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ntransport of energy, mass, and momentum is essential to the function of living sys-
s, Changes in these processes often underlie pathulug,u.al conditions. Transport
..1. nomena are also central to the operation of instrumentation used to analyze living
]’a s, and to many of the technological interventions used to repair or improve tis-
i or organs. Transport processes are manifest from the smallest spatial scales of
) lcCular dimensions to the large scales of whole organs and of organisms them-
. -.1 . They also span the minute time scales of individual chemical events to the life-
time: of living systems. As scientific and technological advancements have shrunk the
emporal and spatial scales of observation and understanding of living systems, atten-
....yf- to attendant transport processes at those scales has followed suit.
- The objective study of biological transport phenomena began historically in
he field of physiology and, indeed, helped define that field. Today, the engineering
'.‘-: pllcatmn of biological transport phenomena contributes to research advances in
7 ysmlng}', immunology, and cell and molecular biology. Thus, transport processes
§= important considerations in basic research related to molecule, {}I},JHE][E, cell
‘and organ function; the design and operation of devices, such as filtration units for
kidney dialysis, high density cell culture and biosensors; and applications including
~drug and gene delivery, biological signal transduction, and tissue engineering.
Clearly, attention to the basic mechanisms of transport processes and, concomi-
~tantly, their biological and biomedical contexts, is important to curricula for edu-
-~ cating biomedical engineers.
‘ Teaching undergraduate and graduate students in bioengineering about trans-
port phenomena in living systems is challenging. This teaching must integrate the
~development of fundamental principles of transport processes, the mathematical
- expression of these principles and the solution of transport equations, along with
~ characterization of composition, structure and function of the living systems to
- which they are applied. The overwhelming majority of textbooks on transport
- processes are oriented primarily toward chemical and mechanical engineers, and
-~ lack applications and descriptions of biological and biomedical contexts., While
- many of these texts are excellent, there is a need for a book that integrates biologi-
- cal and engineering concepts in the development of the transport equations and,
- meanwhile, provides detailed and current applications. It is our goal that this text
- meets that need.
3 The materials in this textbook will help to develop both skills and contexrual
knowledge for engineers, enabling them to establish and critically analyze models of
~ biological transport and reaction processes. We have sought to present engineering
~ fundamentals and biological contexts in a unified way. The book covers topics in fluid
~ mechanics, mass transport, and biochemical interactions and reactions. Inclusion of
~ the latter has great biological and biomedical motivation, since so many relevant
- processes and technologies involve chemical reactions. Each engineering concept is
- motivated by specific biological problems. Immediately after the concept is developed,




biological and/or biomedical applications are presented. In this way, the student can
gain an understanding of the specific topic presented, as well as its application to
important problems in biology and medicine. Fach chapter contains a number of
examples and homework problems, that either elaborate upon problems discussed
i1 the text or address new biomedical questions. Problems and examples include
analytical as well as numerical solutions. We emphasize analytical solutions because
they often provide physical insights that are important for introductory material,
even if such insights provide only first-order levels of understanding. More complex
problems that require numerical solution are presented and the use of MATLAB in
the solution of these problems is discussed. References to current literature are pro-
vided for those who are interested in more detailed analyses.

Our target audience consists of advanced undergraduates or graduate stu-
dents. We assume some exposurc to the study of biology, but Chapter 1 summarizes
many basic concepts in cell biology and physiology. References to relevant texts in
cell biology and physiology are provided. No previous exposure to mass and
momentum transport, nor to chemical kinetics is assumed, but understanding of
introductory material in chemistry is needed. Although students should be familiar
with most of the mathematical concepts that are discussed in the text, we include an
Appendix that provides a review of important concepts, and presents material about
use of MATLAB in problem solving.

The text contains an introduction and four parts. The introduction describes
the motivation for the text and its organization and provides a brief overview of
transport processes at the cell and tissue level. The first two parts are based on the
analogy in development of principles for momentum and mass transport. Balance
relations are presented for momentum (Chapter 2) and mass (Chapter 6), and are
applied to some simplified biomedical contexts that demonstrate the effects of geom-
try and boundary conditions. Next, we develop the conservation and constitutive
relations in three dimensions for momentum (Chapter 3) and mass (Chapter 7), and
apply them to more complex problems. Subsequent chapters in each part are devoted
to specific applications. The third part examines biochemical interactions and effects
of mass transport upon these - teractions. The fourth part focuses on transport in
organs and whole organisms. Applications in all parts range from molecular events
within cells (Chapters 11 and 12) to biochemical reactions that affect transport
between cells (Chapters 13 to 15). The final chapter of the book synthesizes these con-
cepts by considering several examples of whole-body transport.

This book can be used for both introductory and advanced courses on trans-
port phenomena in biomedical engineering. A one-semester COUrse might include
Chapters 1, 2, 3, 6, 7, and 10, and focus on the basic concepts of biological trans-
port phenomena. We present physiological fluid mechanics before diffusion process-
es to provide a basis for understanding models describing the diffusion coefficient
in Section 6.6. It is possible to present the analysis of diffusion (Chapter 6) prior to
physiological fluid mechanics, by deferring discussion of Section 6.6 until low
Reynolds number flow 1s presented. Time permitting, one or more of the applica-
tion chapters could also be covered. An advanced course might use some or all of
the chapters on advanced topics (Chapters 4, 5, 8,9 and 11 through 16).

Contemporary biology, medical science, and biotechnology are replete with
important transport problems yet to be solved. Such problems embody interrela-
tionships amongst biological, chemical, and physical processes. By presenting these




relationships in the context of biomedical applications, we hope, in this textbook,
to provide students and researchers with knowledge and insights needed to address
and solve these important problems.

The completion of this book would not be possible without the assistance of
many colleagues and students who made many helpful suggestions. We are espe-
cially grateful to the following colleagues who reviewed large portions of the text or
who used earlier drafts of the book in their courses: Robert Tranquillo and Victor
Baracos at the University of Minnesota, John Tarbell at the City University of New
York, Stanley Berger at the University of California, Berkeley, Norman Harris at the
Pennsylvania State University. Roger Barr at Duke University, and Robert Roselli at
Vanderbilt University provided helpful comments, We'd also like to thank the fol-
lowing graduate students who have reviewed the text or provided solutions to many
problems: Bernard Chan, Joshua Henshaw, Joel Irick, Jeff Lamack, Priva Karani,
Sarah Kieweg, Sarah McGuire, Valerie Mckinney, Mark Lavender, Sheng Tong, and
Steve Wallace. Jennifer Peters provided drawings in Chapter 4. Diane Feldman pro-
vided expertise in editorial assistance and important suggestions that improved the
clarity of the text. We greatly appreciate the financial support provided by the
Textbook awards program at the Whitaker Foundation and the support and encour-
agement of Jack Linehan of the Foundation. Lastly, we thank the students of BME
207 who provided countless questions and who endured many drafts of the book as
it evolved.
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