


ber7539X_fm_i-xxiv.indd  i� 01/30/18  09:03 PM

FUNDAMENTALS  
of  

SOLID MODELING AND  
GRAPHIC COMMUNICATION

Final PDF to printer



ber7539X_fm_i-xxiv.indd  ii� 01/30/18  09:03 PM

Final PDF to printer



ber7539X_fm_i-xxiv.indd  iii� 01/30/18  09:03 PM

FUNDAMENTALS  
of  

SOLID MODELING AND  
GRAPHIC COMMUNICATION

SEVENTH EDITION

Gary R. Bertoline
Purdue University

Nathan W. Hartman
Purdue University

William A. Ross
Purdue University, Emeritus

Eric N. Wiebe
North Carolina State University

Final PDF to printer



ber7539X_fm_i-xxiv.indd  iv� 01/30/18  09:03 PM

FUNDAMENTALS OF SOLID MODELING AND GRAPHIC COMMUNICATION, SEVENTH EDITION

Published by McGraw-Hill Education, 2 Penn Plaza, New York, NY 10121. Copyright © 2019 by McGraw-Hill 
Education. All rights reserved. Printed in the United States of America. Previous editions © 2011, 2007, and 
2005. No part of this publication may be reproduced or distributed in any form or by any means, or stored in a 
database or retrieval system, without the prior written consent of McGraw-Hill Education, including, but not 
limited to, in any network or other electronic storage or transmission, or broadcast for distance learning.

Some ancillaries, including electronic and print components, may not be available to customers outside the 
United States.

This book is printed on acid-free paper.

1 2 3 4 5 6 7 8 9 LWI 21 20 19 18

ISBN 978-0-07-337539-7
MHID 0-07-337539-X

Brand Manager: Thomas Scaife Ph.D.
Product Developers: Tina Bower and Marisa Moreno
Marketing Manager: Shannon O’Donnell
Content Project Managers: Laura Bies, Tammy Juran, and Sandy Schnee
Buyer: Susan K. Culbertson
Design: Matt Backhaus
Content Licensing Specialists: Lorraine Buczek
Cover/Chapter Opener Credit: ©3D_generator/Getty Images
Compositor: SPi Global

All credits appearing on page or at the end of the book are considered to be an extension of the copyright page.

Library of Congress Cataloging-in-Publication Data

Names: Bertoline, Gary R., author.
Title: Fundamentals of solid modeling and graphic communication / Gary R. 
   Bertoline, Purdue University, Nathan W. Hartman, Purdue University, 
   William A. Ross, Purdue University, Emeritus, Eric N. Wiebe, North 
   Carolina State University.
Other titles: Fundamentals of graphics communication
Description: Seventh edition. | New York, NY : McGraw-Hill Education, [2018] 
   | Revised edition of:  Fundamentals of graphics communication / Gary R. 
   Bertoline . . . [et al.]. 2010. | Includes index.
Identifiers: LCCN 2018001664 | ISBN 9780073375397 (alk. paper) | 
   ISBN 007337539X (alk. paper)
Subjects:  LCSH: Engineering graphics—Textbooks.
Classification: LCC T353 .B4515 2018 | DDC 604.2—dc23 
LC record available at https://lccn.loc.gov/2018001664

The Internet addresses listed in the text were accurate at the time of publication. The inclusion of a website does 
not indicate an endorsement by the authors or McGraw-Hill Education, and McGraw-Hill Education does not 
guarantee the accuracy of the information presented at these sites.

mheducation.com/highered

Final PDF to printer



ber7539X_fm_i-xxiv.indd  v� 01/30/18  09:03 PM

Nathan Hartman is the 
Dauch Family Profes-
sor of Advanced Manu-
facturing and Associate 
Department Head in the 
Department of Computer 
Graphics Technology at 
Purdue University, and 
Director of the Purdue 
University PLM Center. 
Dr. Hartman is also Co-
Executive Director of the 
Indiana Next-generation 
Manufacturing Competi-
tiveness Center. In 2011, 
Professor Hartman was 

designated a University Faculty Scholar, and in early 2013, 
he was on the team providing content for the research and 
technology framework of what eventually became the Dig-
ital Manufacturing and Design Innovation Institute.

Professor Hartman’s research areas focus on the pro-
cess and methodology for creating model-based defin-
itions; examining the use of the model-based definition in 
the product lifecycle, developing the model-based enter-
prise, geometry automation, and data interoperability and 
re-use. He has been awarded over $9,000,000 in research 
funding to support his work, primarily from industrial and 
manufacturing corporations. Professor Hartman’s indus-
try research partners include Rolls Royce, Cummins, 
Boeing, GM, Rockwell Collins, Textron, Gulfstream, 
Procter & Gamble, GM, Honda, and others. He has also 
done funded research work through NSF, DMDII, and 
NIST programs.

Professor Hartman currently teaches courses in 3-D 
modeling, virtual collaboration, 3-D data interoperabil-
ity, and graphics standards and data exchange. Professor 

Dr. Gary R. Bertoline 
is the Dean of the Pur-
due  Polytechnic Insti-
tute and a Distinguished 
Professor of Computer 
Graphics Technology and  
Computer & Informa-
tion Technology at Pur-
due University, West 
Lafayette, IN. He earned 
his Ph.D. at The Ohio 
State University and was 
on the faculty in the Col-
lege of Engineering for 
three years before com-
ing to Purdue University 

in 1990. From 1995 through 2001, Gary served as Depart-
ment Head of Computer Graphics Technology at Purdue 
University.

Gary is leading the Polytechnic Institute initiative at 
Purdue University. The Polytechnic initiative is a major 
effort to transform the college’s curricula and learning 
experience for the students to better prepare a graduate 
for life and work in the digital age. Gary is the lead for the 
Purdue Polytechnic Indianapolis High School that opened 
in Fall 2017.

Gary has authored numerous papers in journals and 
trade publications on engineering and computer graphics,  
computer-aided design, and visualization research. He has 
also authored and co-authored seven textbooks in the areas of 
computer-aided design and engineering design graphics with 
one, Fundamentals of Solid Modeling and Graphic Communi-
cation currently in its 7th edition. Gary’s research interests are 
in scientific visualization, interactive immersive environments, 
distributed and grid computing, workforce education, and 
STEM education.

About the Authors

v

Gary R. Bertoline, Ph.D.
Source: Purdue University

Nathan W. Hartman, Ed.D.
Source: Purdue University

Final PDF to printer



ber7539X_fm_i-xxiv.indd  vi� 01/30/18  09:03 PM

vi	 ABOUT THE AUTHORS

Hartman also leads a team in the development and delivery  
of online PLM and MBD professional education certifi-
cate programs for Purdue’s various industry partners. He 
also works closely with the Ivy Tech Community College 
system around design technologies and digital manu-
facturing curricula to support Indiana’s education and 
workforce development needs. Professor Hartman holds 
a bachelor’s and master’s degree from Purdue University 
and a doctorate from North Carolina State University. 
Dr. Hartman spent over eight years working in industry 
for Fairfield Manufacturing Company, Caterpillar, and 
Rand Worldwide.

William A. Ross is Professor Emeritus of Computer 
Graphics Technology at Purdue University, West Lafay-
ette, IN. After serving four years in the U.S. Air Force, 
he earned  B.S. and M.Ed. degrees from North Caro-
lina State  University. Before entering higher education, 
he worked for six years in the commercial construction 
industry as an estimator–architectural designer and taught 
design drafting in the North Carolina Community College 
system. In higher education, he served as an instructor of 
engineering graphics and computer-aided design in graphic 

communications at North 
Carolina State University 
from 1981 to 1988.

From 1988 through 
2007 he was Associate 
Professor and Professor 
of Computer Graphics 
Technology at Purdue 
University. While at 
Purdue, he authored or 
co-authored numerous 
articles and textbooks 
on applied 3-D model-
ing and visualization. 
Additionally, he served 
as Director of Programs 

and Chair of the Engineering Design Graphics Division of 
the American Society of Engineering Education. As Pro-
fessor Emeritus of Computer Graphics Technology since 
2007, he has continued to develop instruction for technol-
ogists, engineers, and designers based on 3-D computer 
graphics as a primary communication medium for visual-
ization, animation, and product design.

William A. Ross
Source: Purdue University

Final PDF to printer



ber7539X_fm_i-xxiv.indd  vii� 01/30/18  09:03 PM

		  vii

PREFACE, xv

	 1	 Introduction to Engineering Graphics  
Communication and the Product Lifecycle, 1
Objectives and Overview, 1

	 1.1	 Introduction, 2
	 1.2	 The Importance of Graphics in the Design 

Process, 5
	 1.2.1	 Visualization, 5
	 1.2.2	 Communication, 6
	 1.2.3	 Documentation, 7
	 1.3	 The Engineering Design Process, 7

DESIGN IN INDUSTRY, Arc Second

	 1.3.1	 Linear Engineering Design, 10
	 1.3.2	 Model-Centered Engineering 

Design, 10
	 1.3.3	 Collaborative Engineering, 11
	 1.3.4	 Digital Product 

Representation, 12
	 1.3.5	 Prototyping, 12
	 1.3.6	 Productivity Tools, 12
	 1.3.7	 PDM/Configuration 

Management, 13
	 1.3.8	 Internet, Intranet, and 

Extranet, 13
	 1.3.9	 Product Lifecycle Management 

(PLM), 13
	 1.3.10	 e-Business, 16
	 1.3.11	 Design Teams, 16
	 1.3.12	 Members of Design Teams, 16
	 1.3.13	 Types of Design Projects, 17
	 1.4	 Ideation, 17
	 1.4.1	 Problem Identification, 17
	 1.4.2	 Preliminary Ideas Statement, 18
	 1.4.3	 Preliminary Design, 19

	 1.4.4	 Ideation Resources, 19
	 1.4.5	 The Designer’s Notebook, 19

	 1.5	 Refinement, 21
	 1.5.1	 Modeling, 22
	 1.5.2	 Computer Simulation and 

Animation, 25
	 1.5.3	 Design Analysis, 25
	 1.6	 Design Review Meetings, 29
	 1.7	 Implementation, 29
	 1.7.1	 Planning, 29
	 1.7.2	 Production, 30
	 1.7.3	 Marketing, 30
	 1.7.4	 Finance, 30
	 1.7.5	 Management, 32
	 1.7.6	 Service, 33
	 1.7.7	 Documentation, 34
	 1.8	 Other Engineering Design Methods, 38
	 1.9	 Standards and Conventions, 39
	 1.10	 Graphics Communication 

Technologies, 40
	 1.10.1	 Reverse Engineering, 41
	 1.10.2	 Web-Based Communication, 41
	 1.10.3	 Output Devices, 42
	 1.10.4	 Storage Technologies, 43
	 1.10.5	 Virtual Reality, 43
	 1.11	 Summary, 47

Goals Review, 48
Questions for Review, 49
Further Reading, 49
Problems, 50

	 2	 Role of the 3-D Model in the Product Lifecycle, 53
Objectives and Overview, 53

	 2.1	 CAD Model as a Repository, 58
	 2.2	 CAD Model as a Communications 

Medium, 58
	 2.3	 CAD Model as a Validation 

Mechanism, 58
	 2.4	 CAD Models as Input to Other PLM 

Processes, 59

Contents

Final PDF to printer



ber7539X_fm_i-xxiv.indd  viii� 01/30/18  09:03 PM

viii	 CONTENTS

	 2.5	 Model-Based Enterprise, 60
	 2.5.1	 Model-Based Definition 

(MBD), 62
	 2.5.2	 Model-Based Engineering 

(MBe), 64
	 2.5.3	 Model-Based Manufacturing 

(MBm), 64
	 2.5.4	 Model-Based Sustainment 

(MBs), 64
	 2.5.5	 MBD as the Conduit  for 

Communication, 65
	 2.6	 Multiple Enterprise Collaboration, 65
	 2.7	 System-of-Systems Modeling for 

MBE, 66
	 2.7.1	 Model-Based PLM, 66
	 2.7.2	 Product and Systems 

Data-Driven Design, 66
	 2.8	 Enabling Processes for MBE, 66
	 2.8.1	 Configuration Management for 

MBE, 67
	 2.8.2	 Shared Model Libraries, 67
	 2.8.3	 Enterprise-Wide Process 

Management, 67
	 2.8.4	 Enterprise-Wide Cost 

Management, 67
	 2.8.5	 Model-Based Resource 

Management, 67
	 2.8.6	 Model-Based, Real-Time Factory 

Operations, 67
	 2.8.7	 Model-Based Distribution, 67
	 2.8.8	 Information Delivery to Point of 

Use, 67
	 2.9	 Summary, 68

Goals Review, 69
Questions for Review, 69
Further Reading, 69
Problems, 70

	 3	 Sketching and Basic Geometry Definition, 71
Objectives and Overview, 71

	 3.1	 Technical Sketching for Engineering 
Design, 72

	 3.1.1	 Freehand Sketching Tools, 75
	 3.2	 Sketching Technique, 76
	 3.2.1	 Seeing, Imaging, Representing, 77
	 3.2.2	 Contour Sketching, 78

DESIGN IN INDUSTRY, PUMA Footwear’s The Fass

	 3.2.3	 Negative Space Sketching, 80

	 3.2.4	 Upside-Down Sketching, 81
	 3.2.5	 Straight Lines, 81
	 3.2.6	 Curved Lines, 83
	 3.3	 Proportions and Construction Lines, 85
	 3.4	 Sketching Irregular Shapes with Complex 

Features and Detailed Text, 88
	 3.5	 Sketching Using a Constraint-Based 

Modeling Software Program, 90
	 3.6	 Comparing Manual Technical Sketches 

with Constraint-Based Sketching by 
Computer, 90

	 3.7	 Preliminary Freehand Sketches and 
Legible Lettering, 92

	 3.8	 Engineering Geometry, 94
	 3.9	 Shape Description, 94
	 3.10	 Coordinate Space, 94
	 3.10.1	 Right-Hand Rule, 97
	 3.10.2	 Polar Coordinates, 97
	 3.10.3	 Cylindrical Coordinates, 98
	 3.10.4	 Spherical Coordinates, 99
	 3.10.5	 Absolute and Relative 

Coordinates, 100
	 3.10.6	 World and Local Coordinate 

Systems, 100
	 3.11	 Geometric Elements, 101
	 3.12	 Points, Lines, Circles, and Arcs, 101
	 3.12.1	 Points, 101
	 3.12.2	 Lines, 103
	 3.12.3	 Tangencies, 105
	 3.12.4	 Circles, 106
	 3.13	 Conic Curves, 109
	 3.13.1	 Parabolas, 109

Dream High Tech Job Designing 
Bicycles for Women, 110

	 3.13.2	 Hyperbolas, 110
	 3.13.3	 Ellipses, 111
	 3.14	 Freeform Curves, 114
	 3.14.1	 Spline Curves, 115
	 3.14.2	 Bezier and B-Spline Curves, 115
	 3.15	 Constraining Profile Geometry for 3-D 

Modeling, 116
	 3.16	 Angles, 120
	 3.17	 Planes, 121
	 3.17.1	 Planar Geometry, 121
	 3.18	 Surfaces, 123
	 3.18.1	 Ruled Surfaces, 127
	 3.18.2	 Fractal Curves and Surfaces, 130
	 3.19	 3-D Modeling Elements, 132
	 3.19.1	 Wireframe Modeling, 133
	 3.19.2	 Surface Modeling, 134

Final PDF to printer



	 Contents	 ix

ber7539X_fm_i-xxiv.indd  ix� 01/30/18  09:03 PM

	 5	 Introduction to Assembly Modeling, 263
Objectives and Overview, 263

	 5.1	 Assembly Modeling, 264
	 5.1.1	 Overview of Component and 

Assembly Relationship, 264
	 5.1.2	 Assembly Constraints, 264
	 5.1.3	 Assemblies and Part Design in 

Context, 267
	 5.2	 Product Structure Planning and 

Strategy, 268
	 5.2.1	 Top-Down and Bottom-Up 

Design, 268
	 5.2.2	 Strategic Modeling, 270
	 5.2.3	 Flexible Representations of 

Assembly Models, 271

DESIGN IN INDUSTRY, Shaving Seconds from an 
Olympic Lid

	 5.3	 Summary, 274
Goals Review, 275
Questions for Review, 276
Further Reading, 276
Problems, 277

	 6	 Product Manufacturing Information (PMI), 303
Objectives and Overview, 303

	 6.1	 Dimensioning, 304
	 6.2	 Size and Location Dimensions, 306
	 6.2.1	 Terminology, 307
	 6.2.2	 Basic Concepts, 309
	 6.2.3	 Size Dimensions, 309
	 6.2.4	 Location and Orientation 

Dimensions, 310
	 6.2.5	 Coordinate Dimensions, 311
	 6.2.6	 Standard Practices, 311
	 6.3	 Tolerancing, 316
	 6.3.1	 Interchangeability, 316
	 6.4	 Tolerance Representation, 318
	 6.4.1	 General Tolerances, 318
	 6.4.2	 Limit Dimensions, 319
	 6.4.3	 Plus and Minus Dimensions, 319
	 6.4.4	 Single Limit Dimensions, 319
	 6.4.5	 Important Terms, 319
	 6.4.6	 Fit Types, 320
	 6.4.7	 Fit Type Determination, 322
	 6.4.8	 Tolerance Costs, 322
	 6.4.9	 Functional Dimensioning, 322
	 6.4.10	 Tolerance Stack-Up, 323
	 6.4.11	 Metric Limits and Fits, 324

	 3.20	 Summary, 138
Goals Review, 138
Questions for Review, 139
Further Reading, 139
Problems, 140

	 4	 Feature-Based Modeling, 165
Objectives and Overview, 165

	 4.1	 Model Definition, 166
	 4.2	 Model Data Structures, 167
	 4.3	 Constraint-Based Modeling, 170
	 4.3.1	 Initial Planning, 171
	 4.3.2	 Sources of Data, 171
	 4.3.3	 Eventual Model Use, 171
	 4.3.4	 Modeling Standards, 171
	 4.4	 Model Planning, 172
	 4.5	 Visualization for Design, 173
	 4.5.1	 Problem Solving, 174
	 4.6	 Solid Object Features, 176
	 4.7	 Solid Object Visualization, 177
	 4.7.1	 Combinations and Negative 

Solids, 177
	 4.7.2	 Planar Surfaces, 179
	 4.7.3	 Symmetry, 182
	 4.7.4	 Surface Models 

(Developments), 183
	 4.8	 Feature Definition, 185
	 4.8.1	 Features from Generalized 

Sweeps, 185
	 4.8.2	 Construction Geometry, 187
	 4.8.3	 Sketching the Profile, 190
	 4.8.4	 Completing the Feature 

Definition, 191
	 4.8.5	 Feature Planning Strategies, 194

Dream High Tech Job Designing 
Snowboards, 197

	 4.9	 Editing Part Features, 199
	 4.9.1	 Understanding Feature Order, 199
	 4.9.2	 Editing Feature Properties, 201
	 4.10	 Duplicating Part Features, 201
	 4.11	 Simplified Models, 202
	 4.12	 Viewing the Part Model, 204
	 4.12.1	 View Camera Operation, 204
	 4.12.2	 View Camera Strategy, 207
	 4.13	 Summary, 210

Goals Review, 210
Questions for Review, 210
Further Reading, 210
Problems, 211

Final PDF to printer



x	 CONTENTS

ber7539X_fm_i-xxiv.indd  x� 01/30/18  09:03 PM

	 7.4.2	 Thread Specifications: English 
System, 374

	 7.4.3	 Form, 374
	 7.4.4	 Series, 375
	 7.4.5	 Class of Fit, 375
	 7.4.6	 Thread Notes, 375
	 7.4.7	 Thread Specifications: Metric 

System, 376
	 7.5	 Standard Bolts, Studs, and Screws, 377
	 7.6	 Nonthreaded Fasteners, 378
	 7.6.1	 Pins, 378
	 7.6.2	 Keys, 379
	 7.6.3	 Rivets, 379
	 7.7	 Springs, 380
	 7.8	 Mechanisms, 380
	 7.8.1	 Gears, 380
	 7.8.2	 Cams, 381
	 7.8.3	 Linkages, 381
	 7.8.4	 Bearings, 382
	 7.9	 Summary, 384

Goals Review, 385
Questions for Review, 385
Further Reading, 385
Problems, 386

	 8	 Data Management, Exchange, and  
Translation, 425
Objectives and Overview, 425

	 8.1	 Overview of PLM, 426
	 8.2	 Overview of PDM and Change 

Management, 429
	 8.3	 Relationship Between CAD and PDM, 431
	 8.4	 Product Configuration, 432
	 8.5	 CAD Metadata, 434
	 8.6	 Job Roles/Permissions, 435
	 8.7	 Long-Term Data Retention and 

Archiving, 435
	 8.8	 Data Exchange and Derivative Models, 437
	 8.9	 Summary, 440

Goals Review, 441
Questions for Review, 441
Further Reading, 442
Problems, 443

	 9	 Leveraging the 3-D Model in the Product 
Lifecycle, 445
Objectives and Overview, 445

	 9.1	 Application of Part Model Data, 446

	 6.4.12	 Standard Precision Fits: English 
Units, 331

	 6.5	 Geometric Dimensioning and 
Tolerancing, 334

	 6.6	 GDT Symbols, 336
	 6.7	 GDT Rule 1, 337
	 6.8	 Maximum Material Condition, 338
	 6.8.1	 Material Condition Symbols, 338
	 6.8.2	 Departure from MMC, 339
	 6.8.3	 Perfect Form at MMC, 339
	 6.8.4	 Separation of Control Types, 339
	 6.9	 Datums and Datum Features, 339
	 6.9.1	 Datum Uses, 340
	 6.9.2	 Datums and Assembly, 340
	 6.9.3	 Datum Feature Control, 340
	 6.9.4	 Datum Reference Frame, 341
	 6.9.5	 Primary Datum, 341
	 6.9.6	 Secondary and Tertiary 

Datums, 341
	 6.9.7	 Datum Feature Symbols, 341
	 6.10	 Geometric Controls, 342
	 6.10.1	 Perfection, 342
	 6.10.2	 Tolerance Zones, 342
	 6.10.3	 Virtual Condition, 342
	 6.10.4	 Form Controls, 342
	 6.10.5	 Orientation Controls, 345
	 6.10.6	 Line Profile, 347
	 6.10.7	 Surface Profile, 347
	 6.10.8	 Location Controls, 347
	 6.11	 Tolerance Calculations, 352
	 6.11.1	 Floating Fastener Tolerancing, 352
	 6.11.2	 Fixed Fastener Tolerancing, 352
	 6.11.3	 Hole Diameter Tolerancing, 352
	 6.12	 Design Applications, 352
	 6.12.1	 Five-Step GDT Process, 352
	 6.12.2	 Application Example, 353
	 6.13	 Model-Based Product Definition, 354
	 6.14	 Summary, 355

Goals Review, 356
Questions for Review, 357
Problems, 360

	 7	 Standard Parts, 369
Objectives and Overview, 369

	 7.1	 Standard Parts, 370
	 7.2	 Part Templates, 371
	 7.3	 Part Families, 371
	 7.4	 Threaded Fasteners, 372
	 7.4.1	 Thread Terminology, 373

Final PDF to printer



	 Contents	 xi

ber7539X_fm_i-xxiv.indd  xi� 01/30/18  09:03 PM

	 10.2.5	 Title Blocks, 511
	 10.2.6	 Parts Lists, 512
	 10.2.7	 Part Identification, 513
	 10.2.8	 Revision Block, 514
	 10.2.9	 Engineering Change Orders 

(ECO), 514
	 10.2.10	 Scale Specifications, 514
	 10.2.11	 Tolerance Specifications, 515
	 10.2.12	 Zones, 516
	 10.2.13	 Tabular Drawings, 516
	 10.2.14	 Working Assembly Drawing, 517
	 10.3	 Using CAD to Create a Working Drawing 

from a 3-D Model, 519
	 10.4	 Projection Theory, 521
	 10.4.1	 Line of Sight (LOS), 523
	 10.4.2	 Plane of Projection, 523
	 10.4.3	 Parallel versus Perspective 

Projection, 523
	 10.5	 Multiview Projection Planes, 525
	 10.5.1	 Frontal Plane of Projection, 526
	 10.5.2	 Horizontal Plane of Projection, 526
	 10.5.3	 Profile Plane of Projection, 526
	 10.5.4	 Orientation of Views from 

Projection Planes, 526
	 10.6	 The Six Principal Views, 527
	 10.6.1	 Conventional View Placement, 530
	 10.6.2	 First- and Third-Angle 

Projection, 530
	 10.6.3	 Adjacent Views, 532
	 10.6.4	 Related Views, 532
	 10.6.5	 Central View, 532
	 10.6.6	 Line Conventions, 532
	 10.7	 Multiview Sketches, 535
	 10.7.1	 One-View Sketches, 539
	 10.7.2	 Two-View Sketches, 539
	 10.7.3	 Three-View Sketches, 541
	 10.7.4	 Multiviews from 3-D CAD 

Models, 542
	 10.8	 View Selection, 542
	 10.9	 Fundamental Views of Edges and Planes 

for Visualization, 547
	 10.9.1	 Edges (Lines), 548
	 10.9.2	 Principal Planes, 549
	 10.9.3	 Inclined Planes, 553
	 10.9.4	 Oblique Planes, 553
	 10.10	 Multiview Representations for Sketches, 556
	 10.10.1	 Points, 556
	 10.10.2	 Planes, 556
	 10.10.3	 Change of Planes (Edge), 558
	 10.10.4	 Angles, 558

	 9.1.1	 Documentation, 446
	 9.1.2	 Analysis, 446
	 9.2	 Data Visualization in Engineering 

and Design, 450
	 9.2.1	 Data Visualization Elements, 453
	 9.2.2	 Data Types, 453
	 9.2.3	 Marks, 454
	 9.2.4	 Encoding Data Variables, 456
	 9.2.5	 Visualization Methods, 456
	 9.2.6	 Visualizations for One 

Independent Variable, 457
	 9.2.7	 Visualizations for Two 

Independent Variables, 461
	 9.2.8	 Visualizations for Functional 

Relationships, 465
	 9.2.9	 Object Rendering, 468
	 9.2.10	 The Rendering Pipeline, 468
	 9.2.11	 Visible Surface 

Determination, 469
	 9.2.12	 Light Definition, 469
	 9.2.13	 Basic Shading Techniques, 471
	 9.2.14	 Advanced Shading 

Techniques, 473
	 9.2.15	 Color Definition, 474
	 9.2.16	 Surface Detail Definitions, 477
	 9.2.17	 Information Integration with Text 

and Graphics, 480
	 9.2.18	 Animation, 482
	 9.2.19	 Hypermedia, 483
	 9.3	 Supply Chain Communication, 483
	 9.4	 Service and Sustainment, 484
	 9.5	 Marketing Communications, 485
	 9.6	 Engineering Visualization, 485
	 9.7	 Recycling Specifications, 486
	 9.8	 Regulations and Compliance, 487
	 9.9	 Summary, 489

Goals Review, 489
Questions for Review, 489
Problems, 491

	10	 Engineering Drawings from Parts and Assembly 
Models, 501
Objectives and Overview, 501

	 10.1	 Basic Concepts, 502
	 10.2	 Working Drawings, 504
	 10.2.1	 Detail Drawings, 504
	 10.2.2	 Assembly Drawings, 506
	 10.2.3	 Part Numbers, 508
	 10.2.4	 Drawing Numbers, 511

Final PDF to printer



xii	 CONTENTS

ber7539X_fm_i-xxiv.indd  xii� 01/30/18  09:03 PM

	 10.17.2	 Sketching Techniques, 600
	 10.17.3	 Outline Sections, 600
	 10.17.4	 Thin-Wall Sections, 601
	 10.18	 Section View Types, 601
	 10.18.1	 Full Sections, 602
	 10.18.2	 Half Sections, 602
	 10.18.3	 Broken-Out Sections, 602
	 10.18.4	 Revolved Sections, 604
	 10.18.5	 Removed Sections, 605
	 10.18.6	 Offset Sections, 606
	 10.18.7	 Assembly Sections, 607
	 10.18.8	 Auxiliary Sections, 607
	 10.19	 Section View Conventions, 611
	 10.19.1	 Ribs, Webs, and Other Thin 

Features, 611
	 10.19.2	 Aligned Sections, 611
	 10.19.3	 Conventional Breaks, 614
	 10.20	 Section View CAD Techniques, 614
	 10.21	 Advantages of Multiview Drawings, 615

DESIGN IN INDUSTRY, Scientific Visualization

	 10.22	 Dimensioning Techniques, 619

DESIGN IN INDUSTRY, John Deere 8020 Series 
Tractor

	 10.22.1	 The Dimensioning Process, 620
	 10.22.2	 Dimensioning Guidelines, 622
	 10.22.3	 ASME Standard Dimensioning 

Rules, 624
	 10.23	 Standard Dimensioning Practices, 626
	 10.24	 Detail Dimensioning, 630
	 10.24.1	 Diameter versus Radius, 632
	 10.24.2	 Holes and Blind Holes, 634
	 10.24.3	 Counterbored Holes, 634
	 10.24.4	 Spotfaces, 634
	 10.24.5	 Countersinks, 634
	 10.24.6	 Screw Threads, 634
	 10.24.7	 Grooves, 634
	 10.24.8	 Manufacturers’ Gages, 637
	 10.25	 Axonometric Projection, 637
	 10.25.1	 Axonometric Projection 

Classifications, 639
	 10.26	 Isometric Assembly Drawings, 641
	 10.27	 Oblique Projections, 642
	 10.27.1	 Oblique Projection Theory, 642
	 10.27.2	 Oblique Drawing 

Classifications, 642
	 10.27.3	 Object Orientation Rules, 644
	 10.28	 Perspective Projections, 646
	 10.29	 Perspective Projection Terminology, 648

	 10.10.5	 Curved Surfaces, 558
	 10.10.6	 Holes, 560
	 10.10.7	 Fillets, Rounds, Finished 

Surfaces, and Chamfers, 561
	 10.10.8	 Runouts, 563
	 10.10.9	 Intersecting Cylinders, 563
	 10.10.10	Cylinders Intersecting Prisms 

and Holes, 564
	 10.11	 ANSI Standards for Multiview Drawings 

and Sketches, 565
	 10.11.1	 Partial Views, 566
	 10.11.2	 Revolution Conventions, 567
	 10.11.3	 Removed Views, 570
	 10.12	 Multiview Drawings Visualization, 570
	 10.12.1	 Projection Studies, 570
	 10.12.2	 Physical Model 

Construction, 570
	 10.12.3	 Adjacent Areas, 570
	 10.12.4	 Similar Shapes, 570
	 10.12.5	 Surface Labeling, 573
	 10.12.6	 Missing Lines, 573
	 10.12.7	 Vertex Labeling, 573
	 10.12.8	 Analysis by Solids, 573
	 10.12.9	 Analysis by Surfaces, 576
	 10.13	 Auxiliary View Projection Theory, 577
	 10.13.1	 Fold-Line Method, 579

DESIGN IN INDUSTRY, Guitar Maker Sets New 
Standards with CAD/CAM

	 10.14	 Auxiliary View Classifications, 581
	 10.14.1	 Reference or Fold-Line Labeling 

Conventions, 581
	 10.14.2	 Depth Auxiliary View, 581
	 10.14.3	 Height Auxiliary View, 583
	 10.14.4	 Partial Auxiliary Views, 585
	 10.14.5	 Half Auxiliary Views, 585
	 10.14.6	 Curves, 585
	 10.14.5	 Auxiliary Views Using CAD, 586
	 10.15	 Sectioning Basics, 586
	 10.15.1	 CAD Technique, 591
	 10.15.2	 Visualization of Section 

Views, 593
	 10.16	 Cutting Plane Lines, 594

DESIGN IN INDUSTRY, The Design of the Leonard 
Zakim Bunker Hill Bridge

	 10.16.1	 Placement of Cutting Plane 
Lines, 596

	 10.17	 Section View Line Styles, 599
	 10.17.1	 Material Symbols, 599

Final PDF to printer



	 Contents	 xiii

ber7539X_fm_i-xxiv.indd  xiii� 01/30/18  09:03 PM

	28.	 ANSI Hexagon and Spline Socket Head Cap 
Screws, A-24

	29.	 ANSI Hexagon Socket Head Shoulder Screws, A-25
	30.	 Drill and Counterbore Sizes for Metric Socket 

Head Cap Screws, A-25
	31.	 ANSI Socket Head Cap Screws—Metric  

Series, A-26
	32.	 ANSI Metric Hex Bolts, A-26
	33.	 ANSI Metric Hex Cap Screws, A-27
	34.	 ANSI Hex and Hex Flange Head Metric Machine 

Screws, A-28
	35.	 ANSI Slotted Flat Head Metric Machine 

Screws, A-29
	36.	 ANSI Slotted Headless Set Screws, A-30
	37.	 ANSI Hexagon and Spline Socket Set 

Screws, A-30
	38.	 ANSI Hexagon and Spline Socket Set Screw 

Optional Cup Points, A-31
	39.	 ANSI Square Head Set Screws, A-32
	40.	 ANSI Taper Pipe Threads (NPT), A-33
	41.	 ANSI Metric Plain Washers, A-34
	42.	 ANSI Type A Plain Washers—Preferred Sizes, A-35
	43.	 ANSI Type A Plain Washers—Additional Selected 

Sizes, A-35
	44.	 ANSI Type B Plain Washers, A-36
	45.	 ANSI Helical Spring Lock Washers, A-37
	46.	 ANSI Internal and External Tooth Lock 

Washers, A-38
	47.	 ANSI Keyseat Dimensions for Woodruff Keys, A-39
	48.	 ANSI Standard Woodruff Keys, A-40
	49.	 Key Size versus Shaft Diameter—Key Size and 

Keyway Depth, A-41
	50.	 ANSI Standard Plain and Gib Head Keys, A-41
	51.	 ANSI Chamfered, Square End, and Taper 

Pins, A-42
	52.	 ANSI Cotter and Clevis Pins, A-43
	53.	 Welding Symbols, A-44
	54.	 Patterns, A-47
	55.	 Geometric Characteristic Symbols, A-51

GLOSSARY, G-1

INDEX, I-1

	 10.30	 Perspective Projection Classifications, 650
	 10.31	 Perspective Drawing Variables 

Selection, 651
	 10.32	 Summary, 653

Goals Review, 653
Questions for Review, 656
Further Reading, 657
Problems, 658

APPENDIXES, A-1

	 1.	 Metric Equivalents, A-1
	 2.	 Trigonometry Functions, A-2
	 3.	 ANSI Running and Sliding Fits (RC), A-3
	 4.	 ANSI Clearance Locational Fits (LC), A-4
	 5.	 ANSI Transition Locational Fits (LT), A-5
	 6.	 ANSI Interference Locational Fits (LN), A-6
	 7.	 ANSI Force and Shrink Fits (FN), A-7
	 8.	 Description of Preferred Metric Fits, A-8
	 9.	 ANSI Preferred Hole Basis Metric Clearance 

Fits, A-9
	10.	 ANSI Preferred Hole Basis Transition and 

Interference Fits, A-10
	11.	 ANSI Preferred Shaft Basis Metric Clearance 

Fits, A-11
	12.	 ANSI Preferred Shaft Basis Metric Transition and 

Interference Fits, A-12
	13.	 Unified Standard Screw Thread Series, A-13
	14.	 Thread Sizes and Dimensions, A-14
	15.	 Tap Drill Sizes for American National Thread 

Forms, A-15
	16.	 Hex Cap Screws (Finished Hex Bolts), A-15
	17.	 Socket Head Cap Screws (1960 Series), A-16
	18.	 Square Head Bolts, A-17
	19.	 Hex Nuts and Hex Jam Nuts, A-18
	20.	 Square Nuts, A-19
	21.	 ANSI Metric Hex Jam Nuts and Heavy Hex 

Nuts, A-20
	22.	 ANSI Metric Hex Nuts, Styles 1 and 2, A-20
	23.	 ANSI Metric Slotted Hex Nuts and Hex Flange 

Nuts, A-21
	24.	 ANSI Square and Hexagon Machine Screw Nuts 

and Flat Head Machine Screws, A-22
	25.	 ANSI Slotted Flat Countersunk Head Cap 

Screws, A-23
	26.	 ANSI Slotted Round and Fillister Head Cap 

Screws, A-23
	27.	 Drill and Counterbore Sizes for Socket Head Cap 

Screws, A-24

Final PDF to printer



ber7539X_fm_i-xxiv.indd  xiv� 01/30/18  09:03 PM

Final PDF to printer



ber7539X_fm_i-xxiv.indd  xv� 01/30/18  09:03 PM

To the authors of this text, teaching graphics is not 
a job; it is a “life mission.” We feel that teaching is an 
important profession, and that the education of our engi-
neers is critical to the future of our country. Further, we 
believe that technical graphics is an essential, fundamen-
tal part of a technologist’s education. We also believe 
that many topics in graphics and the visualization process 
can be very difficult for some students to understand and 
learn. For these and other reasons, we have developed this 
text, which addresses both traditional and modern ele-
ments of technical graphics, using what we believe to be 
an interesting and straightforward approach.

In Chapter 1, you will learn about the “team” concept 
for solving design problems. The authors of this text used 
this concept, putting together a team of authors, reviewers, 
industry representatives, focus groups, and illustrators, 
and combining that team with the publishing expertise at 
McGraw-Hill to develop a modern approach to the teach-
ing of technical graphics.

This new-generation graphics text therefore is based on 
the premise that there must be some fundamental changes 
in the content and process of graphics instruction. Although 
many graphics concepts remain the same, the fields of 
engineering and technical graphics are in a transition 
phase away from 2-D media and 2-D drawings towards 
the adoption of 3-D digital product definitions and models 
that possess the properties and characteristics and mimic 
the physical products and the environments in which they 
operate. We realize that hand sketching will continue to be 
an important part of engineering and technical graphics for 
some time to come. Therefore, the text contains an appro-
priate mix of hand sketching and CAD instruction.

Goals of the Text

The primary goal of this text is to help the engineering 
and technology student learn the techniques and standard 
practices of technical graphics, solid modeling, and the 

Engineering and technical graphics have gone through 
significant changes in the last four decades, due to 
the use of computers and CAD software. Advances in 
digital technologies, information science, and modern 
manufacturing and materials have fundamentally 
altered the role of engineering and technical graphics 
communication in the 21st century. Gone are the days of 
creating 2-D drawings using manual methods and tools. 
Quickly fading are the days of using 2-D drawings to design 
and manufacture modern products and systems. Engineers 
and technologists still find it necessary to communicate 
and interpret designs, but they will do it by creating high-
fidelity 3-D models and digital representations of the 
products they are developing, and those models will be  
reused and repurposed by numerous other people (and 
likely machines as well) over the course of the product 
lifecycle. As powerful as today’s computers and design 
software have become, they are of little use to engineers 
and technologists who do not fully understand fundamental 
graphics principles and 3-D modeling strategies or do not 
possess a high-level visualization ability.

In addition to the evolution of CAD technologies, there 
has been a corresponding shift in the role of 2-D drawings. 
No longer are drawings made with manual drawing tools 
by hand. In fact, few people use 2-D CAD tools today. 
At one time, drawings were considered the document 
of record for products as they were manufactured and 
put into use. Even today, some companies still consider 
drawings to be the document of record. However, that 
is rapidly changing. Drawings are no longer constructed 
from scratch in most cases; they are extracted as deriva-
tives from the 3-D model, with their driving dimensional 
information coming from the dimensional and geometric 
constraints used to create the 3-D CAD model. The cen-
tral role of the 3-D model as the driving artifact of digital 
product definition information is the fundamental theme 
in this edition of the book, which is reflected in the new 
title and a more streamlined table of contents.

Preface
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role of the 3-D model within the lifecycle of the product. 
So that design ideas can be adequately communicated and 
produced. The text concentrates on the concepts and skills 
necessary for sketching, 3-D CAD modeling, and the con-
cept of a model-based product definition. The primary 
goals of the text are to show how to:

	 1.	 Clearly represent and control mental images.
	 2.	 Graphically represent technical designs, using 

accepted standard practices.
	 3.	 Use plane and solid geometric forms to create and 

communicate design solutions.
	 4.	 Understand the role of the 3-D CAD model as 

a communications mechanism within a digital 
enterprise.

	 5.	 Solve technical design problems using 3-D 
modeling techniques.

	 6.	 Communicate graphically, using sketches, and 
CAD.

	 7.	 Apply technical graphics principles to many engi-
neering disciplines.

What Is Different and Why

A major shift in this edition of the text is toward a strong 
emphasis on the 3-D model as the focal point for graphics 
communication with technical drawings as an intelligent 
by-product of the model. As such, there is a very strong 
emphasis on 3-D solid modeling exercises and problems 
in this edition. Extensive attention has been given to mak-
ing 3-D solid modeling a primary method for creating 
technical and engineering graphics for design, documen-
tation, manufacturing, and product management. Looking 
toward the future role of computer graphics in product 
design and development, new solid modeling exercises 
and problems in Chapters 3, 4, 5, 6, 7, 9, and 10 have been 
designed that focus on the following:

	 1.	 The creation of intelligent constraint based 3-D 
solid models based on their design intent.

	 2.	 Placing a strong emphasis on creating 3-D models 
based on the assembly and operability of mecha-
nisms viewed as products as opposed to individual 
pieces and parts.

	 3.	 Making 3-D models that can become the core of 
the data pipeline for design, manufacturing, mar-
keting, documentation, maintenance, and general 
communication concerning that product.

When developing the latest edition of this book, the 
author team has called upon many years of industry prac-
tice and engagement with companies and the standards 
communities alike to create a book that captures the fun-
damental elements of 21st-century engineering graphics 
communication. Historically, this textbook series has 
focused on the techniques, technology, and educational 
content necessary to teach students how to develop engi-
neering graphics to support the design process and to 
enhance their personal visualization skills. Included were 
topics such as orthographic projection, auxiliary views, 
dimensioning techniques for drawings, sketching, and 
many others. These topics were presented in the context 
of creating a technical drawing to be used to communi-
cate product information as part of the engineering design 
process and the production processes used to create the 
product.

However, as the technologies used to create and dis-
seminate engineering graphics have evolved over the last 
three decades, many traditional instructional resources 
and techniques for use in classrooms have not. In that 
period of time, the educational community surrounding 
engineering graphics communication has continued to 
embrace the tools and techniques used in the creation of 
2-D drawings as the centerpiece of instruction on engi-
neering graphics communication, while treating the use 
of 3-D CAD as simply a related technique. In that same 
period of time, many industry sectors have made the tran-
sition to 3-D CAD as a staple for communicating prod-
uct information through the enterprise; have eliminated 
many of the employment positions traditionally reserved 
for people skilled in drafting techniques and standards; 
and are currently on the precipice of eliminating the use 
of 2-D drawings in many aspects of their business. So 
why not prepare students to meet this new environment in 
which they will design and make products?

The seventh edition of Fundamentals of Solid Modeling 
Graphics Communication is intended to start the transition 
of engineering graphics instructional content and techniques 
away from the focus on 2-D drawing techniques and stan-
dards towards the creation and use of 3-D models as a pri-
mary communications mechanism within an enterprise. 
This book is intended to promote the idea that people within 
a manufacturing organization are authors and consumers of 
information alike, and that much of that information can be 
distributed between them using the content within the digital 
product model and tools used to create it. Students in engin-
eering and technical graphics courses, modeling courses, 
CAD courses, and introductory manufacturing courses at 
the university, community and technical college, and high 
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Features of This Edition Include

	 ■	 NEW!!! The seventh edition features new 3-D 
solid modeling problems for each chapter. Solid 
modeling creation and editing techniques are pre-
sented with new learning activities, as well as dis-
cussions of standards and CAD data exchange. The 
3-D solid modeling activities focus on the assem-
bly, design, and function of products through the 
inclusion of new assembly modeling projects. 
New exercises also emphasize visualization, 
graphical and spatial problem solving through the 
use of interactive solid modeling, sketching, and 
related documentation.

	 ■	 The emphasis on 2-D drawings has been removed, 
along with many of the references for topics 
related to traditional drawings, such as auxiliary 
views, section views, and orthographic projection 
as stand-alone topics.

	 ■	 Precise, full-color illustrations allow students 
to actually SEE the power of graphics and bring 
important concepts to life.

	 ■	 Topics tied to industrial practice, such as prod-
uct lifecycle management, digital enterprise, and 
model-based definition, are illuminated through-
out the text.

	 ■	 Visualization techniques are discussed through-
out the text with an emphasis on 3-D model data 
re-use. Many exercises reinforce the importance 
of developing good visualization skills.

	 ■	 Design in Industry boxes are presented to illus-
trate how graphics and design are being used in 
industry today.

	 ■	 Dream High Tech Jobs explain how engineers 
and technologists have found interesting jobs after 
completing their education. You will read about 
how they are using their knowledge and skills to 
design products, devices, and systems.

	 ■	 Many examples that use step-by-step proced-
ures with illustrations are used to demonstrate 
how to create graphics elements or to solve prob-
lems. These step-by-step procedures show the stu-
dent in simple terms how a model or drawing is 
produced.

	 ■	 Discussion of file formats used in current model 
data exchange and archival practices.
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school levels would benefit from the use of this book. Fun-
damentally, this book will not change one of the primary 
pillars on which engineering graphics is based—the need to 
communicate product information between people—how-
ever, it will begin to explore and support the trend towards 
the possibility of including machines in the communica-
tions loop where only humans had existed before. If that is 
to be done, 3-D models must include clear, complete, and 
unambiguous information, and the techniques illustrated in 
this book will support that change.

The seventh edition of Fundamentals fully embraces 
digital age graphics communication as a dynamic, inter-
active, and geometric process. Communication in the 
manufacturing enterprise using 3-D solid modeling with 
associated drawings, and the related uses of spread sheets 
and engineering math-related products, is presented as 
the intelligent core of the engineering design graphics 
process. Emphasis is on the shared 3-D database as the 
basis for disseminating product data used for designing, 
manufacturing, and sustaining products and systems over 
their projected lifetime (Product Lifecycle Management). 
When possible, case studies and industrial examples have 
been incorporated.

The seventh edition of Fundamentals of Solid Modeling 
and Graphics Communication contains a more focused 
look at leveraging the 3-D model as a communications 
mechanism throughout the product lifecycle. It includes 
the following items:

	 ■	 A discussion of neutral file formats for data exchange
	 ■	 A focus on model-based practice problems
	 ■	 An overview of product lifecycle management, 

with the 3-D model playing a central role
	 ■	 An initial review of current 3-D lightweight 

file formats used for displaying product model 
information.

Fundamentals of Solid Modeling and Graphics Com-
munication presents a modern approach to engineering 
graphics, providing students with a strong foundation in 
3-D solid modeling techniques and graphics communica-
tion in the engineering design process. The goal of this 
text is to help students learn the techniques and practices 
of technical graphics, enabling them to create and com-
municate successful design ideas. Design concepts are 
well integrated, including team design exercises and cur-
rent design examples from industry.
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Chapter Features

Every chapter has been planned carefully and written with 
a consistent writing, illustration, and design style and ped-
agogy. Students and instructors will learn quickly where 
to find information within chapters. The book was written 
as part of a more global instructional approach to engin-
eering and technical graphics and will serve as a starting 
point for instructor and student.

Here is a sampling of the features inside Fundamentals:

Objectives  Each chapter has a list of measurable objec-
tives that can be used as a guide when studying the mate-
rial presented in the text. Instructors also can use the 
objectives as a guide when writing tests and quizzes. 
The tests and quizzes included on the website for the text 
include questions for each objective in every chapter. This 
feature allows instructors to make sure that students learn 
and are tested based on the listed objectives.

Color as a Learning Tool  This textbook uses four-color 
illustrations throughout to better present the material and 
improve learning. The selection and use of color in the 
text are consistent to enhance learning and teaching. Many 
of the color illustrations also are available to the instructor 
in the image library found on the website to supplement 
lectures, as explained in detail later in this Preface.

The use of color in the text was used specifically to 
enhance teaching, learning, and visualization. Workplanes 
are represented as a light pink (Figure 4.37). Projection 
and picture planes are a light purple color (Figure 10.39).

Important information in a figure is shown in red to 
highlight the feature and draw the attention of the reader 
(Figure 3.40). Color shading is often used on pictorial illus-
trations so the user can better visualize the three-dimen-
sional form of the object (Figure 10.67). This is especially 
important for most students who are being asked to use their 
visual mode to think and create. Color shading highlights 
important features, more clearly shows different sides of 
objects, and adds more realism to the object being viewed.

xviii	 PREFACE

Some texts use two colors, which are adequate for 
some illustrations, but our research with students clearly 
demonstrates that having the ability to display objects and 
text illustrations in many different colors is a huge advan-
tage when teaching engineering and technical graphics.

Photographs and grabs of computer screens are much 
more interesting and show much more detail when in 
color (Figure 1.44). Many texts use four-color inserts 
to supplement the lack of color in the text. This forces 
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Figure 4.37     Types of linear sweeping operations
In some systems, linear sweeps are restricted to being perpendicular to the sketch plane.
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Figure 10.67     Most descriptive views
Select those views that are the most descriptive and have the fewest hidden lines. In this  
example, the right side view has fewer hidden lines than the left side view.
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graded assignments. Students have the opportunity to try 
to sketch isometric features, such as ellipses, and practice 
before having a formal assignment. They also are work-
ing with known objects that they can pick up and move, 
which is important in the visualization process. Being 
able to pick up objects is especially important for that seg-
ment of the population who are haptic learners and learn 
best when able to manipulate objects to be visualized.

Step-by-Step Illustrated Procedures  Most chapters include 
many drawing examples that use step-by-step procedures 
with illustrations to demonstrate how to create graphics 
elements or to solve problems (Figure 4.39).

Integration of CAD Modeling  The entire text has been 
edited (and in some cases, rewritten) to reflect the impor-
tance of solid modeling and the role of the 3-D CAD 
model as a mechanism for communication in modern dig-
ital enterprises. The role and necessity of the 2-D drawing 
as a document of record is diminishing, and as such, it is 
important to strike the proper balance between coverage 
of 2-D techniques and 3-D techniques in this book.

Dream High Tech Jobs  This feature is included in many 
chapters and explains how engineers and technologists 
have found interesting jobs after completing their educa-
tion. You will read about how they are using their know-
ledge and skills to design precuts, devices, and systems.

Questions for Review  Each chapter includes an extensive 
list of questions for review. Included are questions meant 
to measure whether students learned the objective listed 
at the start of each chapter. Other questions are used to 
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students to search the color insert section or look at the 
insert out of context of the readings. In some aspects of 
engineering design, such as finite element analysis, color 
is the method used to communicate or highlight areas of 
stress or temperature.

Design in Industry  Every chapter includes a special feature 
covering some aspect of design as practiced in industry. This 
Design in Industry feature covers design in many types of 
industries so that students with varied engineering interests 
can see how design is used to solve problems. Many feature 
quotes from engineers working in industry explaining how 
they solved problems or used CAD tools to enhance the 
design process. All the Design in Industry items include 
figures to supplement the information presented.

Practice Problems  This feature gives students drawing 
practice as they learn new concepts. Through immedi-
ate hands-on practice, students more readily can grasp 
the chapter material. To illustrate, in Chapter 6, “Product 
Manufacturing Information (PMI),” Practice Problem 6.1 
provides a grid for students to sketch dimensions in a mul-
tiview drawing.

Practice Exercises  A unique feature of the text is the use 
of practice exercises, which cause the student to pause 
and actively engage in some activity that immediately 
reinforces their learning. For example, Practice Exer-
cise 7.2 in Chapter 7, “Standard Parts,” asks the student 
to find a few familiar objects and begin making isomet-
ric sketches. This exercise allows a student to experience 
and try making isometric sketches without the pressure of 

Figure 1.44     A computer-rendered image created by the technical 
illustrator using the CAD model
The technical illustrator can import the 3-D CAD model into a rendering program, 
where surface textures and light sources are applied.
(Courtesy of Robert McNeel & Associates.)

▼    Practice Problem 6.1
Sketch dimensions in decimal inches for the object shown in the multiview drawing.
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metric equivalents, trigonometry functions, ANSI stan-
dard tables, welding symbols, and more.

An extensive index is included at the end of the text to 
assist the reader in finding topics quickly. This index is 
carefully cross-referenced so related terms easily can be 
found by the user.
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reinforce the most important information presented in the 
chapter. The types of questions used require students to 
answer through writing or through sketching and draw-
ing. Answers to questions are included in the instructor 
material included with the text.

Further Reading  Many of the chapters include a list of 
books or articles from periodicals relevant to the content 
covered in the text

Problems  Every chapter in the text includes an extensive 
number and variety of problem assignments. Most chap-
ters include text-based problems that describe a problem 
to solve or drawing to create. The figure-based problems 
are very extensive and range from the very simple to com-
plex. This arrangement allows the instructor to carefully 
increase the complexity of the problems as students learn 
and progress. The most complex drawings can be used to 
supplement assignments given to the most talented stu-
dents or for group-based projects.

Most of the problems are of real parts made of plas-
tic or light metals, materials commonly found in industry 
today.

The wide range and number of problems allow the 
instructor to frequently change assignments so that fresh 
problems are used from semester to semester. Additional 
problems are available on the website and through our 
workbooks. Most problems’ solutions are provided to 
the instructor. Instructors may receive access to these 
password-protected solutions by contacting their local 
McGraw-Hill sales representative.

Classic Problems  Many chapters include Classic Prob-
lems, which are additional problems that can be assigned. 
They have been taken from the seminal technical graphics 
textbooks by Thomas E. French, published by McGraw-
Hill. Many of the problems are castings with machined 
surfaces, giving the student experience with additional 
materials and machining processes.

Glossary, Appendixes, and Index

At the end of the text is an extensive glossary contain-
ing the definitions of key terms shown in bold in the text. 
This glossary contains over 600 terms related to engineer-
ing and technical drawing, engineering design, CAD, and 
manufacturing.

Fundamentals of Solid Modeling and Graphic Com-
munication, 7th Edition, contains supplementary infor-
mation in the Appendixes useful to students, such as 
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1
Introduction 
to Engineering 
Graphics  
Communication 
and the Product 
Lifecycle

A drawing is the reflection of the visible mind. On its  
surface we can probe, test, and develop the workings of 
our peculiar vision.

–Edward Hill

Objectives and Overview

After completing this chapter, you will be able to:

	 1.	 Describe why the use of graphics is an effective 
means of communicating during the design process 
and throughout the product lifecycle.

	 2.	 Describe the model-centered design process.
	 3.	 Explain the role 3-D modeling plays in the engineer-

ing design process and the entire product lifecycle.
	 4.	 Describe the role of PLM and PDM in the engineer-

ing enterprise.
	 5.	 List and describe the modeling techniques used in 

design.
	 6.	 List and describe the analysis techniques used in design.
	 7.	 Describe additional technologies used to capture 

data, output, and visualize 3-D models.

Chapter 1 is an introduction to the graphics language and 
tools of the engineer and technologist.

CHAPTER

©3D_generator/Getty Images
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This chapter explains the role and importance of 
graphics communications in engineering design, and in 
the context of the greater product lifecycle. It explains 
why drawing and modeling are an effective way to com-
municate engineering concepts, relating past develop-
ments to modern practices. Current industry trends are 
also introduced, showing why engineers and technologists 
today have an even greater need to master graphics com-
munication. The concept of visualization is introduced 
so students can begin to relate its importance to design 
graphics. There is a strong emphasis on communications 
and teamwork for solving design problems, as well as the 
communications artifacts used in the process. It is the 
authors’ primary intent that students begin to understand 
that graphics is a powerful form of human communica-
tions that is enabled by a model-based enterprise (MBE) 
environment in the context of the product’s lifecycle. Con-
cepts and terms important to understanding modern graph-
ics communication and its relationship to the model-based 
engineering design process are explained and defined.

1.1  Introduction

What is graphics communication? For one thing, it is an 
effective means of communicating technical ideas and 
problem solutions. Humans have historically used draw-
ings, paintings, sculpture, models, and other graphical and 
visual forms of expression to share and document their 
ideas. Modern graphics communication, especially that 
which is used for the design and creation of products for 
humankind, are no different. What is different today is the 
manner in which those graphical forms of expression are 
created—usually in a visual form rather than a physical 
form—to support the design and creation of a product.

Look at what happens in engineering design. The process 
starts with the ability to visualize an idea in one’s mind, to 
see the problem and the possible solutions. Then, sketches 
are often made to record and evaluate initial ideas. The next 
steps are where the modern processes of engineering graph-
ics communication differ from those done historically. Geo-
metric models are created from the sketches and are used 
as input for analysis, production, communicating with cus-
tomers, maintenance, and many other activities related to 
the product. Detail and assembly drawings are only made 
if the consumer of the product information needs them for a 
specific task or if the terms and conditions under which the 
product is made and delivered require drawings to be made. 
Visualizing, sketching, modeling, and detailing are how 
engineers and technologists communicate as they design 
new products and structures for our technological world.

Graphics communication using engineering models 
and drawings is a language; a clear, precise language with 
definite rules that must be mastered if you are to be suc-
cessful in engineering design. Once you know the lan-
guage of graphics communication, it will influence the 
way you think, the way you approach problems. Why? 
Because humans tend to think using the languages they 
know. Thinking in the language of graphics, you will visu-
alize problems more clearly and will use graphic images 
to find solutions with greater ease.

In engineering, 92 percent of the design process is 
graphically based. The other 8 percent is divided between 
mathematics and written and verbal communications. 
Why? Because graphics serves as the primary means of 
communication for the design process. Figure 1.1 shows 
a breakdown of how engineers spend their time. 3-D 
modeling and documentation comprise over 50 percent 
of the engineer’s time and are purely visual and graphical 
activities. Engineering analysis depends largely on under-
standing the results of computer simulations that use the 
3-D design model as an input to determine the product’s 
or structure’s performance in certain physical conditions, 
and manufacturing engineering and functional design also 
require the creation and reading of graphics in order to 
fully define and make the product or structure.

Why do graphics come into every phase of the engineer’s 
job? To illustrate, look at the jet aircraft in Figure 1.2. Like 
any new product, it was designed for a specific task and 
within specified parameters; however, before the parts of 
the jet aircraft could be manufactured, a three-dimensional 

  Figure 1.1    A total view of engineering divided into its 
major activities
Graphics plays a very important role in all areas of engineer-
ing, for documentation, communications, design, analysis, and 
modeling. Each of the activities listed is so heavily slanted 
toward graphics communication that engineering is 92 percent 
graphically based.

3-D Modeling and Documentation

Manufacturing Engineering

Functional Design

Engineering Analysis

Other
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(3-D) model like that shown in Figure 1.3 had to be pro-
duced. Just imagine trying to communicate all the necessary 
details for designing and producing the aircraft verbally or 
in writing. It would be impossible!

A designer has to think about the many features of an 
object that cannot be communicated with verbal descriptions 
(Figure 1.4). These thoughts are dealt with in the mind of the 
designer using a visual, nonverbal process. This “visual image 
in the mind” can be reviewed and modified to test different 
solutions before it is ever communicated to someone else.  

As the designer draws a line on paper or creates a 3-D model 
representation with a computer, he or she is translating the 
mental picture into a model or other graphical representa-
tion that will produce a similar picture in the mind of anyone 
who sees the drawing. This drawing or graphic representa-
tion is the medium through which visual images in the mind 
of the designer are converted into the real object.

Technical graphics can also communicate solutions to 
technical problems. Such technical graphics are produced 
according to certain standards and conventions so they 
can be read and accurately interpreted by anyone who has 
learned those standards and conventions. 

The precision of technical graphics is aided by tools; 
some are thousands of years old and still in use today, 
and others are as new and rapidly changing as computer-
aided design (CAD). This book will introduce you to the 
standards, conventions, techniques, and tools of technical 
graphics and will help you develop your technical skills so 
that your design ideas become a reality.

Engineers are creative people who use technical means 
to solve problems. They design products, systems, devices, 
and structures to improve our living conditions. Although 
problem solutions begin with thoughts or images in the 
mind of the designer, presentation devices and computer 

  Figure 1.2 
This jet aircraft would be impossible to create without computer 
graphics models and drawings. Drawings are the road maps that 
show how to manufacture or build products and structures.
©John Foxx/Getty Images RF

  Figure 1.3    Model with dimensional controls
Computer models such as this one are used to produce manu-
factured parts. The 3-D model is also used to inspect parts after 
production.

  Figure 1.4    Technical drawings used for communications
Technical drawings are a nonverbal method of communicating 
information. Descriptions of complex products or structures 
must be communicated with drawings. A designer uses a vis-
ual, nonverbal process. A visual image is formed in the mind, 
reviewed, modified, and ultimately communicated to someone 
else, all using visual and graphics processes.
©Charles Thatcher/Stone/Getty Images
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graphics hardware and software are powerful tools for 
communicating those images to others. They also can aid 
the visualization process in the mind of the designer. As 
computer graphics have a greater impact in the field of 
engineering, engineers will need an ever-growing under-
standing of and facility in graphics communications.

Technologists work with engineers and are concerned 
with the practical aspects of engineering in the designing, 
planning, and production of a product, process, or struc-
ture and in the development and implementation of tools 
to aid in the creation of the product, process, or structure. 
Technologists must be able to communicate quickly and 
accurately using graphics, by sketching and modeling 
design problems and solutions, analyzing design solu-
tions, and specifying production procedures.

Both engineers and technologists are finding that shar-
ing technical information through graphical means is 
becoming more important as more nontechnical people 
become involved in the design/manufacturing/sustain-
ment process. As Figure 1.5 illustrates, the circle of people 
requiring technical information is widening rapidly, and 
engineering and technical information must be authored 

  Figure 1.5    Users of graphics
The circle of people requiring technical information is growing rapidly.

Analysis
(©Oleg Bush/Shutterstock RF.)

(©Nathan W. Hartmann.)

Service
(©Cultura/Image Source RF.)

Customer use
(©Carlos Santa Maria/iStockphoto/

Getty Images RF.)

Inspection
(©ctpaul/Shutterstock RF.)

Manufacturing
(©Adrian Brockwell/Juice 
Images/Getty Images RF.)

Practice Exercise 1.1

	1.	 Try to describe the part shown in Figure 1.44 using writ-
ten instructions. The instructions must be of such de-
tail that another person can make a sketch of the part.

	2.	 Now try verbally describing the part to another person. 
Have the person make a sketch from your instructions.

These two examples will help you appreciate the difficulty 
in trying to use written or verbal means to describe even sim-
ple mechanical parts. Refer to Figure 1.6 and others in this 
text to get an idea of how complicated some parts are com-
pared to this example. It is also important to note that air- and 
watercraft have thousands of parts. For example, the nuclear-
powered Sea Wolf class submarine has over two million parts. 
Try using verbal or written instructions to describe that!

and delivered effectively to many other people who are 
not engineers or technologists, such as marketing, sales, 
and service personnel. Computer graphics can assist in 
the process. It can be the tool used to draw together many 
individuals with a wide range of visual needs and abilities.
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solutions to other members of the larger team working on 
the design problem (Figure 1.7). The permanent, visible 
record of ideas means that they can be shared with others 
to work with at a later time (asynchronously) or used as 
part of a shared meeting time (synchronously) when ideas 
and problems are worked through collectively.

While informal sketches can be done by anyone, prac-
tice and instruction help one to quickly and accurately 
express ideas. When computer tools are used, more train-
ing is often needed so that the engineer/designer can 
appropriately represent his or her design solutions. As 
the designs become more refined, specialized knowledge 
is needed to use the agreed-upon standardized language 
of technical drawing and modeling. These standards, 
developed by organizations like the American National 
Standards Institute (ANSI) and the American Society of 
Mechanical Engineers (ASME), ensure accurate and pre-
cise communication of engineered design specifications 
(Figure 1.8).

1.2.1  Visualization

A powerful tool for design engineers is the ability to see 
in their minds the solution to problems. Visualization 
is the ability to mentally picture things that do not exist 

1.2  The Importance of Graphics in the 
Design Process

Technical graphics is a real and complete language used 
in the design process for:

	 1.	 Visualization
	 2.	 Communication
	 3.	 Documentation

Graphical representations are used by individual engi-
neers and designers to problem-solve about a technical 
problem they are working on (Figure 1.6). For an engi-
neer, this problem can often be a 3-D object that is either 
being modified from an initial design or created from 
scratch. Part of this problem-solving process can be the 
use of informal drawings or sketches. While these types 
of drawings were historically done with pencil and paper, 
increasingly computer-based sketching and modeling 
tools are used to rapidly create multiple ideas for solutions 
to the problem.

Graphic representations are useful as a permanent 
record of ideas as they are being mentally worked through 
by an engineer or designer. Later on in the design pro-
cess, more refined graphic representations in the form of 
models or drawings can be used to communicate problem 

  Figure 1.6    Technical drawing of an electric motor
Only experienced users of technical drawings can interpret the various lines, arcs, and circles sufficiently to get a clear mental picture 
of what this part looks like three-dimensionally.
©alienhelix/Getty Images RF
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thinking, by and large, that has fixed the outlines and 
filled in the details of our material surroundings for, in 
their innumerable choices and decisions, technologists 
have determined the kind of world we live in, in a physical 
sense. Pyramids, cathedrals, and rockets exist not because 
of geometry, theory of structures, or thermodynamics, but 
because they were first a picture—literally a vision—in 
the minds of those who built them.”

Most designers will initially capture their mental images 
by sketching them on paper. Sometimes these sketches are 
very rough and quickly done to capture some fleeting detail 
in the mind of the designer. When communicating one’s 
sketch to others, the sketches must be refined (Figure 1.9).

Your ability to visualize should improve as you solve 
the problems located at the end of every chapter in this 
book. Visualization and the resulting sketch is the first 
phase in the whole process of graphics being used in the 
design process. You will find that as a professional engi-
neer, the ability to visualize problem solutions and com-
municate them through your sketches will be one of your 
most important skills.

1.2.2  Communication

The second phase in the graphics produced to support the 
design process is communication models and drawings. 
In this phase your goal is to refine your initial sketches 
so your design solution can be communicated to others 
without ambiguity. In other words, you must be able to 
improve the clarity of your graphics to such an extent that 
others can visualize your design. This is done by adding 
more detail to your sketches, then creating a 3-D model 

and to understand the interaction between them. Design 
engineers with good visualization ability can not only 
picture things in their minds, they can also control that 
mental image, allowing them to move around the image, 
change the form, look inside, and make other movements 
as if they were holding the object in their hands. Some 
of the greatest engineers and scientists throughout history 
have had powerful visualization ability, such as Albert 
Einstein, James Clerk Maxwell, Leonardo da Vinci, and 
Thomas Edison.

In his book titled Engineering and the Mind’s Eye, 
Eugene Ferguson summarizes the importance of visu-
alization to the design process. “It has been nonverbal 

  Figure 1.7    3-D computer model of the interior of an 
automobile
This computer rendering of a 3-D computer model is more eas-
ily understood because more detail is given through the use of 
colors, lights, and shades and shadows.
©Haiyin Wang/Alamy Stock Photo

  Figure 1.8 
Technical drawings are used to communicate complex technical 
information.
©3DConcepts/Shutterstock RF

  Figure 1.9    Design sketch of a hand digitizing system
These sketches allowed the designers to quickly explore and 
communicate design ideas.
Courtesy of Priority Designs (www.prioritydesigns.com)
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the trend is for companies to refine the 3-D model, which 
then is used directly by machine tools to create the design; 
measuring machines to inspect the design; and by sophisti-
cated robots to help with the assembly of the design. Detail 
drawings still may be created, but the emphasis placed on 
their creation and use is shifting. Modern manufacturing 
organizations are moving toward the use of the 3-D model 
as the primary communication and documentation arti-
fact of the design process, and drawings (when not used 
during production) are being used for things like meeting 
contractual obligations for legal and archival purposes 
(Figure 1.11). Two-dimensional documentation drawings 
follow very strict standard practices so everyone in the 
engineering field can “read” the drawing, and as 3-D mod-
eling tools and processes have evolved, they are beginning 
to follow strict standard practices and techniques as well. 
These standards are the “language” used to communicate 
graphically. Advances in networking computer tools and 
storage, and the distribution of manufacturing organiza-
tions across the globe, means that electronic copies of 3-D 
models and 2-D drawings are increasingly being stored 
and accessed over the Internet to design, produce, and 
maintain products, processes, and structures.

1.3  The Engineering Design Process

Engineering design is one of the processes normally asso-
ciated with the entire business or enterprise, from receipt 
of the order or product idea, to maintenance of the prod-
uct, and all stages in between (Figure 1.12). The design 
process requires input about such areas as customer needs, 
materials, capital, energy, time requirements, and human 
knowledge and skills.

Two important societal concerns that an engineer must 
take into account are legal and environmental issues. 
Every business must operate within the law that gov-
erns their business. When designing, it is important that 
the engineer understand that legal issues may affect the 
designed product. Safety laws related to automobiles are 
an example of how government legislation can affect a 
design. Government regulations related to the environ-
ment may also have a bearing on the final outcome of 
the design. For example, the emission requirements on an 
automobile engine have a great effect on the final design.

Human knowledge input, such as an engineer’s knowl-
edge of graphics, mathematics, and the sciences, will also 
have a great effect on the outcome of a finished product. 
Such knowledge is used by the engineer to analyze and 
solve problems, which ultimately make a product better by 
meeting more of the customer’s requirements.

using CAD software (Figure 1.10). The 3-D model is 
modified and changed as the design is refined. In the past, 
real models of the design were created for activities like 
product testing or production planning; however, many 
industries now use 3-D digital models to replace real mod-
els. Sometimes it is necessary to have real models, which 
can be produced from the 3-D model through a process 
called rapid prototyping, which will be explained later.

1.2.3  Documentation

After the design solution is finalized, graphics is the most 
effective way to permanently record that solution. Before 
3-D modeling, documentation drawings were 2-D detail 
drawings that were copied through a process called blue-
printing. Although many companies still create drawings, 

  Figure 1.10    A refined 3-D model of the digitizing system 
used to communicate the design without ambiguity
With a CAD model, it is possible to test fit parts, analyze toler-
ances, and check interferences before making the actual com-
ponents. It is also possible to locate the center of gravity and 
distribute the internal components to achieve perfect ergonomic 
weight and balance.
Courtesy of Priority Designs (www.prioritydesigns.com)
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  Figure 1.11    A detail drawing used in the documentation process
©Ildarss/Shutterstock RF

  Figure 1.12    The business process
A manufacturing business or enterprise includes all the inputs, processes, and outputs necessary to produce a product or construct a 
structure. Designing is one of the major processes in such a business.
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distribute the internal components to achieve a perfect 
ergonomic weight balance.

Engineering
Our designers and engineers collaborated to streamline 
the engineering process. Whenever possible, “off the 
shelf” parts were utilized to reduce time to market. An 
accurate and fully detailed computer model was crucial 
for this project to come together on schedule.

Knowing that changes would likely be made, the Pro-E 
models were carefully constructed to best facilitate down-
stream modifications. This database allowed us to check 
clearance and interference, leave room for cables and fas-
teners, and give accurate, functional assembly drawings 
to the client.

Production Parts
Pleased with our work thus far. Arc Second was anxious to 
field-test these units. Our prototype staff was contracted to 
create functional prototypes before committing to costly 
hard tooling. Utilizing our engineer’s Pro-E data, we cre-
ated RTV silicone molds from SLA masters. With these 
molds, we produced copies using two-part polyurethane. 
The units were then sprayed with a soft polyurethane coat-
ing which looked, felt, and performed like production 
injection molded parts. The coating also sealed the origi-
nal material and protected it from UV rays. In addition, 
we cast the soft rubber “boots” that protected the hand-
held computer interface. All parts were test fitted in our 
shop before shipping to Arc Second for final assembly.

Ultimately, Priority Designs was contracted to produce 
90 fully functioning Beta production units, which have 
been, and continue to be used and evaluated by consumers.

This case study describes the design of a 3-D digitizing 
system. In this case study, you will see examples of how 
sketching is used and the importance of sketching in the 
design process to create this new product.

What Vulcan Does
The digitizing system consists of two laser transmitters 
and a wand receiver. The transmitters emit overlapping 
signals which create a digital grid, and the wand receiver 
picks up the signal and triangulates the position of the tip 
relative to the transmitters. In plain English, it means a 
person can walk around—free from wires—and simply 
click off precise measurements or navigate to a predeter-
mined coordinate with ease.

The data is collected and saved to the CE box, and it 
can be downloaded directly into a CAD system via propri-
etary software. This allows for inspection, navigation, and 
modeling directly in CAD.

Brainstorm Sketching
To achieve our goals, we first brought all of our internal 
design staff together and created fast, rough brainstorm 
sketches. These sketches allow us to quickly explore and 
communicate our ideas with each other and the client. 
During the first week, work began in earnest to create a 
platform which would incorporate all of the features and 
functionality that Arc Second needed. It also was impor-
tant to establish a language of aesthetics that would dif-
ferentiate Arc Second from its competitors.

Presentation Model
After a final direction was chosen by the client, the design 
was transformed into a three-dimensional model, which 
allowed all team members on the project to see and touch it. 
This ensures that everybody involved is on the same page. 
At this point, the final aesthetic direction can be evaluated, 
as well as sizing and component packaging. Although 
many details will change, the overall look was locked in. 
Molded in solid foam, it was realistic enough to be shown 
at trade shows to determine consumer acceptance.

CAD Modeling
After the final design and graphics were chosen by the 
client, the foam model was digitized. This allowed our 
engineers to electronically model all of the components 
using Pro-Engineer (now known as Creo). We were now 
able to test-fit parts, analyze tolerances, and check inter-
faces before making the actual components. Additionally, 
our engineers were able to locate the center of gravity and 

Design in Industry
Arc Second
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