
INTRODUCTION TO BIOMEDICAL
ENGINEERING

THIRD EDITION



This is a volume in the
ACADEMIC PRESS SERIES IN BIOMEDICAL ENGINEERING

JOSEPH BRONZINO, SERIES EDITOR

Trinity College—Hartford, Connecticut



INTRODUCTION
TO BIOMEDICAL
ENGINEERING

THIRD EDITION
JOHN D. ENDERLE
University of Connecticut

Storrs, Connecticut

JOSEPH D. BRONZINO
Trinity College

Hartford, Connecticut



Academic Press is an imprint of Elsevier

30 Corporate Drive, Suite 400, Burlington, MA 01803, USA
The Boulevard, Langford Lane, Kidlington, Oxford, OX5 1GB, UK

# 2012 Elsevier Inc. All rights reserved.

No part of this publication may be reproduced or transmitted in any form or by any means, electronic
or mechanical, including photocopying, recording, or any information storage and retrieval system,
without permission in writing from the publisher. Details on how to seek permission, further
information about the Publisher’s permissions policies and our arrangements with organizations such
as the Copyright Clearance Center and the Copyright Licensing Agency, can be found at our website:
www.elsevier.com/permissions.

This book and the individual contributions contained in it are protected under copyright by the
Publisher (other than as may be noted herein).

Notices
Knowledge and best practice in this field are constantly changing. As new research and experience
broaden our understanding, changes in research methods, professional practices, or medical
treatment may become necessary.

Practitioners and researchers must always rely on their own experience and knowledge in
evaluating and using any information, methods, compounds, or experiments described herein. In
using such information or methods they should be mindful of their own safety and the safety of
others, including parties for whom they have a professional responsibility.

To the fullest extent of the law, neither the Publisher nor the authors, contributors, or editors,
assume any liability for any injury and/or damage to persons or property as a matter of products
liability, negligence or otherwise, or from any use or operation of any methods, products,
instructions, or ideas contained in the material herein.

MATLABW and SimulinkW are trademarks of The MathWorks, Inc. and are used with permission.
The MathWorks does not warrant the accuracy of the text or exercises in this book. This book’s use or
discussion of MATLABW and SimulinkW software or related products does not constitute
endorsement or sponsorship by The MathWorks of a particular pedagogical approach or particular
use of the MATLABW and SimulinkW software.

Library of Congress Cataloging-in-Publication Data
Introduction to biomedical engineering / [edited by] John Enderle, Joseph Bronzino. – 3rd ed.

p. ; cm.
Includes bibliographical references and index.
ISBN 978-0-12-374979-6 (alk. paper)
1. Biomedical engineering. I. Enderle, John D. (John Denis) II. Bronzino, Joseph D., 1937-
[DNLM: 1. Biomedical Engineering. QT 36]
R856.I47 2012
610.28–dc22 2010046267

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library.

For information on all Academic Press publications
visit our Web site at www.elsevierdirect.com

Printed in the United State of America
11 12 13 14 9 8 7 6 5 4 3 2 1



This book is dedicated to our families.





Contents

Preface xi
Contributors to the Third Edition xiii
Contributors to the Second Edition xiv
Contributors to the First Edition xv

1. Biomedical Engineering: A Historical
Perspective

JOSEPH D. BRONZINO

1.1 The Evolution of the Modern Health
Care System 2

1.2 The Modern Health Care System 9
1.3 What Is Biomedical Engineering? 16
1.4 Roles Played by the Biomedical Engineers 21
1.5 Recent Advances in Biomedical

Engineering 23
1.6 Professional Status of Biomedical

Engineering 29
1.7 Professional Societies 30
1.8 Exercises 32

2. Moral and Ethical Issues
JOSEPH D. BRONZINO

2.1 Morality and Ethics: A Definition of
Terms 36

2.2 Two Moral Norms: Beneficence and
Nonmaleficence 44

2.3 Redefining Death 45
2.4 The Terminally Ill Patient and Euthanasia 49
2.5 Taking Control 52
2.6 Human Experimentation 53
2.7 Definition and Purpose of

Experimentation 55
2.8 Informed Consent 57
2.9 Regulation of Medical Device Innovation 62
2.10 Marketing Medical Devices 64
2.11 Ethical Issues in Feasibility Studies 65
2.12 Ethical Issues in Emergency Use 67

2.13 Ethical Issues in Treatment Use 70
2.14 The Role of the Biomedical Engineer in the

FDA Process 71
2.15 Exercises 72

3. Anatomy and Physiology
SUSAN BLANCHARD AND JOSEPH D. BRONZINO

3.1 Introduction 76
3.2 Cellular Organization 78
3.3 Tissues 93
3.4 Major Organ Systems 94
3.5 Homeostasis 126
3.6 Exercises 129

4. Biomechanics
JOSEPH L. PALLADINO AND ROY B. DAVIS III

4.1 Introduction 134
4.2 Basic Mechanics 137
4.3 Mechanics of Materials 158
4.4 Viscoelastic Properties 166
4.5 Cartilage, Ligament, Tendon, and

Muscle 170
4.6 Clinical Gait Analysis 175
4.7 Cardiovascular Dynamics 192
4.8 Exercises 215

5. Biomaterials
LIISA T. KUHN

5.1 Materials in Medicine: From Prosthetics to
Regeneration 220

5.2 Biomaterials: Types, Properties, and Their
Applications 221

5.3 Lessons from Nature on Biomaterial Design and
Selection 236

5.4 Tissue–Biomaterial Interactions 240
5.5 Biomaterials Processing Techniques for Guiding

Tissue Repair and Regeneration 250

vii



5.6 Safety Testing and Regulation of
Biomaterials 258

5.7 Application-Specific Strategies for the Design
and Selection of Biomaterials 263

5.8 Exercises 269

6. Tissue Engineering
RANDALL E. MCCLELLAND, ROBERT DENNIS,

LOLA M. REID, JAN P. STEGEMANN, BERNARD PALSSON,

AND JEFFREY M. MACDONALD

6.1 What Is Tissue Engineering? 274
6.2 Biological Considerations 290
6.3 Physical Considerations 319
6.4 Scaling Up 339
6.5 Implementation of Tissue Engineered

Products 343
6.6 Future Directions: Functional Tissue Engineering

and the “-Omics” Sciences 347
6.7 Conclusions 349
6.8 Exercises 349

7. Compartmental Modeling
JOHN D. ENDERLE

7.1 Introduction 360
7.2 Solutes, Compartments, and Volumes 360
7.3 Transfer of Substances between Two

Compartments Separated by a Membrane 362
7.4 Compartmental Modeling Basics 379
7.5 One-Compartment Modeling 381
7.6 Two-Compartment Modeling 391
7.7 Three-Compartment Modeling 403
7.8 Multicompartment Modeling 418
7.9 Exercises 430

8. Biochemical Reactions and Enzyme
Kinetics

JOHN D. ENDERLE

8.1 Chemical Reactions 448
8.2 Enzyme Kinetics 458
8.3 Additional Models Using the Quasi-Steady-State

Approximation 467
8.4 Diffusion, Biochemical Reactions, and Enzyme

Kinetics 473
8.5 Cellular Respiration: Glucose Metabolism and

the Creation of ATP 485

8.6 Enzyme Inhibition, Allosteric Modifiers, and
Cooperative Reactions 497

8.7 Exercises 505

9. Bioinstrumentation
JOHN D. ENDERLE

9.1 Introduction 510
9.2 Basic Bioinstrumentation

System 512
9.3 Charge, Current, Voltage, Power, and

Energy 514
9.4 Resistance 520
9.5 Linear Network Analysis 531
9.6 Linearity and Superposition 537
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Preface

The purpose of the third edition remains
the same as the first and second editions,
that is, to serve as an introduction to and
overview of the field of biomedical engi-
neering. Many chapters have undergone
major revision from the previous editions
with new end-of-chapter problems added.
Some chapters were eliminated completely,
with several new chapters added to reflect
changes in the field.

Over the past fifty years, as the discipline
of biomedical engineering has evolved, it has
become clear that it is a diverse, seemingly
all-encompassing field that includes such
areas as bioelectric phenomena, bioinformat-
ics, biomaterials, biomechanics, bioinstru-
mentation, biosensors, biosignal processing,
biotechnology, computational biology and
complexity, genomics, medical imaging,
optics and lasers, radiation imaging, tissue
engineering, and moral and ethical issues.
Although it is not possible to cover all of
the biomedical engineering domains in this
textbook, we have made an effort to focus
on most of the major fields of activity in
which biomedical engineers are engaged.

The text is written primarily for engineer-
ing students who have completed differen-
tial equations and a basic course in statics.
Students in their sophomore year or junior
year should be adequately prepared for this
textbook. Students in the biological sciences,
including those in the fields of medicine
and nursing can also read and understand
this material if they have the appropriate
mathematical background.

Although we do attempt to be fairly rigor-
ous with our discussions and proofs, our ulti-
mate aim is to help students grasp the nature
of biomedical engineering. Therefore, we
have compromised when necessary and have
occasionally used less rigorous mathematics
in order to be more understandable. A liberal
use of illustrative examples amplifies con-
cepts and develops problem-solving skills.
Throughout the text, MATLAB® (a matrix
equation solver) and SIMULINK® (an exten-
sion to MATLAB® for simulating dynamic
systems) are used as computer tools to assist
with problem solving. The Appendix pro-
vides the necessary background to use
MATLAB® and SIMULINK®. MATLAB®
and SIMULINK® are available from:

The Mathworks, Inc.
24 Prime Park Way
Natick, Massachusetts 01760
Phone: (508) 647-7000
Email: info@mathworks.com
WWW: http://www.mathworks.com

Chapters are written to provide some his-
torical perspective of the major developments
in a specific biomedical engineering domain
as well as the fundamental principles that
underlie biomedical engineering design, anal-
ysis, andmodelingprocedures in thatdomain.
In addition, examples of some of the problems
encountered, aswell as the techniques used to
solve them, are provided. Selected problems,
ranging from simple to difficult, are presented
at the end of each chapter in the same general
order as covered in the text.
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The material in this textbook has been
designed for a one-semester, two-semester, or
three-quarter sequence depending on the needs
and interests of the instructor. Chapter 1
provides necessary background to understand
the history and appreciate the field of bio-
medical engineering. Chapter 2 presents the
vitally important chapter onbiomedicallybased
morals and ethics. Basic anatomy and physiol-
ogy are provided in Chapter 3. Chapters 4–11
provide the basic core biomedical engineering
areas: biomechanics, biomaterials, tissue engi-
neering, compartmental modeling, biochemical
reactions, bioinstrumentation, biosensors, and
biosignal processing. To assist instructors in
planning the sequence of material they may
wish to emphasize, it is suggested that the
chapters on bioinstrumentation, biosensors
and biosignal processing should be covered
together as they are interdependent on each
other. The remainder of the textbook presents
material on biomedical systems and biomedical
technology (Chapters 12–17).

Readers of the text can visit http://www
.elsevierdirect.com/9780123749796 to view
extra material that may be posted there
from time to time.

Instructors can register at http://www
.textbooks.elsevier.com for access to solu-
tions and additional resources to accompany
the text.
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