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Molecular, Cellular & Tissue Biomechanics, Spring 2003

Second quiz Distributed: Friday, May 9, 2003
Due: 5:00 PM, Wednesday, May 14, 2003

You are to complete this quiz on your own, without any consultation anyone
except for the two instructors or the course TA.

If you have any questions, don’t hesitate to ask us. If anyone raises questions that
we feel would be of general interest, we will post the question and our response
on the class website, so be sure to check periodically.

You are free to use any resource materials you feel might be useful.

There are three problems on the exam with the points as indicated.

Please be sure to explain your reasoning as fully as possible.

Write everything in the exam booklet, not on the exam or on separate pages.
Solutions will be available at the time you turn in the exam.



Problem #1 MEMBRANE MECHANICS (35 Points)

The lipid membrane of a large vesicle in solution will fluctuate due to thermal motion. It
is possible that such fluctuations could result in a “pinching off” of the membrane to form

two smaller vesicles as shown in the figure below.

(©)

a) (10 pts) What is the change in the total bending energy in going from a system
containing one large vesicle (radius = 30 um) to a system containing a slightly smaller
vesicle and a very small vesicle (radius = 1 micron)? Assume a value of K, = 10 kT and

negligible change in total volume during the pinching process.

b) (58 pts) Do you expect to find many small vesicles in an ensemble if the system above
is at thermal equilibrium and the pinching process is reversible? Assume that there is a
small change in total volume which is just enough to prevent the membrane from being in

a state of tension after the pinching process (ie only bending energy is important).

Lipid membrane tethers can be created by exerting a force at a point on the surface of a
cell. The lipid bilayer separates from the associated cortex and forms a thin (much
smaller radius than the cell itself), long cylindrical shaped tether. The tether is composed

of mostly lipids and does not contain a cortex or cytoskeleton.

In the experiment shown in the figure below a small bead is attached to the surface of
neutrophil cell held immobile by a micropipette and a force is exerted on the bead using
optical tweezers. This type of experiment can be used to measure the adhesion energy per

unit area (J) between the lipid bilayer and the cortex.
micropipette
membrane tether




¢) (5 pts) First develop a simple expression for the energy cost dU to create extra surface
dA for a system with constant tension N. You can neglect contributions from thermal

undulations and effects of adhesion.

d) (15 pts) Using the experimental setup described above one can apply a force F to the
bead and measure the change in length of an existing tether by an amount dL.. Develop
an expression which relates the quantity FdL to J and other dominant mechanical
properties of the neutrophil for this type of deformation. You can neglect any
contribution from the cytoskeleton and thermal undulations of the membrane. Assume the
radii of the neutrophil, R, and the tether, r, do not change during the course of the

experiment. Typical values for these quantities are R=5 um and r = 50 nm.

Contunued on next page....
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PROLEM 2: TISSUE MECHANICS (35 Points)

As the wall of an artery expands and contracts due to arterial pressure variations, there is
a tendency for fluid to be periodically drawn into and expelled from the tissue comprising
the wall. In this problem, you will model the arterial wall as a poroelastic material and
analyze this fluid motion. This is of special interest in the context of arterial disease
since this represents one method by which lipids normally found in the blood plasma
might enter the arterial wall where they could react with extracellular matrix proteins and
form the nucleus for lipid aggregation (see e.g., Yin et al., A model for the initiation and
growth of extracellular lipid liposomes in arterial intima. Am J Physiol. 1997 Feb;272(2
Pt 2):H1033-46.).

Assume here that:

the wall is thin compared to the radius of the artery, so that you can treat the wall
locally as though it were a flat plate. With this assumption, the change in vessel

circumference with time can be expressed in terms of a time-varying value of &;;
= gosin(wr) (see Fig. 1).

since the total length of the arterial segment does not change during a cardiac
cycle, you may assume that €33 = 0. Consequently, there will be a tendency for
€7 to vary with time. Note that this does not imply that 733 = 0.

the bottom surface is impermeable, so that all the fluid inflow and outflow occurs
through the top surface (x, = #). The top surface can be assumed to be exposed to

a constant pressure p = 0 for all times, so that the fluid flow into and out of the
arterial wall is driven entirely by the imposed time varying strain &,;.

Fig. 1

833:0

€11

X2

X1
X3

a) (10 pts) First consider the tissue to be a homogeneous, isotropic,
incompressible (v = 0.5) and linearly elastic (not poroelastic) material, and obtain



expressions for &:2(x,,¢) and uy(x,,¢). Note, in particular, whether or not &,
depends upon x;.

b) (10 pts) Now treat the tissue as a poroelastic rather than an elastic material,
with known values for the shear modulus G and Lame’ constant A. Show that u>
satisfies the following relationship:

auy _ ka2“2

ot ox3

(which is the same as that which governs one-dimensional confined compression
as was discussed in class) where H = 2G+A and £ is the hydraulic permeability.

¢) (5 pts) Consider the limit of w — o and obtain an expression for u,(xy,?).
(Hint: Think in physical terms what happens in this limiting case, and do not
simply set du, /dt to zero!)

d) (5 pts) Consider the limit of @ — 0 and obtain an expression for u,(x,,2). (Hint:
What boundary condition must be satisfied at x, = /4?)

e) (5 pts) What are the two boundary conditions needed to solve the equation you

obtained in (b)? Sketch (but do not solve) the solution u,(x>,?) for the
intermediate case, when w is neither very large nor very small.

Continued on next page....
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PROLEM 3: CELL MECHANICS (25 Points)

Several recent studies have shown that subtle mutations in lamin, a protein whose
primary role is in providing structural stability to the nuclear membrane, are implicated in
a variety of pathologies. In order to investigate these structural changes, experiments are
to be conducted on nuclei isolated from normal and lamin-deficient cells. The isolated
nuclei are allowed to settle onto a rigid surface, then probed using the tip of an atomic
force microscope (AFM). In the interpretation of the force-displacement (F-0)
relationship obtained from these experiments, two different models are proposed. In
both, the nucleus is assumed to be initially spherical with radius R. You may assume that
in all cases, deformations are small and linearity can be assumed.

a) (15 pts) In the first model, the nucleus is treated as a homogeneous, isotropic, linear
elastic material (the membrane is neglected) with shear modulus G and Poisson’s ratio v.
Recognizing that the total displacement of the AFM tip represents deformations both on
the top and bottom of the nucleus, obtain an expression that shows how the tip
displacement 6 depends on the applied force F' and the properties of the elastic sphere.

b) (10 pts) Now consider the nucleus to be modeled as a spherical shell that deforms
exclusively due to bending. That is, the membrane exhibits no intrinsic surface tension,
and its extensional modulus is sufficiently high that there is no significant areal strain.
Thus, the only structural parameter of interest is the membrane bending stiffness Kp.
Obtain a second expression for the relationship between the applied force F and the
displacement of the AFM tip. In your analysis of the bending deformations in the
vicinity of the AFM tip, you will need to assume that the characteristic distance over
which bending occurs scales with the radius of the cell, R. For this part of the problem
only, you can neglect the deformation on the bottom surface relative to that on the top.
Be sure that your answer makes physical sense!

thin shell with
bending
stiffness K,

elastic,
homogeneous
sphere

G, v

VL4 SIS




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice




