation.

3.2.1 Form Generation

The scope of this section is to identify a series of relevant facts without trying
to analyze or rationalize the creative process behind them.

In developing cars, or industrial products of similar complexity, designers and
engineers have to cooperate closely in order to define the form of the product.

I The term platform indicates the virtual assembly of chassis (complete under body) and
powertrain common to a given car family; the same term is sometimes used to call the
interfunctional organization dedicated to the development of a car family.
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Fig. 3.3. Example of preliminary car lay-out sketch, suitable to demonstrate pack-
aging, roominess and visibility; this is the starting point of style and body structure
development.
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The designer conveys his insight through graphical elements, while the engi-
neer brings this insight to conclusion, transforming these graphical elements into
a technologically feasible object.

To ensure continuity, it is necessary that part of the creative background of
designers is available to engineers and vice versa.

In principle there could be two different approaches to product design: develop
an idea, a solution to a problem, with the assistance of scientific analyses, or
alternatively use scientific analyses to define an idea.

This second approach, even if desirable from certain perspective, yields limited
results and is in general only useful to solve relatively simple problems; instead
the most fruitful approach is usually the first.

Style development is a balanced mix of intuition and scientific approach, where
the success of the development process requires an appropriate equilibrium be-
tween creative and structured activities.

What is important, therefore, is full comprehension between two different
thought processes: while it is true that the best idea without engineering devel-
opment cannot become a viable product, it is also clear that the best engineering
method without insight will not translate into an interesting product.

During form generation, the product appearance will summarize designer’s
comprehension of model targets; this comprehension will materialize through
partial sketches that only later will be integrated into a coherent form.

Fig. 3.4 shows some sketches of this phase of style development, freezing on a
physical support the ideas generated while capturing product targets to be in-
tegrated successively. These sketches do not have all the characteristics required
for an objective representation, but rather represent the idea as interpreted by
the designer.

Still only very immediate tools as a sheet of paper and a pencil for a freehand
sketch can materialize insights and make them available for further processing.
Indeed no software tool is yet available for creative activity which is quite as
effective as freehand sketching, and in general few designers are capable of ma-
terializing their ideas with draft and paint software tools available; only when
key ideas are conceived they can be integrated into a detailed digital model. This
is already a rationalization phase that very seldom will receive further creative
contributions.

Fig. represents the digitalization of the initial sketches, according to the
coordinate lines in the zz and yz planes, which enables the creation of a complete
sketch of the car body to initiate discussions between designers and engineers.

Once, designers and engineers could discuss only on scaled clay models, avail-
able later in the style development process; now, rapid sketching and paint soft-
ware tools enable the early interaction between these two different cultures.
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Fig. 3.4. Hand drafted sketches representing the designer’s perception of product
objectives.

3.2.2 Mathematical Model Generation

It looks unlikely, at least for the time being, that a CAD system designed to
provide a complete and very detailed description of the body surface can be also
used for a creation process that concentrates only on more specific aspects.

Nevertheless CAD systems are useful immediately after form generation in
order to investigate the compatibility of what has been conceived with perfor-
mance and the technologies involved with its production; product and process
engineering require, in fact, a very complete and sharp representation.

The few lines, initially defined, are now converted into spatial coordinate
surfaces with the help of software tools, as Fig. shows. Missing details are
added; this operation is performed almost routinely since it does not require
conceiving new forms but just coherence with the previous insight.

Image processing and rendering systems allow results to be verified regularly
and the necessary corrections to be introduced; Fig. [3.7 shows one such repre-
sentation. At this stage, these surfaces are used as an input for a CAD system
to enable further details to be added.

At this point, many shape details are added to complete the surfaces; Fig.
B8 represents the transformation into mathematical lines of the detail of door
handles.

During the engineering development of the style shape many problems may
arise that require a new reinterpretation or redefinition of the initial form. These
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Fig. 3.5. Transforming sketches into coordinate lines (on the xzz and yz planes) will
allow to arrive to a style sketch that will start discussions between designers and
engineers.

Fig. 3.6. The few lines, initially defined, are digitalized and converted into coordinate
spatial surfaces by means of dedicated software tools.
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Fig. 3.7. Three-dimensional rendering of initial sketches allows correction of added
elements, according to their coherence with the initial insight.

Fig. 3.8. Transformation into mathematical lines of details, as door handles.
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Fig. 3.9. Milled surface cut from a sawdust and epoxy resin block (epowood), treated
with plaster and paint, to simulate the final appearance.

problems do not regard the body taken as a whole, but more often single details
or the transitions between different surface elements.

A CAD mathematical model usually enables the effective evaluation of the
car exterior shape, using for instance virtual reality. Nevertheless, improvements
in these systems are still necessary to allow each person involved in decisions
regarding the appearance of the car to be familiar with them; this is why physical
models are still in use to confirm decisions taken on virtual models. Sometimes
direct viewing, and the sense of touch on a full scale object, are useful to perceive
the correct impression.

Fig. shows one of these models. These models are built automatically
by means of computer aided milling of an epowood block (a mixture of wood
saw dust and epoxy resin), starting from the CAD mathematical model directly.
These milled blocks can achieve a highly realistic aspect by finishing, painting
and polishing by hand.

Sometimes, corrections are introduced by designers on the model directly,
to improve the appearance or to visualize and discuss possible modifications. In
this case the mathematical model will be updated by digitalizing the new surface
directly.

3.3 CAD, Computer Aided Design

The adoption of informatics instruments simplifies enormously the detailed and
exhaustive representation of the surface geometry that is now represented by
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continuous mathematical equations; nevertheless it introduces new issues de-
pending on the type of CAD system in use.

We should in fact consider that the CAD systems currently available on the
market have comparable modeling capacity, but not identical techniques for
representing surfaces mathematically; therefore the use of different CAD systems
implies the use of so called universal translators such as STEP or IGES, which
are two of the most diffused, to convert data generated on one system to enable
use in a different one.

In certain cases dedicated translators have to be developed. In any case addi-
tional time must be spent to convert, repair and complete data, with consequent
costs that could have been avoided by choosing a single CAD system at least for
the development of a given model.

In addition, every CAD system, under continuous improvement and modifica-
tion, as with any informatics product, require significant training time of those
expected to use these instruments.

Different systems imply different procedure to create the same geometric en-
tities and the skills acquired by an engineer on a certain system can be applied
to a different one but with some difficulty.

A decision about the adoption of a given CAD system receives strategic con-
tents, because of the capital investments involved for software acquisition and
training, which has amplified effect on partners and suppliers, and the cost of
reusing drawings developed in the past. Despite the inconvenience, in the recent
history of car design, it is relatively easy to find instances of major car man-
ufacturers using different CAD systems (e.g. body engineering and powertrain
engineering) at the same time.

The mathematical models transfer from CAS to CAD system usually does
not require reworking because surfaces are simple (only the visible part is repre-
sented) without comments, dimensions and tolerance information; the effective
communication between these two systems is a major advantage of these infor-
matics tools: the same mathematical model applied to represent the aesthetic
surface is also used to represent part of the component and to program the
milling machine cutting stamps.

Aesthetic surfaces contain not only information about their shape, but must
define also their contour, including the gaps between different panels of the body
skin or play between fixed parts and parts that can be opened or replaced, or
between body panels and glasses. The definition of these details is consequence of
the compromise between aesthetic concepts and engineering requirements, posed
by part function and manufacturability.

In the next section the development of a car body is described, with particular
reference to the body shell. The example adopted refers to a new body devel-
opment, starting from an existing platform, which represents the most frequent
case. In fact, the development of any major part of the platform (engine, gear-
box, suspensions, etc.) requires a significant development effort; for this reason,
such parts are applied for more than 10 years, also on very different cars.
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3.3.1 Body Modelling
The most important steps of body modelling are typically the following:

e Breakdown structure definition, as function of expected production volumes,
adopted technologies and materials.

e Definition of main sections of the skeleton, partly independent of the style
model.

e First approximation modelling of body exterior panels.

e Detailed analysis of junctions, between side members, cross members and
pillars.

e Trade-off between aesthetic, structural and manufacturing requirements.

Breakdown structure

The first step is the definition of technological and design solutions that will be
adopted for the body under development.

To shorten development times, including modelling, virtual and physical val-
idation, solutions are preferred that have already been applied on other cars
or validated in previous non-finalized development activities (the so-called pre-
engineering): these solutions are usually conceived as archetypes, meaning a gen-
eralized model, useful for subsequent application to an assigned exterior style or
shape.

Archetypes are not only the consequence of a structure architecture, but also
of the assembling process or materials selected. For instance, on a large produc-
tion car, the most common body archetype is the unitized one made of stamped
steel, while for a small production volume a partly not unitized solution could
prove more convenient.

The term archetype is all-embracing because includes many different design
aspects such as the impact of aluminium adoption, with the possibility of using
extruded or cast parts, or laser welding, with the elimination of welding flanges
and electrodes passage holes.

Main sections

According to the selected archetype, including the breakdown structure, archi-
tecture, material, applicable forming and assembling technologies, characteristic
cross sections of the skeleton are defined (see, for example, Fig. [3.10).

Starting from an archetype, even if not yet applied to an assigned aesthetic
surface, many functional parameters are conditioned such as:

e The dimensions of resistant cross sections.

e Thickness and material for each of its parts.
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Fig. 3.10. Some typical body cross sections that can be defined starting from an
archetype.

e Aesthetic matching with neighboring parts, for instance parts that can be
opened or made of glass.

e Assembling solutions for small components such as weather strips, hinges,
locks, etc.

To understand how all this information can be focussed in few lines in practice,
reference can be made to Fig. B.11l where section B-B of Fig. is shown,
corresponding to the part of the roof above the front door: the description will
become clearer in the following chapter where each component of the body shell
will be analyzed in detail.

Four very different archetypes can be observed:

e Archetype 1, characterized by a longitudinal aesthetic strip covering the
welded joint between the roof and the body side, by a sliding glass with-
out visible outside frame and by a weather strip integrated with the guide
liner of the glass.

e Archetype 2, characterized by an enveloping roof with no covering strip,
framed glasses and weather strip mounted on the welding flange between
the roof and the body side.

e Archetype 3, again characterized by a longitudinal cover strip, integrating
also the function of weather strip.

e Archetype 4, similar to archetype 2, but with frameless glasses and integrated
weather strips and glass guide liner.
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Fig. 3.11. Some different archetypes for joining the roof with body sides, depending
on the door archetypes that can be matched.

Different archetypes have different aesthetic contents, also corresponding to
different capital investments and procurement and production costs, as a func-
tion of the different structure breakdown and materials.

It is important to remember that the represented sections can be applied to
the specific body only if they are adapted to the mission to be accomplished and
to the specific shape of the car style.

This archetype selection and adaptation process can be performed not only
for major components, but also for details such as weather strips and glasses.

To speed-up this process and avoid mistakes, it is very important to access a
wide database of already developed in-house or competitor solutions.

This operation consists of repositioning on the new style and resizing already
existing elements, corresponding to production cars or pre-engineering results;
other components may be used as-is, i.e. without adaptation, e.g. the weather
strip section, locks, hinges, etc.

This geometry will be subsequently refined following analysis and virtual or
physical prototype testing.

The implications of the adoption of predefined archetypes are discussed again
in the following section.
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Fig. 3.12. Basic components of the body side of a space frame type body.

Modelling

Once a number of sections have been positioned and sized in sufficient quantity
to define the body shell critical areas, engineers proceed with modelling the
remaining body shell parts, doors, hood, etc. Critical areas usually include the
structural skeleton and doors hinges.

To clarify this process, a body shell conceived as a space frame may be con-
sidered, as in the example of Fig. and Fig. BT since it is easier to identify
beams and junctions on the body side.

For instance in section B-B (Fig. BITland Fig.[B10), the archetype that better
matches the example is 1. Based upon this cross section (and clearly a number
of others along the door contour) the upper part of the body side and its upper
beam can be modelled in detail. Existing CAD systems enable this operation to
be performed almost automatically, thanks to their parametric and associative
features.

The upper beam to be modelled is logically connected to the aesthetic surface
(it is associated with the surface) and its size is defined by the measurements as
a function of a limited number of fundamental dimensions (parameters).

These parametric and associative features also permit the implementation of
the many modifications to be expected in short time; for instance, CAD systems
with these features allow an entire model to be regenerated, as a consequence of a
style modification, maintaining the archetype logical relationships automatically.
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Fig. 3.13. Body side assembly of previous space frame body.

The power of the associative features can be exploited to investigate the effect
of a modification also to other geometric entities, such as stamps, milling paths,
finite elements analysis models, etc.

This kind of approach can be repeated for all body elements of which the
geometry can be assimilated to a cross section extruded along a curved path.

Stamped steel or aluminium body panels may be represented as a portion of
solid space included between the aesthetic surface and a similar surface obtained
by shifting the previous of the panel thickness. A line obtained on a drawing by
cutting the aesthetic surface is called style profile; the other line defining the
panel section is obtained with a pure shift.

This process may be applied with some caution to thicker elements, such as
plastic components, later introducing completions as ribs, roundings, pins, etc.;
also these details may be defined using archetypes.

Some car manufacturers have instead opted to model also surface-like parts
with solid bodies, thanks to CAD systems designed for this feature: this proce-
dure involves greater modelling time, but enhances the successive development
steps, such as designing stamps for high thickness plastic components.

Junctions modelling

When structural beam elements of the body are modelled, the junctions at beam
intersections can be defined in detail.
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Fig. 3.14. Conventional designation of main body junctions.

To designate these junctions, a standard nomenclature has been defined (see
Fig. BI4): it is interesting to note that the order adopted puts in foreground the
areas more bound to style than to structural behavior.

Consider, for instance, junction A, at the intersection of body side with wind-
shield and roof:

The components of the body shell involved (see Fig. B.I0 on left) are the roof,
upper windshield cross member, exterior body side, A pillar cross section and
reinforcement member.

At this joint also the windshield and its structural adhesive bond contribute,
and the geometry of any liner may be involved. The front door and their weather
strips are also affected by this geometry, as is the space available for driver and
passenger and their visibility.

Together with the space requirements for the installation of these entities,
the structural requirements relevant to torsional stiffness, front impact, roll-
over should also be considered; the assembly cycle feasibility should also be
considered.

If classical spot welding is adopted, also access for the electrodes should be
taken into account. For example (see Fig. B0l at right), the eyelet surrounded
by a dotted line allows access to the electrode of the welding tool from the
inside of the body and therefore makes the junction between roof and body side
possible.
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Fig. 3.15. Junction A modelling, at the intersection of body side with windshield and
roof.

Also the task of designing different junctions in detail is simplified by CAD
systems, enabling 3 D modelling, with a clearer perception of geometrical is-
sues, together with quicker modification or adaptation of existing pre-validated
solutions, therefore shortening the development time.

Test validation

Once the body has been defined, including doors, hood, hatch and removable
parts, together with all detail interfacing body components (such as weather
strips, locks, hinges, etc.), a complete 3 D model is available that can be easily
tested with respect to different perspectives. Each virtual test will result in
modifications for surfaces or sections; with a parametric associative CAD system,
each will be implemented in a very short time, sometimes automatically, and
transferred also to associated entities such as stamps, assembly fixtures or other
dedicated production tools.

CAD system speed is particularly advantageous when introducing the large
number of modifications resulting from potential malfunctions detected during
the virtual validation tests.

Some of these validation tests are described in summary in a following section
of this chapter; more details are included in the relevant sections on body and
interior components.

As far as aesthetics is concerned, mathematical models obtained with this
procedure enable the refinement of the exterior surfaces with style architects
and certify coherence between shape, performance and manufacturability: for
instance, the shape required for the windshield by the style concept is verified
in terms of visibility and installation of wipers, or for side glasses again in terms
of visibility and sliding motion into the door.

The body mathematical model can be transferred for evaluation in terms
of structure analysis, regarding dimensions, local thickness, material choice and
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welded junctions. Also in this case, informatics tools contribute to shorten de-
velopment times by generating the calculation mesh almost automatically.

In this way, the mathematical models become an effective communication tool
among engineers, stress analysts and, again, style architects in order to be able
to negotiate modifications and define trade-offs.

A similar situation enables process engineers to evaluate and analyze forma-
bility and the assembling process.

It should be underlined that the mathematical model is built in the ideal
hypothesis of nominal dimensions, without taking into account the effect of fab-
rication tolerances.

Again, using dedicated software tools, mathematical modelling enables inves-
tigation into the effect of dimension variations on the assembling process and
compatibility with product performance.

3.3.2 Rules and Common-Practice in CAD Modelling

CAD models are the transposition into mathematical parameters of a set of
numbers that regard not only the geometric nature of a part, but also its technical
and organizational features.

The information regarding geometric nature includes the coordinates of
points, surface and lines equations, etc., necessary to define the shape of a part
completely.

Part of this geometric information has also some organizational content; for
example, the associative features describe, in informatics language, the opera-
tions accomplished by the design engineer while modelling a part (design intent)
and their relationship with neighboring models (welding and assembling inter-
faces); this information permits the regeneration of the mathematical model
automatically when some of its geometrical parameter are modified.

Technical features cannot directly infer geometric information, containing for
example dimensions tolerance, positioning reference points, functional specifica-
tions, etc. that are necessary for part operation, manufacturing, or production
fixtures.

Nominal dimensions are instead usually inferred of the mathematical model.

Organizational features consist in data necessary to manage the part within
the company information system according to usual company practice.

Among the organizational information, the description of the product con-
figuration is the most relevant; product configuration describes the logical rela-
tionship between any of the parts composing the vehicle. Product configuration
enables the correct identification of any subassembly or elementary part and the
preparation of a bill of materials.

Product configuration description allows also the creation of any assembly
drawing and the management of material flow along the production line, orders
to suppliers and the delivery and storage of spare parts.

A further organizational feature to be recorded on mathematical models is a
note concerning their development status; it is necessary to advise any of the
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potential users of a mathematical model about the level of risk of processing an
information not fully validated since many activities are performed in parallel
by people with real-time access to a common data base.

Finally, CAD models are classified with reference to their content and to their
preparation technique. The following classification is usually applied with regard
to the content:

e Outline drawings, essentially useful to the design engineer to develop ideas,
define critical matching between parts and solve problems of geometric com-
patibility.

e Assembly drawings, useful for documenting how parts are assembled together.

e Part drawings, useful for exhaustive documentation of dimensions, materials,
specifications of a single part.

The following classification refers, instead, to preparation technique influenc-
ing the kind of model used, the principal being:

o Wire frame models.
o Surface models.

e Solid models.

e Conventional drawings.

Wire frame models are 3 D models where solid bodies are represented by
spatial curves describing their edges; between one curve and the next, the surface
shape is unknown and must be interpolated.

A surface model is again a 3 D model where a part is described through its
contour surfaces; the coordinates of each points are fully determined.

A solid model includes a complete description of the space included between
the boundaries of the model and can represent every detail of a part, including
its physical properties such as mass, moments of inertia, etc.

A conventional drawing is a paper print-out, similar to a pencil drawing, used
for communication only and unsuitable for further development.

Reference system

The reference system traditionally adopted by body engineers is different from
that suggested by the SAE J670 standard for mathematical models of vehicle
dynamics; here a zyz axis system is referred to with its origin set on the body
symmetry plane, at the intersection with the front wheels axis of rotation and
where:

e the x axis is contained in the symmetry plane and set horizontally, pointing
rearwards,
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e the y axis is perpendicular to the symmetry plane, pointing to the right with
respect to the driving direction,

e the z axis is consequently vertical, pointing upwards.

If the vehicle body were not symmetric, the xz plane would be assumed to be
coincident with the vertical plane.

The definition of the origin depends upon the position of the suspension, which
determines the centre of the front wheels and the body pitch angle; therefore,
this definition must be applied by loading the car with respect to the reference
condition, usually corresponding to a full tank of fuel and four passengers of 70
kg of mass each, with 40 kg of luggage in the trunk for cars with four or five
seats, or two passengers and their luggage in two-seater cars.

For different kind of payloads (vans, minibuses, trucks, etc.) a load condition
near to full load is usually selected.

Considering the body size, and the fact that drawings should be printed at
least in full scale, a complete body assembly is rarely represented on the same
drawing for sake of clarity.

To enable the correct location of partial assembly drawings or part drawings, a
quoted reticule is represented on each drawing, according to the local applicable
coordinates, as shown in the Fig. B2l

Surface representation

Body part drawings usually contain surface elements that are fully defined by a
mathematical model; large surfaces are represented by joining a sufficient num-
ber of patches with dimensions depending on local curvature: more curvature
requires a higher number of small patches.

Visible parts of the body surface are called aesthetic surfaces and are coinci-
dent with the style modeﬁ.,

In the case that aesthetic surface is not available as a mathematical model
(this was commonplace until just a few years ago) style architects must provide
a physical full scale 3 D support representing this surface; this support will
be digitalized point by point, for example at the intersections of the surface
with the body reference reticule; the lines obtained are joined with interpolated
mathematical patches as in the other case.

Each section of the drawing representing a part contoured by the aesthetic
surface will contain also the style profile, the intersection of the aesthetic with
the section surface.

The concept of style profile applies also to solid models, for instance high
thickness plastic parts.

2 The following indications are not standardized but refer to the praxis of a large car manu-
facturer and his suppliers. There are no international applicable standard rule for the time
being, even if similar rules are widespread.
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Skeleton surfaces do not usually contain parts of the aesthetic surface; never-
theless they are represented with the same system, developing a surface math-
ematical model for the side of the skeleton matching with visible parts, taking
care to define a sole style profile for each of its parts.

Where the aesthetic surface is interrupted, for example at a door contour or
near a dismountable part, the mathematical surface will be cut by a surface
determined by an envelope of constant diameter circles with their centre on the
aesthetic surface; this operation enables a constant gap between different parts
to be generated.

Subsequently the two parts of surface are rounded to reproduce the effective
shape of the part that can be obtained by stamping or bending. Flat surfaces
might be added, to join the outside body panel to the skeleton. These are called
completion surfaces, for comparison with the aesthetic surface.

Drawing surfaces are usually classified in classes (A, B and C class) with
reference to the accuracy of their mathematical model.

The accuracy is measured by comparing the mathematical with the aesthetic
surface and measuring continuity between patches.

Classes are useful to speed-up the activity of style architects and body en-
gineers, improving time and manpower efficiency with regard to applying the
finishing touches when the style freeze event is still far away and many major
modifications could still be necessary.

Class type represents, therefore, not only the accuracy of the mathematical
model, but also the maturity of the project: from class C, used for feasibility
studies and the first style proposals, drawings are refined up until class A, at the
end of the project, to represent the part to be put in production.

Common practice is that:

e at the initial stage, when more alternative style proposals are under evalua-
tion, class C is allowed in each mathematical model;

e when a style alternative is selected, but uncertainties and variants are still
present, class B is allowed;

e final drawings, ready for production, must contain class A surfaces only.

Specifications for each class are contained in the following points.

Position continuity

The distance between each point of the edges of two neighboring patches must
comply with the following limits:

e For class A: no more than 0.01 mm.
e For class B: no more than 0.02 mm.

e For class C: no more than 0.05 mm.
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Tangents continuity

The angle between the tangents to the surface on the edges of two neighboring
patches must comply with the following limits:

e For class A: no more than 6’ (0.1°).

e For class B: no more than 12’ (0.2°).

e For class C: no more than 30’ (0.5°).

Curvature continuity

The control parameter is the patch curvature along its contour.

e (lass A surfaces must have coincident curvature at least every 100 mm of
contour of two neighboring patches.

e Class B and C have no applicable rule.

Points of maximum curvature or inflection are only allowed along patch con-
tours of Class A surfaces.

Completion surfaces

As we have seen, they do not belong to the aesthetic surface (even if part of them
is visible and influences the aesthetic evaluation of the body), but are added to
represent the part as it can be produced.

e For class C surfaces: completion surfaces are not required; gaps are represented
by double lines drafted onto the aesthetic surface.

e For class B surfaces: only rounded contours are represented on the surface
that is always fixed to the body.

e For class A surfaces: completion surfaces must be designed in all detail.

Shape tolerance

The shape tolerances are measured by comparison of a surface patch with the

counterpart on the aesthetic surface.

e For class A surfaces: no more than +0.5 mm on body shell surfaces (or large
surfaces) and no more than £0.2 mm for interior trimming (or small surfaces).

e For class B surfaces: no more than +1.0 mm on body shell surfaces (or large
surfaces) and no more than £+0.5 mm for interior trimming (or small surfaces).

e For class C surfaces: shape tolerance is not applied.
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The distance between points with maximum and minimum displacement (un-
dulation) between mathematical model and aesthetic surface must be less than
1,000 mm for large surfaces and less then 200 mm for small surfaces.

However class A surfaces could show other unacceptable aesthetic defects;
to correct these before stamps milling and finishing, aesthetic surfaces are
represented by means of special rendering systems, sometimes available to
CAD systems, suitable to represent light reflection on the actual painted body
surface.

The lighting system simulated is, traditionally, a linear source lamp (neon
tube lighting) that can put highlight each of the defects to be corrected;
Fig. allows the difference between inaccurate surfaces or class A, well re-
fined surfaces to be perceived. The same procedure is applied also to the interior
surface, despite not reflecting light on the actual car, as shown in Fig. 317

3.3.3 Reference Points

Dimension measurement of body stamped parts or even of a complete body
shell cannot be made without particular contrivance, because of the complexity
of shapes and, in the case of steel stamped parts, for lack of sufficient rigidity
that prevent them from positioning on a reference surface univocally, as for other
mechanical components.

Similar considerations also apply when trying to position such parts on weld-
ing or clamping fixtures during production.

The purpose of reference points, usually flat surfaces or holes, is therefore to
enable the correct positioning of a body part or complete body on measuring or
positioning fixtures, either during production or in body repair shops.

Reference points are usually classified as:

e Primary,
e Complementary and
e Auxiliary.

If the reference point is a hole, cut on a stamped steel part, if possible its
axis should be parallel to the stamping direction or, at least, inclined not more
than £3°.

Primary reference points

There are generally three primary reference points in the lower part of the body,
providing a safe and precise isostatic supporting system for the complete body.
They are used for the dimensional measurement of a complete body.
Welding spots are not allowed on supporting surfaces around primary refer-
ence points; on each of these points a load equal to 2/3 of the gross vehicle
weight could be applied without major deformation.
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Fig. 3.16. Light reflection representation for a complete body with good (below) and
poor (above) quality surfaces.
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Fig. 3.17. Light reflection representation for a complete dashboard with good (below)
and poor (above) quality surfaces.
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Fig. 3.18. Conventional indication on a drawing of a primary reference point, made
with a hole (at left), to control the x and z coordinates and on a surface (at right) to
control the z coordinate.

Primary reference points are shown on drawings with symbols in Fig. BI8
the double square surrounds the name of coordinates determined by that point;
outside of the double square the reference point coordinates are reported, with
reference to the body reticule. If the reference point is on a flat surface, a dotted
rectangle surrounds the points where the dimensions have to be guaranteed.

Complementary reference points

Complementary reference points are used to position a part correctly (a sheet
element or a subassembly) on a measuring or welding fixture.

Complementary reference points must be selected while bearing in mind that
measurements are made on a partial subassembly in order to verify that they
will be suitable for assembling further parts.

Therefore the areas to be controlled are, in most cases, those that correspond
to the welding or positioning interfaces in the