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Modeling 
movement of 
mobile machines 
in multi-particle 
materials

(Discovery of principles of small animal & vehicle 
locomotion in flowableterrestrial substrates)

Bio and Robophysical
Locomotion On and In 
Granular Media: Experiments, 
Models and Challenges

*

*All models are wrong, but some are useful 
(Box & Draper, 1987)
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Locomotor-environment interaction

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

Rus, MIT
Rhex, PENN, BDI



Terrestrial AquaticAerial

Rigid, no-slip, point contact

Alexander, Principles of Animal Locomotion, 2003
0uÐ¶ =

Navier-Stokes equations
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Vogel, Life in Moving Fluids, 1996
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From  Animals are Beautiful People, 1974

Namib 
desert 
(SW coast 
of Africa)

Prof. Howie Choset, CMU

Locomotor-environment interaction

Dry Granular Materials, 
collections of a-thermal 
particles that interact 
through dissipative, 

repulsive, contact forces 
and display features of 
solids, fluids & gases 

Fluid-like

Solid-like

Jaeger, Nagel, Behringer
(1996), Rev. Mod. Phys.



Bio/neuromechanics Physical models 
άrobophysicsέ

Aguilar et al, Rep. Prog. 
Physics, in review

Choset, CMU

DƛǎŎƻǾŜǊ ǇǊƛƴŎƛǇƭŜǎ ƻŦ ƭƻŎƻƳƻǘƛƻƴ ƻƴκƛƴ άflowableέ ǎǳōǎǘǊŀǘŜǎ

Soft matter interaction physics

Substrate control

(see Marvi et al, 
Science, 2014; 
Astley et al, 
PNAS, 2015)

(we have largely focused on single component granular media)



Ghost crab

Solpugid

Zebra-tailed lizard Hatchling sea turtle

Fire ant

Shovel nosed snake Ocellated skinkSidewinder rattlesnake

Sandfish lizard

Slowed 25xMaladen, Ding, Li, Goldman, Science, 2009



Sandfish

Physical 
models 
(robophysics)

Hopper

FlipperBot

SandBot

ModSnake(Choset, CMU)

dynaRoACH(Fearing, UCB)

Xplorer

Arm

Robosaur

Maladen et al,  
RSS, 2010, άBest 
paper awardέ

Digital servo



Natural substrates contain multi-
shape and multi-size particles

1 cm

Particle size of Mojave desert sand 
spanning orders of magnitude:

1 cm1 cm

300-600mm600-700mm

1 cm

700-3000mm>3000mm

ὴὥὶὸὭὧὰὩίὭᾀὩȢ

Vision: model & control locomotion in multiscaleflowableterrain

Rhexin the Mojave desert, USA

Sped up 2x

Courtesy Al Rizzi, Boston Dynamics



Masters of movement on multiparticlematerials

1 cm
Real time C. draconoides, Mojave desert, USA



Granular Materials (GM): 
multiscalemodeling challenges

Particle size > intruder* sizeParticle size ~ intruder size Particle size < intruder size

boulders gravel sand



MultiscaleGM interaction modeling: 
continuum approach

boulders gravel sand

Particle size > intruder* sizeParticle size ~ intruder size Particle size < intruder size



Fluidized bed to control GM

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

Umbanhowar & Goldman, PRE-R 2010
Gravish, Umbanhowar, Goldman, PRL2010

f= volume fraction =
volume of 

grains/occupied 
volume

Can achieve in dry 
granular media in the 

lab 0.57<f<0.63
(looselyto closely

packed)

porous 
plate

Granular media

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)



Robot sensitivity to kinematics on GM
Li, Umbanhowar, Komsuoglu, Koditschek, Goldman, PNAS, 2009, Exp. Mechanics, 2010. 

w(rotation frequency)

Soft ground kinematics (SGK)Hard ground kinematics (HGK)

Slow phase

Fast phase

qs

q0

q

SandBot, 
~2500 g



Slowed 10x



Solid/fluid transition management critical

Dashed 
line=phenomenological 
model with 2 fit 
parameters

Li et al, PNAS, 2009

walking

walking
failure

failure

Rotary walking 
model: limb 
solidifies 
material, 
rotates within 
cavity, body 
advances 
kinematically

Slowed 10x



Sensitive dependence of speed on 
ground properties and kinematics

Different curves Ą
differentcompactions 
(volume fraction f), 
penetration resistance 
varies by factor of ~3



Natural `f̀lowableέ 
substrates, variable 
penetration resistance 
(among other things!)

Leaf litter

Snow

Gravel
Sand dunes

New method of ground 
penetration resistance control:
άaerated fluidized bedέ

Granular media

Flow distributor

Air flow Q



Air flow ᴻ ΣDǊƻǳƴŘǎǘƛŦŦƴŜǎǎᴽ



άAerated GMέ: controllable penetration resistance

Acknowledgement: Jeff Aguilar

Vertical penetration 
experiment

Ὧ ὊȾὨ

Qian et al, Bioinspiration& Biomimetics, in review, 2015

k=F/d



SandBotspeed vs frequency, vary air flow

5 cm

Can be described with 
phenomenological 
rotary walking model



Toward a ``terradynamicsέ : resistive force theory 
(RFT) for legged locomotion on granular media

Net force = Linear 
superposition of 
segmental forces
(valid for intrusion, v ~ 0.5 m/s, 
when particle inertia is negligible)

Plunge plates of 
cross-sectional area 
A into GM at 
different v to 
measure„ȟ ὪȟȾὃ

Li, Zhang, and Goldman, Science, 2014

(based on ideas introduced in Maladenet al,Science, 2009

Review: Zhang & Goldman, Physics of Fluids, 2014)



And they have predictive ability

loosely packed

closely packed

loosely packed

closely packed

closely packed

Poppy seeds

0.3 mm glass particles

3 mm glass particles

(Photo credit: Sarah Sharpe)

RFT relations are independent of GM

Generic stress profiles

Single measurement 

with an off-the-shelf 

penetrometer

„ȟ


