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Submarine Cable Deployment
Global Marine Systems
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Tangles in cables
Goyal et al, Int. J. Non Linear Mech. 2008
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Numerics: Discrete Elastic Rods

Bergou et al, SIGGRAPH 2008

Weta Digjtal

The Hobbit (2013)

1 —
Ebendéng — 5 IEIH2dS K = ds2
1 2 do
Etwisting — 5 {G-hﬁ ds ¢ — ds
Est’retch*ing — 5 fEAszdS a = ?_j

v

Discrete formulation
Discrete Differential Geometry
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F=-VE
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Fbending + Ftwisting + Fstretching — Fe::ct




Experiments: rod fabrication

Miller et al, Phys. Rev. Lett. 2014
Jawed et al, Proc. Natl. Acad. Sci. 2014
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Static coiling

___Bxperiment | DrRcinulaion |

Jawed et al, Proc. Natl. Acad. Sci. 2014
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Dynamic coiling: straight rod
Jawed et al, Proc. Natl. Acad. Sci. 2014
Jawed et al, Extreme Mechanics Letters, 2014
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Meandering: Hopf bifurcation?

Jawed et al, Proc. Natl. Acad. Sci. 2014
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Meandering length scale

Geometry

A = Ag\Je

A R~ Ao(—2486 + 32) What sets 1,?

Jawed et al, Proc. Natl. Acad. Sci. 2014
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Meandering length scale

Jawed et al, Proc. Natl. Acad. Sci. 2014

Geometry Onset wavelength
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Meandering length scale

Jawed et al, Proc. Natl. Acad. Sci. 2014
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Meandering length scale
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Putting it all together: : ‘[
Onset wavelength

ho = Ly (Datox (1£) +5) ’l.
)

Jawed et al, Proc. Natl. Acad. Sci. 2014

D =1.22+0.01

B =17.14+ 0.02
Meandering wavelength

_ —2.48¢e+3.2 H
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Meandering amplitude

A=%2 (Dilog (£L) +5) Ve



Meaﬂeleﬂﬁg Coiling length scale

Jawed et al, Extreme Mechanics Letters 2014

Alternating loops

Translated coiling




Prominence of geometry

Fluid-mechanical sewing machine Why similarity?

Stephen Morris, U of Toronto Eitan Grinspun, Columbia U.
° | | | R/Lljeandgnngl Jawed, M. K. et al

A Geometric Model
for the Coiling of
an Elastic Rod
Deployed Onto a
Moving Substrate
Journal of Applied
Mechanics, 82

Meandering thread experiment . : > (12):121007,
Viscous syrup falling onto a moving belt = \. ) . 2015

Molten glass sewing machine Cooking of Jalebi

Brun et al, MIT




Propulsion and instability of

bacterial flagella

Vibrio cholerae | % R Sphaeroides

»

Flagellum ~ 10 micron

Diameter ~ 10 nm ——

R. Stocker (MIT) : H. Berg (Harvard)
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Experiments

Physical properties

Axial length
12 <llem] <20
Helix pitch
3 < A[cm] < 12

Helix radius
0.95 < Rlcm] < 2.22
Rod radius

B 0.94 < ro/mm] < 2.38

Rod density

1.13 < p,lg/cm]” < 1.37
Young’s Modulus

636 < E[kPa] < 1255
Temperature of glycerin
7.55 < 0[°C] < 20
IO Cameras - -~ SRNNNP” Viscosity of glycerin

- 0.5 < pu[Pa-s] <4.45




Numerics

Discrete
Elastic + Lighthill
Rod Slender Body Theory

Lighthill Slender Body Theory

Relation between velocity u(s) at each point on flagellum and
the force f(s) exerted by the fluid.

Iocal non-local

") J(r)ds

i /
4Eu 5n}5
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Flagellar dynamics
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Critical buckling velocity
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Buckling Characterization

Critical force ~ Viscous force
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Geometry dependent

coefficient
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Phase diagram

Norm. buckling velocity: (g, = (R//\) _m’N()\/l)

m = 1.96 = 0.05

Failure to functionality

i =

Son, K., Guasto, J., Stocker, R. (2013).
Bacteria can exploit a flagellar buckling
instability to change direction.

Angular velocity scaled by helix radius

0.2 0.25 0.3 0.35

Norm. pitch, A / l Nature physics, 9(8), 494-498.
i S BT~ 10-23
O Caulobacter crescentus (Wild) A R. lupini (Curly) Filed symbols: Ef ~ 105" N/me
¢ Escherichia coli B> Salmonella (Wild)

. _ o o o _ _ Open symbols: EI ~ 1072% N/m?2
V Rhizobium lupini (Semicoiled) <1 Vibrio alginolyticus S. Fujime et al. J. Mol. Biol. (1972)



Conclusion

H. Berg (Harvard) Experiments  Simulations
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Natural environment

* Coupled effect of flexible structure + fluid

» Structure: Discrete Elastic Rods

* Fluid: Lighthill slender body theory
* Flagella can buckle above a threshold angular velocity
« Bacteria may exploit buckling for functionality

Jawed, M. K., Khouri, N. K., Da, F., Grinspun, E., & Reis, P. M.
Propulsion and instability of a flexible helical rod rotating in a viscous fluid
Physical Review Letters, 115(16):168101, 2015

Jawed, M. K. & Reis, P. M.
Deformation of a soft helical filament in an axial flow at low Reynolds number

Soft Matter, 2016
Email: khalidim@mit.edu Web: khalidjawed.com
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Discrete Elastic Rods

Simulation loop

- 1
Letting q = (xg,0", -+ , X, 0™, X, 41) and hy = tgy1—ti, we
apply Euler integration (implicit on intemnal and explicit on external
forces). using Newton's method to solve

MAG — 7 Fiae (alte) + AQ) = hiFex (tr. qlts). alte))
Aq - hkAq = ’lké](tk)

Explicit energy gradient and Hessian

E=3 2K (@) ),

=0

)

3 1 (Mg — m;)”
£ 23 plma )
=1 .

) 1M1 e R
bt.—jézr(hl"‘hx) Bt’(fw—'\l)

=1 "t

Time-parallel frame

Given the reference frame at time £, _ . the time-parallel ref-
erence frame d’ (¢x) only depends on t’ (¢, ), and the only
nonzero terms in (3) are ¢ € {j, 7 + 1}. Thus, the force
stencil is local and the energy Hessian is banded.

Bergou et al, SIGGRAPH 2008
Bergou et al, SIGGRAPH 2010



