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Locomotion: swimming in sand 



Biological locomotion 

CǊƻƳ ../ ά[ƛŦŜέ ¢± ǎŜǊƛŜǎ 



Study of the emergence of movement resulting from many degree of 
freedom, hierarchically organized, nonlinear biological (and robotic) 

systems interacting effectively with their environments 

Locomotor Systems Science 

Li, Hsieh & Goldman,  
Journal of Experimental Biology, 2012  

1 cm 



How many motors? 

aƻŎƘƻƴ ϧ aŎaŀƘƻƴ мфулΣ aŎDŜŜǊ мффлΣ /ƻƭƭƛƴǎ Ŝǘ ŀƭ нллрΧ 

Video from tǊƻŦΦ wǳƛƴŀΩǎ ƎǊƻǳǇΣ /ƻǊƴŜƭƭ ¦ƴƛǾŜǊǎƛǘȅ 



Organism-environment interaction 

0uÐ¶ =

Rigid, no-slip, point contact 

Alexander, Principles of Animal Locomotion, 2003 

Navier-Stokes equations 
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Vogel, Life in Moving Fluids, 1996 
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Terrestrial Aquatic Aerial 



Running in the laboratory 

Force platform Slowed 10x 

High speed camera 
(Casio Exilim) 
~$200USD 



Vertical oscillation during rapid locomotion 

Human 

TWO- Legged 

Cockroach 

Legged SIX- 

Crab 

Legged EIGHT- 

Dog 

Legged FOUR- 

On rigid, level surface with good traction, organisms bounce when they run, trot, or hop 

SLIP model (Blickhan & Full, 1987) 

V e r t i c a l 
F o r c e (F) 

B o d y 
W e i g h t 

F o r c e 

T i m e 

Fore-aft 

Alexander, 2005, Cavagna, 1977, McMahon 1980, 

Blickhan & Full 1989, Ghigliazza et al,2003  

mg 

Dl 



Non-
dimensional 
spring 
constant 

Blickhan, Full (1993) 

Cavagna et al., 1977 

Blickhan & Full, 1987 

Principle of terrestrial locomotion 

HOPPERS 
RUNNERS 

TROTTERS 

Body mass (kg) 

F/mg 

Dl/(l*N) 

ƴƻǊƳŀƭƛȊŜŘ άǎǇǊƛƴƎέ ǎǘƛŦŦƴŜǎǎ Ґ Ϥмл 

Target of control? Seems like everyone is 
acting like a pogo-stick (which is probably true 
for a kangaroo, but likely not for a cockroach) 



Rhex: Dynamically stable physical model 

Journal paper: Saranli, Buehler & Koditschek,  Int. J. Rob. Res., 2001 
Review: Holmes, Full,  Koditschek, Guckenheimer  SIAM Rev., 2006 

Mass, 5 kg, Length, 50 cm, Top speed 3 m/sec 

Å Spring-mass-
like dynamics 
 

Å Control is in 
the hip 
motorsτno 
electronic 
feedback on 
perturbations 



Challenges for robots in complex environments 

courtesy Al Rizzi, Boston Dynamics 

Field 

Exploration 

IED detection 

Search and rescue 

Mars 



      contain dry  
granular media (like sand): 
collections of particles that 
interact through dissipative, 
repulsive, contact forces 

Ezcurra (2006), Global Desert Outlook 

Black=desert 

²Ŝ ŘƻƴΩǘ ƘŀǾŜ 
physics equations 

that describe these 
processes! 

Granular media can 
yield, flow, and solidify 
in response to stress 
(simplest example of 
yielding substrate) 

Deserts 



Diversity of life in granular environments 

Namib desert (SW coast of Africa) 

Animals move on and within a material that behaves  
like a fluid & solid and is opaque to visible light  

~102 species of lizards and snakes  
~103 ƛƴǾŜǊǘŜōǊŀǘŜ ǎǇŜŎƛŜǎ όŀƴǘǎΣ ōŜŜǘƭŜǎΣ ǎŎƻǊǇƛƻƴǎΣ Χύ 

 

In dry deserts in Africa 

Sarah Steinmetz 

From  Animals are Beautiful People, 1974 



Discover principles of granular  locomotion 

Biological observation 

Physics of intrusions 

Modeling  

EMPHASIZE THAT WE MAKE THE 
MODEL AND THEN USE IT TO MAKE 
BIOLOGICAL PREDICTIONS AND ON 
THE WAY LEARN NEW PHYSICS 

Single-body / 
Multi-body 

Substrate control 



Fluidized bed to control granular media 

Li, Umbanhowar, Komsuoglu, Koditschek, Goldman, PNAS, 2009 
Malden, Ding, Li, Goldman, Science, 2009 

Umbanhowar & Goldman, PRE-R 2010 
Gravish, Umbanhowar, Goldman, PRL 2010 

f= volume fraction = 
volume of  

grains/occupied 
volume 

 
Can achieve in dry 

granular media in the 
lab 0.57<f<0.63 

(loosely to closely 
packed) 

Fluidized bed 

porous 
plate 

Granular media 

Can use fluidized 
bed to create 
repeatible states of 
varying f 

100 kg of ~1 mm poppy seeds 

Flow distributor 

(similar to the range found in 
natural dry deserts) 

Air flow from 
below (using leaf 
blowers) 


