
homework II - first draft of final project
due 02/16/12, 09:30am, 300-020

Late homework can be dropped off in a box in front of Durand 217. Please mark clearly
with date and time @drop off. We will take off 1/10 of points for each 24 hours late,
every 12pm after due date. This homework will count 10% towards your final grade.

problem 1 - kinematics of growth

Despite tremendous improvements during the past 20 years, heart failure remains one
of the most common, costly, disabling, and deadly medical conditions affecting more
than 25 million people worldwide. Surgical strategies to reverse strain abnormalities in

Fig. 1 Coordinates of ventricular beadset

the ventricular wall are currently being recog-
nized as a new paradigm for preventing the
progression of heart failure. In an attempt to
quantify cardiac changes in form and function,
researchers in the lab of Prof. D. Craig Miller
in the Department of Cardiothoracic Surgery
at Stanford have developed a novel technique
to measure infarct-induced changes of wall
kinematics. Here you will analyze their data
to characterize growth of the heart. Figure 1
shows four characteristic markers. The grey
tetrahedron shows the marker positions X in
the baseline state, i.e., before the infarct. The
red tetrahedron shows the marker positions x
in the grown state, i.e., seven weeks after the
infarct.

X1 = [ +2.80 −0.27 +3.75 ]t x1 = [ +2.56 −0.50 +4.32 ]t

X2 = [ +2.80 +0.53 +3.75 ]t x2 = [ +2.57 +0.39 +4.31 ]t

X3 = [ +2.50 +0.52 +3.75 ]t x3 = [ +2.26 +0.39 +4.32 ]t

X4 = [ +2.80 +0.13 +4.45 ]t x4 = [ +2.60 +0.07 +4.85 ]t

The histologically measured fiber orientation angle for the displayed tetrahedron, mea-
sured against the horizontal axes, is α = 12.50. The cardiac muscle fiber direction Nfib

can then be expressed through the following unit vector.

Nfib = [ 0.0 − cos(α) + sin(α) ]t with α = 12.50
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The overall objective is this homework is to characterize the muscle fiber lengthening
during growth. This is pretty straightforward if you solve the following substeps!

1.1 Determine three vectors dX i that span the tetrahedron at baseline. Take an arbi-
trary point of the tetrahedron as origin, e.g., X4, and calculate the three vectors
dX1, dX2, and dX3 from the origin to any other point using the coordinates X at
baseline such that dX i = X i − X4 for i = 1, 2, 3.

1.2 Determine the same three vectors dxi that span the tetrahedron after growth.
Take the same point as origin, e.g., x4, and calculate the vectors dx1, dx2, and dx3
from the origin to any other point using the coordinates x after growth such that
dxi = xi − x4 for i = 1, 2, 3.

1.3 Determine the growth tensor Fg that maps the baseline line elements dX i onto
the grown line elements dxi. The growth tensor maps line elements according
to dxi = Fg · dX i. The application of this mapping to all three line elements dX i
defines three vector valued equations, i.e., nine equations to solve for the nine
components of Fg. To obtain a more compact notation, rearrange all baseline line
elements from [1] and all grown line elements from [2] in 3 × 3 matrices, i.e.,
C := [ dX1; dX2; dX3 ] and c := [ dx1; dx2; dx3 ]. Now, determine the growth
tensor Fg by using the equation Fg · C = c, thus Fg = c · C−1.

1.4 Control your results by calculating dxi = Fg · dX i. Do the calculated grown line
elements dxi match the ones you had calculated in [2]?

1.5 Determine the grown fiber direction nfib = Fg ·Nfib. The growth tensor can be used
to map the measured baseline fiber direction Nfib onto the grown fiber direction
nfib. Determine nfib and comment on how Nfib and nfib deviate.

1.6 Determine the fiber stretch upon growth λg =
√

nfib · nfib. Since the fiber orienta-
tion Nfib was given as a unit vector, the length of the grown vector nfib = Fg · Nfib

corresponds to the relative change in fiber length, i.e., the amount of growth
along the fiber direction, λg =

√
nfib · nfib =

√
Nfib · Fg t · Fg · Nfib.

1.7 Determine the Green Lagrange growth strain Eg = 1
2 [ Fg t · Fg− I ]. Eg is called the

Green Lagrange strain tensor and it is used to characterize growth strains with
respect to the reference configuration in a finite strain setting.

1.8 Determine the displacement gradient tensor Hg = Fg − I. Hg = ∇u is the non-
symmetric displacement gradient tensor which can also be expressed as Hg =
∂u / ∂X = ∂[x− X] / ∂X = Fg − I.

1.9 Determine the small strain tensor εg = 1
2 (Hg + Hg t). Compare the small strain

approximation ε with the large strain Green Lagrange tensor Eg and comment on
your results.
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1.10 Determine the normal strain εg
n = Nfib · εg ·Nfib. Compare the small strain approx-

imation of the normal strain εn with the large strain fiber stretch λg.

1.11 Determine the volume change Jg = det(Fg) and compare it with the small strain
volume dilation eg = tr(εg). What does this imply in terms of tissue growth?

You can use MATLAB to solve the matrix and vector operations. If you choose to do
so, you must deliver a printout of your MATLAB code with the homework. You can
find additional details in the lecture notes from the fourth class.

problem 2 - shaping your research project

To structure your thoughts for your final project, read the attached paper by George
M. Whitesides “Writing a Paper” as a guideline.

2.1 Sketch a bulleted outline for your project. This does not need to be your final lay-
out, it is just meant to organize your ideas. Identify the sections and subsections
of your paper.

2.2.a If you plan to write a scientific paper, identify a key hypothesis. The purpose of the
hypothesis is to provide focus throughout the manuscript. A good hypothesis is
objectively testable, non-trivial, and specific. For example, you could hypothesize
that cardiac growth in athletes is reversible and vanishes gradually upon detrain-
ing. If you plan a finite element analysis, a reasonable hypothesis might involve
regional variations in density or volume growth in relation to strain, stress, shape
or something similar.

2.2.b If you plan to write a review paper, it might be more difficult to keep focus. In one
sentence, specify precisely which aspects of growth you want to review. Remem-
ber the characteristics of your last homework, i.e., type of tissue, type of growth,
scale you look at, mechanical driving force, disease specific or training, etc.

2.3 Identify three key references for your work and at least three additional references that
you consider relevant. If you work in a group identify five key references for your
work and at least five additional references. Create a bibliography and submit it
with this homework.

2.4 Identify a catchy opening sentence. This sentence is meant to catch the attention of
the reader. If you plan on writing something disease related, this sentence should
reflect the medical importance of your work. For example, this sentence can state
the number of people affected, the health care cost involved, or the predicted
growth of this disease. Provide a citation to back up your statement.
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2.5 Summarize the current knowledge citing the literature you have listed in your bib-
liography file. This section will later be part of your Introduction section.

2.5.a If you plan to write a scientific paper, consider breaking the current knowledge
section into two paragraphs, one on the biological nature and one mechanical
modeling.

2.5.b If you plan to write a review paper, consider breaking the current knowledge
section into two or three paragraphs for the individual aspects you plan to review
and compare.

2.6 Create a schematic drawing that summarizes your project. The figures below
show two samples of schematic drawings. If you like, you can draft this drawing
by hand first. Ultimately, this figure will go into the introduction of your paper,
to give the reader a quick overview about your work.
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Although these sub-problems seem to require just a few words, put some effort into
structuring your work - this will definitely pay off in the end.
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