
Homework I - Mechanical stiffness
This homework is due on Tuesday October 14 @4pm.

Problem 1

In class, we have assumed microtubules to be solid cylinders with a Young’s modulus

of E = 1.9 · 109N/m2 and a radius of approximately rsolid =12.5nm. We have calculated

their cross section area Asolid = π rsolid 2 to Asolid = π (12.5nm)2 = 491 nm2 and their

moment of inertia Isolid = 1/4 π r4 to Isolid = 1/4 π (12.5 nm)4 = 19,175 nm4. Actually

this was an oversimplification! In reality, microtubules are hollow cylinders. The outer

and inner radii have been determined to router =14.0 nm and rinner =11.0 nm.

• Calculate the cross section area Ahollow = [ router 2
− rinner 2 ] of microtubules when

considered as a hollow cylinders.

• Calculate the moment of inertia Ihollow = 1/4π[ router 4
− rinner 4 ] of microtubules

when considered as a hollow cylinders.

• Calculate the radius rsolid of an imaginary solid cylinder which would have the

same cross section area as microtubules.

• Calculate the moment of inertia of Isolid of this imaginary solid cylinder of equal

cross section area.

Problem 2

To gain a better understanding of the bending stiffness of microtubules, consider mi-

crotubules as cantiliver beams of length L = 10µm, clamped on one side and loaded by

a point load F on the other. We are interested in the transverse force F that creates a

beam deflection of w = 1µm on the free end.

• Compare the forces needed to deform microtubulues when considered as hollow

cylinders (use the moment of inertia Ihollow calculated in the previous problem)

with the forces needed to deform an imaginary solid cylinder of equal volume

(use the value Isolid calculated at the end of the previous problem).

• Discuss the results! Why, do you think, nature prefers hollow structures over

solid strucutres?
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Hints: To solve this problem, you might need the equation for the Euler Bernoulli beam

EI w,xx − M = 0 as derived in class. In addition, you need to know that the bending

moment for a cantiliver beam is M = [L − x]F. Combine this equation with the beam

equation. You then need to integrate the beam equation twice. To determine the inte-

gration constants, you need to use the boundary conditions of a cantiliver w(0) = 0

and w′(0) = 0. Solve the final equation for the force F for the different moments of

inertia Ihollow and Isolid!

Problem 3

The 2007 manuscript “Extracellular matrix elasticity directs stem cell differentiation” by

Engler, Sweeney, Discher, and Schwarzbauer discusses the importance of mechanical

stiffness in stem cell differentiation. Read the manuscript carefully.

• Identify at least five expressions or technical terms from stem cell biology that

you are not familiar with. Look them up, and explain them in 2-3 sentences.

Email your definitions to ekuhl@stanford.edu, I will collect all the explanations

and create our own cell mechanics dictionary.

• Summarize the manuscript in no more than 150 words.

• Discuss the impact of this research on stem cell therapies. As a typical exam-

ple, you might think of the direct injection of undifferentiated human embryonic

stem cells into the infarcted region of the heart. In response to the infarct, compli-

ant contracting heart muscle cells are replaced by stiff scar tissue. What are the

dangers of stem cell injection therapies in view of the experimental results of the

manuscript?
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Hylonome

Stem cell differentiation is regulated by a variety of cues
including growth factors and extracellular matrix (ECM),
although the role that the ECM has in this process is less under-
stood. Here we provide examples of how the composition, con-
centration, and elastic modulus of matrix as well as its temporal
and spatial location plays a key role in regulating cell fate.
Natural variation of matrix elasticity (Figure 1A), ranging from
soft brain tissue to calcified bone, plays an important develop-
mental role for tissues: muscle cells want compliant matrix such
that they can deform it during contractions whereas bone cells
want a less compliant matrix which they can mineralize.
Differentiation of naïve mesenchymal stem cells (MSCs) in a
microenvironment with a controlled elastic modulus (Figure 1B)
mirrors tissue-level elasticity: soft matrices that mimic brain are
neurogenic, stiffer matrices that mimic muscle are myogenic, and
comparatively rigid matrices that mimic collagenous bone prove
osteogenic (Figure 1C). Responses are observed at all levels from
RNA to protein production to morphology and cell stiffness.
Inhibition of elasticity-directed lineage specification in MSCs and
ES cells occurs when non-muscle myosin-II is blocked - without
strongly perturbing many other aspects of cell function and
shape. However, such responses act synergistically with chemical
factors where only the combination of both results in differentia-
tion marker expression similar to that of differentiated cell lines.

Although growth factors likely have increased influence ear-
lier in development compared to matrix as they signal to cells to
produce matrix, ECM maintains the ability to stimulate similar
cell responses in embryonic stem (ES). Over the initial week of
ES cell differentiation, expression of Nanog, a self-renewal
gene, drops 10-fold and is followed by a 3-fold up-regulation in

ECM, suggesting an inverse relationship between matrix
expression and self-renewal. This is supported by co-localiza-
tion of matrix and germ layer markers (e.g., GATA4, SOX1,
etc.) along with decreased levels of matrix and Nanog. When
the elasticity of this matrix was increased by the introduction of
cross-linking agents, loss of self-renewal and germ layer com-
mitment is accelerated. Taken together, it appears that stem
cells can be significantly influenced by both the chemical and
physical aspects of their microenvironment, which should be
considered for therapeutic uses of stem cells.
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Figure 1. Natural tissue variation induces differentiation marker
expression in stem cells.


