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Reproduction – 
No better illustration of complex 

fluid-structure interactions 

A scanning electron 
micrograph of hamster 
sperm bound to a  
zona pellucida. 
 
 courtesy of 
P. Talbot, Cell Biol.  
UC Riverside 

ZP –glycoprotein layer 
surrounding oocyte 

 Fauci and Dillon, 
Ann. Rev. Fluid Mech., 
Vol. 38,  2006 



• Transport of sperm to site of fertilization 
• Transport of  oocyte cumulus complex (OCC) to oviduct 
• Transport and implantation of embryo in uterus 



• Motile spermatozoa 

• Muscular contractions 

• Ciliary beating 
 
 

Courtesy: Susan Suarez, 
                 Cornell U.        



Human birth:  What forces are experienced by the fetus? 
How does the force depend upon fetal lie (angle)? 
How does the force depend upon fluid properties? 
What are the fluid properties?  

Megan Leftwich, GWU 
Alexa Baumer, GWU 
Roseanna Pealatere, Tulane 



Today’s tour: 
  

•  Sperm motility/hyperactivation 
 
•  Viscoelastic networks 

•  Human birth 







What do we want to learn? 
 

What are the complications? 
 

What choices do we make? 

Computational fluid dynamics 
  



•  What are biochemical pathways that 
initiate hyperactivation? 

•  How do these biochemical signals change  
the internal force-generating mechanisms? 

•  What are the functional implications of a 
hyperactivated waveform? 
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What are the complications? 
  

•  Moving interfaces! 
•  Complicated geometries! 
•  Many interfaces! 
•  Flexible, elastic, actuated interfaces! 
•  Non-Newtonian fluid!!  
•  Biochemical signaling!! 
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What are the choices? 
  

•  2D versus 3D? 
•  Simpler domain geometries (a box)? 
•  Start with one interface (cilium or sperm)?  
•  Prescribe kinematics? 
•  Specify preferred curvature?  
•  Ignore biochemical signaling or include a  
    simple model? 
•  Simple elastic model (Kirchoff rod?) 
•  Viscoelastic model? 







•  Recent work  by Curtis, M. P. , Kirkman-
Brown, J. C., Connolly, T. J. and E. A. 
Gaffney, 2012, J. Theor. Biol.  

showed that for wave of given kinematics, 
asymmetry could produce both tugging and 
thrusting forces at different wave phases.  







Fluid coupled with ‘elastic structure’ 

Flow is governed by the incompressible Navier Stokes equations: 

Fk is a ‘delta function’ layer 
of force exerted by the kth filament  
on the fluid. 

Peskin, ACTA Numerica, 2002 



Immersed boundary framework 

Transmit 
fk(t) to grid 

Solve Navier -
Stokes on grid 

Interpolate grid 
velocity  

Xk(t)    fk(t) 

Direct 
sum 
formula 

Stokes flow 

Uk(t) 

Xk(t+Δt) = Xk(t) + Δt Uk(t) 



2D sperm motility 

LF and A. McDonald, 1994 
Bull. Math. Biol. 



Grid – free numerical method for  
zero Reynolds number 

Steady Stokes equations: 

Method of regularized Stokeslets (R. Cortez, SIAM SISC 2001; 
Cortez, Fauci,Medovikov, Phys. Fluids, 2004) 
 
Forces are  spread over a small ball -- in the case xk=0: 

For the choice: 

the resulting velocity field is:  



Note: 
 
u(x) is defined everywhere 
 
u(x) is an exact solution to the Stokes equations, and is incompressible 
 



If regularized forces are exerted at “N” points, the velocities 
at these points can be computed by superposition of 
Regularized Stokeslets  

u =  A g 

Here  A is a 3n by 3n matrix that depends upon the  
geometry.  

or 



•  3D Stokes 
•  Planar beat 
•  Preferred kinematics evolves from calcium model 

Hyperactivated sperm motility 
 

Olson, Suarez, Fauci, 
J. Theor. Biol, 2011 

•  Symmetric 
•  Asymmetric 
•  Calcium driven 



Planar wall 











•  The frequent binding and attaching of 
hyperactivated sperm as seen in Chang 
and Suarez 2012 relies upon both 
asymmetry and high-amplitude. 

•  Elastic bond behavior can actually enable 
sperm to move away from epithelium. 

•  Bonding mechanisms affect detachment 
dynamics. 





3D Stokes 
Planar waveform 
Preferred curvature 

Olson, LF, Phys. Fluids, 2016 
Simons, LF, Cortez, J. Biomech., 2015 







Parallel planar swimmers 





Perturbed coplanar swimmers 











Eucaryotic axoneme 

3D schematic 
The precise nature of the spatial and temporal 
control mechanisms regulating various wavefoms 
of cilia and flagella is still unknown.  



What are the internal mechanisms that cause 
flagella (or cilia) to beat? 

C. Brokaw, sea-urchin sperm swimming in fluids of 
increasing viscosity….1972 



10 centipoise 1 centipoise 

•  2D Navier-Stokes 
•  Individual dynein motors - activation curvature controlled 



Teran, Fauci, Shelley, PRL 104 2010 









Wrobel, Cortez, Fauci;  Phys. Fluids, 2014 





Wrobel, Lynch, Barrett, Fauci, Cortez, J. Fluid Mech. (2016)  



Swimmer gets a boost in  
velocity within network, but 
also requires more power to 
maintain specified waveform. 

Wrobel, Lynch, Barrett, Fauci, Cortez, J. Fluid Mech. (2016)  



Network attached to wall. 



Network changes  
orientation of swimmer 





Regularized images for sphere 

Wrobel, Cortez, 
Varela, Fauci, 
J. Comp. Phys. 2016 



J. Wrobel, J. Simons, 
R. Cortez, LF 2016 





Abstraction - Picasso 

Chris Johnson, U. Utah 



Baby:  rigid cylinder 
Uterus:  flexible tube 

Leftwich lab, GWU 



R. Pealatere, Tulane 





Can we characterize 
tube buckling? 

Nevermind the baby… this 
is interesting elasto/
hydrodynamics… 



Thank you so much!!!!!!!!! 



Flexible wall!! 


