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Preface

There has been a long-standing need for a comprehensive book on bio-
medical engineering that covers the analyses and applications of biomedical
and physiological systems as well as human fitness and sports. In address-
ing this need, this book can serve as a definitive textbook as well as a major
reference source.

The book’s contents include the following:

1.

An introductory chapter that develops the foundation of how
physiological systems and their assessment can be described by
means of governing differential equations, whose parameters can
be combined into nondimensional physiological diagnostic indices

. A section on cardiological engineering mechanics, including three

chapters dealing with cardiac mechanics, left-ventricular contrac-
tility indices, and vascular mechanics

. A section on pulmonary engineering mechanics, including three

chapters on lung ventilation and disease diagnosic, lung gas-transfer
mechanics and determination of O, and CO, diffusion coefficients,
and lung-ventilatory indices for extubation of chronic obstructive
lung disease patients from mechanical ventilatory support

A section on glucose-insulin regulation (in diabetes) engineering
mechanics, which has three chapters covering glucose-insulin
regulatory analysis, responses of glucose and insulin to glucose
tolerance tests, and indices for differential diagnosis of diabetic
patients and those at risk from becoming diabetic

A section on orthopedic engineering mechanics, involving three
chapters dealing with the analyses and design of internal bone
fracture-fixation plates as well as the design analyses of human
spinal vertebral body and intervertebral disc as optimally
designed human body structures

A section on fitness and sports engineering mechanics, on
(i) heart-rate variation during and after exercising on treadmill,
optimal walking, and jogging modes requiring minimal work
expenditure, and analyses of hip joints to determine their stiffness
and damping coefficients, and (ii) analyses of sports events



(namely soccer, baseball, basketball, and gymnastics) delineating
the analytical basis for intricacies of their techniques and perform-
ance (such as the basis of curving soccer kicks, baseball throws and
batting technique, and high-performance of Yurchenko layout
vault)

In addressing this comprehensive range of topics, the book covers a wide
spectrum of engineering mechanics disciplines of solid and fluid mechanics,
dynamics and vibrations, gas diffusion and transfer, and control systems.
The book can therefore be ideally employed as a textbook for a biomedical
engineering course at the senior undergraduate level or at the graduate
level.

In the first section on cardiological engineering mechanics, Chapter 2
describes left ventricular (LV) mechanics. This chapter deals with (1) deter-
mination of the pressure drop across a stenotic valve, (2) determination of
the constitutive properties of mitral and aortic valves from their static and
dynamic analyses, (3) determination of the intra-LV blood flow velocity and
pressure distributions (in normal and myocardial infarcted cases) before
and after nitroglycerin administration as a means of deciding if coronary
bypass surgery would benefit patients with myocardial infarcts, and (4) LV
passive and active elastances, as measures of LV pressure dynamics
response to LV volume changes and of LV contractility.

Chapter 3 deals with left ventricular contractility indices. Here, we first
determine the wall stress (o) in an ellipsoidal model of the LV, normalize it
(to o) with respect to LV pressure, and employ this noninvasive computa-
tional index (do™*/df)max as a contractility index. It is found that this index
has a good correlation with the traditional LV contractility index (dp/d#)max,
which requires determination of LV pressure by cardiac catheterization. It is
also found that more ellipsoidally shaped LVs have higher values of this
contractility index (do™*/dt)max. The second part of this chapter deals with
the formulation of the sarcomere model of a myocardial-wall fiber, and the
expression of its contractile element characteristics (of force vs. shortening
velocity) in terms of the monitorable data (of LV pressure, volume, wall
thickness, and myocardial volume). Again, this index bears a good correl-
ation with (dp/d#)max-

Chapter 4 is on vascular biomechanics. It deals with (1) noninvasive
determination of aortic pressure (as well as aortic stiffness and peripheral
resistance) in terms of LV volume (ejected into the aorta) versus time data,
and auscultatory diastolic and systolic pressures; (2) determination of aortic
constitutive property (of E vs. o) from measurement of pulse wave velocity,
aortic dimensions, and auscultatory diastolic pressure; (3) arterial bed per-
ipheral resistance (as the ratio of mean arterial pressure and flow rate) and
arterial impedance (as the ratio of arterial pulse pressure and flow rate); (4)
the phenomenon of wave reflection at aortic (arterial) bifurcations; and (5)
the composition and amplitude variation of the composite wave in aorta,
with an interesting postulation that in an ideal situation the heart is located
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at the site of minimum value of the composite wave pressure amplitude so
that it has minimal after-load.

The second section of the book is on pulmonary engineering mechanics.
In this section, Chapter 5 deals with lung ventilation modeling (with appli-
cation to lung disease determination) based on the differential equation of
lung volume (V) response to lung driving pressure (Py) (in an intubated
patient), in terms of lung compliance (C) and resistance to airflow (R). These
parameters, R and C, are then combined into nondimensional ventilatory
performance indices. The lung volume response expression can also be
fitted to the lung volume data in terms of R and C as well as the product
of pressure and compliance terms. The corresponding ventilatory perform-
ance index would not require intubation of the patient. A two-lobe lung
model is also developed, and its total lung volume expression is deter-
mined. By fitting this expression to the monitored lung volume data, we
can evaluate R, C, and ventilatory indices of left and right lung separately.

Chapter 6 deals with lung gas-transfer performance analysis. We first deal
with inspired and expired air composition analysis, based on mass balances.
We then derive the expressions for O, and CO, diffusion coefficients in
terms of O, consumption rate and CO, production rate (from the inspired-
expired air composition analysis), alveolar air O, and CO, partial pressures,
and O, and CO, concentrations in the venous blood.

Chapter 7 deals with evaluation of the lung status of mechanically venti-
lated intubated patients, and the index for deciding that they are ready to be
weaned off the mechanical ventilator. This index is expressed in terms of
lung capacitance (C) and flowrate resistance (R), as well as monitored tidal
volume (TV), breathing frequency (RF), and peak inspiratory pressure (Py).
The values of R and C are obtained by again modeling the lung ventilatory
volume response to its driving pressure, and evaluating them in terms of the
monitored values of lung volume (specifically, tidal volume) as well as
inspiratory peak pressure and pause pressure (when the lung volume is
maximum).

In the third section on glucose-insulin regulation (in diabetes)
engineering mechanics, Chapter 8 first deals with the basics of blood
glucose—insulin regulatory mechanics. This entails second-order differential
equations modeling and solutions of glucose and insulin blood-concentration
responses to glucose injection for three different types of glucose inputs:
glucose input as a step function, glucose input as an impulse function,
and glucose input as a rectangular pulse. The solutions of the governing
equations of glucose and insulin blood concentrations to these three inputs
are expressed in terms of the intrinsic parameters (@, B, y, and §)
that relate the time rates of change of blood glucose and insulin concentra-
tions to blood glucose and insulin concentrations as well as glucose
input function, in the form of two first-order differential equations.
These two first-order differential equations are combined into second-
order differential equations of glucose and insulin responses to glucose
inputs. These second-order differential equations have parameters of
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attenuation (or damping) constant (A) and system natural frequency (w,,),
which are in turn expressed in terms of the intrinsic parameters (a, 8, v,
and 8). The relations between these parameters A and w, (and hence
between «, B8, v, and 9), in turn, enable us to designate the system response
as underdamped (for normal subjects), overdamped (for diabetic subjects),
and critically damped (for subjects at risk of becoming diabetic).

Chapter 9 entails analytical simulation of the oral glucose tolerance test
involving the governing equation of blood glucose concentration (y)
response to glucose ingestion. This governing equation is a second-order
damped-oscillatory differential equation in glucose concentration ()
response to an impulse glucose-input function. This model equation param-
eters are the system’s damping constant (A), natural frequency (w,), and
damped frequency (wg). The equation is solved for (1) underdamped
response pertaining to the data of “glucose concentration versus time” for
a normal subject and (2) overdamped response to simulate the ““glucose
concentration versus time”” data of a diabetic subject. The equation solutions
are fitted to the data, and the model parameters are determined analytically.

The values of the model parameters are distinctly different for normal
and diabetic subjects. The purpose of this analytical simulation of the
glucose-tolerance test (by means of the solutions of the governing differen-
tial equation) is to provide an analytical method to characterize the glucose
concentration (y) versus time data in terms of the values of the model
parameters. This is deemed to more reliably represent the entire data
(of y vs. t), instead of merely employing discrete values (y) of the data to
differentially diagnose diabetic subjects and borderline diabetic subjects
(whose data is represented by a critically damped solution of the governing
equation) from normal subjects.

Chapter 10 constitutes solutions of the governing differential equations of
glucose concentration (y) and insulin concentration (x) to impulse glucose
input function (to simulate glucose tolerance test data). These solutions’
expressions (representing underdamped, overdamped, and critically
damped responses) of the system differential equations model are fitted to
the “y versus '’ and “x versus t” data. Depending on the value of the
regression correlation coefficient, a particular response function (i.e., under-
damped or overdamped or critically damped function) is selected to best
fit the data. It is found that the data of some subjects, who were clinically
classified as normal or diabetic, are better fitted by means of a critically
damped solution; this then placed these subjects in the category of being
borderline diabetic or at risk of becoming diabetic. Next, the model param-
eters are combined together in the form of indices characterizing glucose
and insulin concentration data. These two indices are further combined into
one index, which is evaluated for all the patients studied. It is found the
values of this index fall in distinct ranges for normal subjects, diabetic
subjects, and borderline diabetic subjects. Hence, it can be concluded that
this index value can be reliably employed for the differential diagnosis of
diabetes.



xiii

We now move to Section IV on orthopedic engineering mechanics.
Therein, Chapter 11 deals with osteosynthesis of fixation of fractured bone
by means of a bone plate and screws, when the bone-plate assembly is
subjected to axial loading and bending loading. Both analytical and finite-
element solutions are carried out. The issue that is explored at length is to
design the placement of the screws (with respect to the fractured site) and
the stiffness grading of the plate, such that at the fracture site the bone callus
is not subjected to tensile stresses and that away from the fracture site the
bone has minimal stress shielding. A novelty explained in this chapter is our
deploying a helical plate for fixing bones with helical cracks. A detailed
finite-element stress analysis is carried out to demonstrate how a helical
plate (and its screws) can be employed to provide maximal stiffness to the
fractured bone—plate assembly. The advantage of the helical plate is that the
screws fixing the plate to the bone are in different planes, and thereby
provide optimal stiffness to the fractured bone—plate assembly under varied
loading conditions.

Chapter 12 is on the analysis of the spinal vertebral body (VB), modeled as
a hyperboloid cortical-bone shell, subjected to axial, bending, and torsional
loadings. It is shown that under all of these loading states, the forces are
transmitted across the VB (from the top to the bottom of the VB) as axial
forces through the generators of the hyperboloid shell. In other words, the
vertebral body is shown to be so intrinsically shaped and designed such that
it has only axial forces transmitted through it. This makes it bear heavy
loads with minimal weight (represented by a thin cortical shell thickness).
We can employ this intrinsically optimal VB design concept to propose the
design of an anterior fixator made up of two rings (fixed to the upper and
lower end-plates) and connected by straight generators to form a hyperbol-
oid shaped structure (resembling a cane stool), into which the fractured
vertebral body fragments can also be deposited to eventually form a solid
fixator.

We next go on to analyze the intrinsic design of an intervertebral disc. The
disc is modeled as a thick-walled isotropic cylinder, filled with nucleus-
pulposus (NP) fluid material. When this disc model is axially loaded, the
NP fluid is also pressurized, in addition to the disc wall being stressed by
the axial loading. The pressurized NP then exerts radial pressure on the
cylindrical disc wall, and subjects it to further radial and circumferential
stresses. Now the disc wall material has a stress-dependent elastic modulus
(typical of anatomical structures). Hence when the disc wall is further
stressed by the radial pressure exerted on it by the NP fluid, its elastic
modulus value is enhanced, and the resulting radial displacements do not
increase in the same proportion as the increasing axial load. In other words,
the disc is able to contain the radial displacements under increasing axial
loading, without bulging radially. This is the feature of its optimal intrinsic
design. Now, when a disc has radial cracks (due to being excessively
loaded), the NP fluid seeps out of the cracks onto the surrounding nerve
roots, and causes back pain. The orthopedic solution for such a herniated
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disc is to denucleate the herniated disc. However, based on our analysis,
if the NP fluid is removed, then the disc wall is no longer radially stressed
and its modulus is not correspondingly increased. In fact, we have shown
that a denucleated disc undergoes greater deformation compared to a
normal disc for the same level of loading. Hence, a better solution would
be to place a jell sac in place of the NP fluid, which can simulate the role of
the NP fluid.

We now come to the final section on fitness and sports engineering
mechanics. Here, Chapter 14 describes the biomechanics of a fitness index,
optimal jogging modes, and assessment of the hip joint pathology. The first
part of the chapter deals with the formulation of a cardiac fitness index
composed of the parameters of a first-order differential equation modeling
of heart-rate response during and after treadmill exercising. This index is
shown to clearly differentiate fit subjects from unfit subjects. We next
analyze human jogging by stipulating that for an optimal jogging mode,
a subject would involve minimal muscle actuation if he or she were to
have the stride frequency of the free-swinging leg simulated as a double-
compound pendulum. The stride frequencies are derived in terms of the
limb segment’s masses, lengths, and locations of the center of mass of upper
and lower limb segments, and the mass moment of inertia at the centers of
masses of the upper and lower limbs. The lower of the two computed stride
frequencies is employed to stipulate the optimal jogging leg frequency. This
optimal jogging mode is especially recommended for subjects undergoing
cardiac rehabilitation. Next, we want to ensure that jogging is not causing
hip problems. For this purpose, we model the swinging leg by means of a
second-order differential equation of free damped oscillatory motion of the
swing angle (6) of the simple compound leg-pendulum model, in terms of a
viscous damping constant (b), and a joint-stiffness parameter (k). The solu-
tion of the governing differential equation is obtained (for the case of small
damping) as a “f versus ¢ damped-oscillatory response. From the meas-
ured amplitudes of the extreme values of 6§, we then evaluate the parameters
b and k, to characterize the joint pathology.

Chapter 15 analyzes how spin can impart lateral acceleration and force
(due to the magnus force effect) to a soccer ball (while kicking it), and make
the ball swerve. The resulting planes of the ball trajectory (normal to the
ground) are computed to simulate some real data derived from videos of
world-cup soccer matches. It can be seen how (1) a right footer taking a
corner kick from the left corner can make the ball swerve toward the goal (to
deceptively beat the goal keeper) by imparting an anticlockwise spin to the
ball and (2) how a left footer, taking a corner kick from the left corner, can
make the ball swerve away from the goal (to facilitate heading into the goal)
by imparting a natural clockwise spin to the ball.

Chapter 16 describes the mechanics of pitching a baseball, of ball-bat
interactions, of batting, and of an optimal bat, replete with theory
and applications in the form of simulations. The first part of the chapter
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demonstrates (1) how a pitcher imparts spin-induced lateral deflection to
the baseball to pitch a curve ball and (2) how spin-induced drop and lift can
be imparted to the baseball. In the second part of the chapter, on bat-ball
collisions, the primary emphasis is on where the ball should strike the bat,
such that maximum energy is transferred by the bat to the ball or maximum
ball speed is imparted to the ball. This ““sweet spot of the bat” can be
defined as the center of percussion, or the node of the fundamental bat-
bending vibrational mode. The third part of the chapter, on the mechanics of
the bat, deals with the ideal bat weight for a batter. Now based on the
conservation of momentum equation for bat-ball collision, a player can
transfer maximum momentum to the ball either (1) by using a lighter bat
and swinging his or her arm more vigorously or (2) by using a heavier bat
and leaning his or her body more into the ball when striking it.

The final Chapter 17 is on the dynamic analysis of gymnastics” Yurchenko
layout vaulting. The Yurchenko layout vault, pioneered by Natalia
Yurchenko in the 1982 World Cup Gymnastics competition, comprises a
forward running approach, followed by a cartwheel half-turn to orient the
body such that the back faces the vaulting horse at the point of takeoff from
the springboard. The gymnast then takes off from the springboard using a
back-flip action to impact the horse, and finally completes a one-and-half
somersault rotation with the body fully extended (or laid out) before land-
ing. The chapter discusses the optimal technique for this Yurhcenko layout
vault (for a given gymnast), defined by a decrease in horse impact time, and
the position and alignment of the body segments at the end of the postflight.
For this purpose, a five-segment rigid-linked model is developed, which
consists of the hand, whole arm, upper and lower trunk, and the whole leg.
In this model, each segment has a center of mass (CM), the segments are
linked by hinges, gravitational forces are exerted at the segment’s CMs, the
ground reaction forces on the segments are considered to act at the centers
of pressure, and the effect of the segment’s muscles is to produce moments
at the joints. The governing equations of motion are formulated for the
segments. For input anthropometric, kinematics, and ground reaction-
force data, we can obtain solutions for the muscle moments at the joints
and for the joint reaction forces. The optimization procedure determines the
set of joint torques and kinematics required to produce this optimal tech-
nique (as indicated above), in terms of vault duration and loading angle.

As can be noted, the book covers the detailed analyses of (1) cardiological,
pulmonary, glucose—insulin regulation systems, to address their medical
applications in terms of disease assessment, (2) the most effective ortho-
pedic osteosynthesis designs as well as of spinal vertebral body and inter-
vertebral disc that make them intrinsically optimally designed structures,
and (3) of sports events and simulations, to provide insights into the tech-
niques required for high performance of these sports events. The book is
tailored to serve as a textbook for a one- or two-semester biomedical engin-
eering mechanics course. However, it can also be effectively employed by
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clinicians for assessment of physiological systems, by anatomists to obtain
insights into optimal anatomical designs in nature, and by sportsmen and
sports coaches to optimize performances.

Dhanjoo N. Ghista
Singapore
Email: d.ghista@gmail.com
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