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This textbook is designed as an infroductory course for junior and senior
undergraduates and graduates alike. It aims to facilitate transdisciplinary
learning through consolidation of commonalities in compartmentalized
disciplines, develop deep understandings of how the “intricate machinery”
of computational modeling operates, and pave the groundwork toward
infegrative engineering with the assistance of a computational investigative
toolforproblem-solving, inventing, hypothesis-testing, designing, prototyping.
and testing.

Several special features:
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Highlights the connections among real-world problems, governing
differential equations, computational ways of equation solving, and
modeling implementation and practices

Infroduces basic concepts of multidiscipline-based computational
modeling methods with detailed step-by-step techniques to build
models with consideration of underlying multiphysics

Discusses important aspects of a modeling approach including
results interpretation, validation, and assessment

Incorporates case studies of real-world relevance to biomedical care
and regulatory science

Suits both new and experienced researchers

Text has been thoroughly class fested at appropriate courses at
Clemson University
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I would like to dedicate this book to my parents, from
whom [ learned the importance of learning how beyond
learning that at a very young age (although I did not
know the exact literary terms back then), and to my
wife, for keeping me in check all these years whenever
I wandered into foolishness.






Preface

This book has been developed based on my years of firsthand experiences
in teaching computational modeling of multidisciplinary problems with the
motivation to encourage transdisciplinary learning, integrative thinking, and
holistic problem solving. The structure of this book is shaped by my philo-
sophic views toward learning and teaching. These views include mainly that
(1) an integrative transdisciplinary approach, rather than a reductive com-
partmentalized one, should be pursued in today’s teaching and learning in
order to equip students and engineers to take on the twenty-first-century chal-
lenges and (2) knowing how our minds function differently in learning that and
learning how, it is feasible to devise ways to stimulate learning how besides
learning that to cultivate and develop critical and creative minds in students
within the time frame of current curricula.

With its sight set on encouraging learning how, this book introduces a
systemic look into the blackbox of how the engineering world is linked to
differential equations, and how these differential equations are solved by
computer-based approximate methods through domain discretization, field
quantity interpolations, weighted integral of residue evaluations, linearization
of differential equations into matrix algebraic equations, Gauss quadrature
and numerical integrations, and minimization of approximation errors, among
other topics.

Through hands-on experiences in the process of learning that and devel-
oping crucial hard skills, students and readers will find it not only feasible
but also practical to examine and solve engineering problems in a holistic way
by taking advantage of a computational tool. With this approach, real-world
problems exhibiting mechanical, electrical, thermal, electrochemical, and mass
transport phenomena, either individually or combined, will be dealt with in a
coupled multidisciplinary (i.e., transdisciplinary) way, rather than in the con-
ventional single-discipline (i.e., compartmentalized disciplinary) way. I hope
that this practice, in the long run, will help set future modelers and engineers
on a journey of integrative learning and problem solving.

Although this book will discuss procedures used in the finite element
method (FEM), it is not like any other books on FEM. It aims to introduce
a computational modeling approach based on FEM for facilitating integrative
learning through consolidation of commonalities in various compartmental-
ized disciplines, and for gaining a deep understanding of how this “intricate
machinery” of computational modeling operates to encourage learning how

XV



figrsuaaiuy) woswa))
dueyz uafinx)

‘S[RLID)RIU
FUDUDILJAI pur SUILIRS]  oW)-UI-)sn(, er)xo se popraoxd st sorjetmayjeur pue
S[RLI9JRUI JO SOIURIDIW 9] UL 98PO[MOUY [NJasn ‘AT Jed U] "pPassnasip are
‘sassonoad A1oje[ngol pur uonRZIpIEpUR)S oY) SB [[oM Se ‘Furepouw pose(
-9BRUIT FUTUIBOUO) sonsst [eorjoeld pue Surepow reuoreinduros Sururojrod ul
S[Iys Teorjorad uo-spuey do[pAdp 03 SPOYIOW ‘IDA0AIOJ PRIYSIYSIY s[ejuatrep
-unj NHJ o) pue sSuI)jes aIemijos Uoamioq SUOIJILuUod o) YIIM ‘Passnosip
aIe ‘GAGNY Pue ‘SNOVIY “TOSINOD SWIpnoul ‘oIemijos Uowiod duIos
JO sjuLmUOIIAUL FUI[apout o) ‘T[] MR U] "SI0 Juowe ‘paInsua S SI0LIO
uorjetrrxordde jo uorpezimuinn Moy pue ainjeipenb ssnery utsn pouriojrad
QIv SUONRISIIUT [eolownu Moy suoryenbo drelqedie Xujem ojur suorjenbo
[RIIUSIDHIP JO UOTRZIIROUI] PUR ‘SUOIJRNRAS ONPISOI JO [RIFJUI PojSrom ‘Suory
~ejodasgur Ayguenhb proy ‘woryeziolosip urewop ysnoayy spoyjour ojerurxoxdde
paseq-toynduod Aq poaajos ore Aoyj Moy woqj owoo suoryenbo [eryuaIeyIp
QIOYM suorenbo [RNUAIIPIP 0 poyUuI] ST pliom FurIedursus o1j jer) sjoej
oY} woyy suriress ‘pojussard st soanposord Furepow euorjeinduion jo sjno
pue Sur o) uo UOISSNISIP OMWIISAS © ‘T IR U] "SUIUIBS] SATIONPAI URIY
Jores oanyeidour Sunowoad jo asodind oty 10j ‘0] penSie ST UOpROINPD UL
yorvordde Lreurpdosipsuer)y v oy Areurdiosip pozipejuomyredutod e woly gur
“JI9ATIOD 10] paau o) ‘T e up ‘sjaed Inoj Ul painjonajs st yooq Sy,
“FULIDOUTSTO [RJUSTWUOIIAUD
pue ‘[IATD ‘[ROTIULYDOIINI[G PUR (9DUSIDS S[RIISIRUI PUR ‘TRITPIMION] ‘[eITUSYD
TeDLI309]0 ‘TedTURYDA (90uRS Iognduroo (A1gstweyn sosAyd nydiay oq osye
pPnom saurfddstp FULIDIUISUS pue 9dUdIdS SUIMO[[0] o1[} JO 2I0W IO dUO [YHM
9Fpamony awog ‘suorjenbo [RIJUAILHIP PUR SNNO[RD AIRjusuiae Jo Surpuels
~I9PUIN DISB( WOS SB[ I9PRII 91} JRYJ AIRSSEDAU ST 1] "SoU0 paoualiadxe os[e ng
SID[OPOUL BOTAOU ATUO J0U JO SPaall o1]} HNs 0} podojossp sem ] "SOIURINSUOD
J9J0 pue sqe[ (J23Y Ansnpul ul sioulduo Jumijorid pue sjuopnis ojenpeis
pue ‘seouetds perdde pue Sulesuisus Jo Spay paje[ol 1910 pur FULIDIUITUD
-01(] UL SIUOPNIS DJRNPRITIOPUN OIS pue Iorunl 10J poudisop St j00q ST,
“PasSsNosIp pur
pojuasard o (T4 SOIpnYs 9se) sk swe[qold pajeIfojul oIow pue 10U ‘SUOIS
-1AQT 9ININJ U] "UOIJRPUNOJ o1) AR 0 SUWIIR Y0O(q ST} ‘TWOTYIPS Js1Y S U] ‘prOI
Suo[ ® 9 0} pajoadxe ‘9smod Jo ‘s1 Aouanol e [ong ‘SoTjIAIIOR (T29} [RLIJSnNpUI
PU® [OIRISAI SULIDIUWSUD UT SONIIISSOd PojIuIiun Jo Sastas JO UOTJRATI[TID pue
SUOTIN[OS [9AOU JO UOIRIOUSS 9] I0] ‘SIof[jo suome ‘Surysa) pue ‘Surd£joy
-oxd ‘Surusisep ‘Surnjueaul ‘Gurajos wejqord ‘Surysey sisoyjodLy ur Furmoseol
Areurpdosipsuel) pue Jun{uIy) aArpeISajur ajourold 07 ‘[003 SATIRSIISIAUT paseq
—gurepow [ruoryeINduIod v Jo 90UR)SISSE oY) M WN[NILLIND SULIOOUISUD o1}
FULIMIONIISOL PIRMO] JI0MPUNOIF ow0s sard 0 swre 9] 10y} 6uriva) puokaq

200fa ] IAX



Preface xvil

MATLAB® is a registered trademark of The MathWorks, Inc. For product
information, please contact:

The MathWorks, Inc.

3 Apple Hill Drive

Natick, MA 01760-2098 USA
Tel: 508-647-7000

Fax: 508-647-7001

E-mail: info@mathworks.com
Web: www.mathworks.com






Acknowledgments

My interest in promoting integrative engineering did not come from any
engineering textbooks. Instead, it came from my curious reading of arti-
cles in business, management, philosophy, history, and other engineering
profession-related works over the years. For example, the writings by Mencius,
Daisetz Suzuki, Gilbert Ryle, Peter Drucker, James March, Roger Martin,
and Samuel Florman played certain roles in shaping my views toward learning
and innovation in relation to engineering. Moreover, my active participation in
advancing engineering education in a liberal arts environment at the University
of Georgia, Athens, in the early 2000s (while I was on the faculty there) also
helped shape my views.

My motivation for writing this textbook is to reflect the ideas I have devel-
oped over the years in my journey of searching for a practical strategy to
update engineering curricula and make them relevant to our time. I developed
it in the spirit of encouraging integrative learning, questioning, hypothe-
sis testing, problem solving, inventing, designing, prototyping, and testing
by linking commonalities across compartmentalized disciplines based on the
underlying mathematics for the generation of novel solutions and cultivation
of senses of limitless possibilities in engineering research and industrial R&D
activities. Moreover, I structured it to promote transdisciplinary reasoning
and encourage learning how besides learning that. It is my hope that such an
integrative approach will also help make some curricular room for incorpo-
rating more relevant content of liberal arts and humanities in the engineering
curricula.

As you will note from reading the book, iconic figures like Steve Jobs
also had some influence on me, not just in the words I quoted from him,
but also in his elegance to instill artistic beauty in whatever he touched. In
my way of imitating, I pushed myself to learn and create my own graphic
illustrations throughout the book to convey, with visualization, many of the
mathematic and engineering concepts from a teacher’s perspective. Of course,
this is only possible thanks to the open-source codes of LaTeX and companion
packages such as TikZ and PGF, allowing me to create illustrative graph-
ics using mathematic equations (my way of linking math and engineering to
graphic arts).

Many of the examples discussed in Chapters 14 through 16 are works of
collaborations with many colleagues, associates, postdocs, graduate students,
and undergraduate students. Although there are too many to list, I would par-
ticularly like to thank Mark Haidekker, Andrew Zhang, and Yutaka Takahashi

Xix



"SUOI)SOF3NS
pPuR yoeqpoaj 9AIIDNIISUOD I19Y] 0] SIR0A 91[) I9AO Sosse[d AW Ul SJUapnis oYy
e pue {(300foid vouIod oy}) UOLIUIA UUAT pue ‘URSION AdDULINO)) ‘SoAdY]
PIAR(] ‘[[PH Wepof ‘proAly Axrer :(oeload juags o) 1j83eep oxyipy - (300loxd
aurds o1)) uepreaqg Pnueg :(syelord souy pue diy oyj) JpruIydg IO AN
Hooloxd aanjusp o) WO SUOISSNISIP GAIIDILIISTOD PUR SUOINLIII0D I} J0]

spuawbpaymouyay XX



Author

Guigen Zhang, PhD, is a professor of bioengineering and a professor of
electrical and computer engineering at Clemson University, South Carolina.
He is also the executive director of the Institute for Biological Interfaces of
Engineering, a research and education/training institute designated by the
South Carolina Commission on Higher Education. Professor Zhang is a fel-
low of the American Institute for Medical and Biological Engineering. He
has published extensively in the areas of biosensors, biomechanics, bioma-
terials, and computational modeling. Over the years, his research has been
funded by diverse funding sources, ranging from federal agencies such as the
National Institutes of Health and National Science Foundation, to private
foundations like the Bill and Melinda Gates Foundation, to venture groups
and state-level start-up funds, as well as industries in the health care, semicon-
ductors, and data storage sectors. Professor Zhang holds numerous patents in
nanotechnology-enhanced structures and biosensors. Aside from his services
on the editorial boards of numerous scientific journals, Professor Zhang is
active in leadership roles in professional societies. He is currently the exec-
utive editor of the Biomaterials Forum of the Society for Biomaterials, and
president of the Institute of Biological Engineering, a professional society that
supports the community of scientists and engineers who are at the forefront
of creating new linkages between biology and engineering and seeking new
opportunities through biology-inspired engineering.



AR L, T B SE#PDEIE 7 1A) : www. ertongbook. com



