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(we have largely focused on single component granular media)

Bio/heuromechanics

(see Marvi et al,
Science, 2014;
Astley et al,
PNAS, 2015)
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Vision model & control locomotion imultiscaleflowableterrain

Rhexin the Mojave desert, USA
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Masters of movement omultiparticlematerials




Granular Materials (GM):
multiscalemodeling challenges

boulders gravel sand
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Particle size > intruder* sizd?article size ~ intruder size Particle size < intruder siz




MultiscaleGM interaction modeling:
continuum approach

sand
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Fluidized bed to control GM
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Flow distribUtN 3

Air flow f'ro\m; <
below (using leaf
Ners) \

Li, Umbanhowar, Komsuoglu, Koditschek, GoldRiaAS2009
Malden, Ding, Li, GoldmaB¢ience2009
Umbanhowar & GoldmaRRER2010
Gravish, Umbanhowar, Goldm&R12010

f =volume fractior-
volume of
grains/occupied
volume

Can achieve in dry
granular media in the
lab 0.574€<0.63
(looselyto closely
packed)

(similar to the range found in
natural dry deserts)



Robot sensitivity to kinematics on GM

Li, Umbanhowar, Komsuoglu, Koditschek, GoldRiEdAS2009,Exp.Mechanics2010.
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Solid/fluid transition management critical
Li et al, PNA$2009
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Sensitive dependence of speed on
ground properties and kinematics
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Natural flowable New method of ground
substrates, variable penetration resistance control:
penetration resistance caerated fluidized bed

(among other things!)
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Aerated GM: controllable penetration resistance

Qian et al Bioinspiration& Biomimeticsin review,2015
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SandBospeed vs frequency, vary air flow
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Toward a terradynamics: resistive force theory
(RFT) for legged locomotion on granular media

Li, Zhang, and Goldmargcience2014
(based on ideas introduced\taladenet al,Science2009
Review: Zhang Goldman Physics of Fluids2014)

Plunge plates of

crosssectional area
A Iinto GM at
different v to
measure, ; 10

Side view

Net force = Linear

superposition of -
segmental forces F’Ir.z — /As

(valid for intrusiony ~0.5m/s,
when particle inertia is negligible)



Poppy seeds

0.3 mm glass particles

3 mm glass patrticles

(Photo credit: Sarah Sharpe)

RFT relations are independent of GM
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Generic stress profiles

Single measurement
with an oftthe-shelf
penetrometer

And they have predlctlve ability




