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of contact between the grains and 
that the material is less solid. In 
our test track, an exact sequence 
of hundreds of air pulses care-
fully packs the poppy seeds to the 
desired volume fraction. 

Because RHex had been so suc-
cessful at walking on a variety of 
surfaces, we assumed that the 
smaller but relatively more pow-
erful SandBot would perform well 
on sand. We were wrong. In an 
early experiment, we packed the 
material to a solid volume fraction 
of 63 percent, placed SandBot on 
the surface, and set the frequency 
of the alternating tripod gait to 
5 revolutions per second. Earlier, 
the robot had bounced flawlessly 
across hard ground using those 
same parameters. 

This time, though, it got stuck 
after just a few steps. Like a car’s 
tires spinning in mud, the robot’s 
rapidly rotating legs produced 
absolutely no forward motion 
on the poppy-seed-filled track. 
Discouraged, our first assump-
tion was that SandBot was simply 
too heavy to walk on sand and that 
we would need to completely rede-
sign the robot.

But we decided to play around 
with it a bit more. Komsuoglu, con-
ferring by phone from his office at 
Penn, suggested that we modify 
the gait slightly to make the legs 
swing faster in parts of the cycle 
and slower in others. He knew 
from previous studies he’d done 
that some robots perform better 
with such a varied gait, at least on 
hard surfaces. It seemed worth a 
shot. As Komsuoglu told us over 
the phone which values to change, 
we entered them into the control 
program and, like magic, the 
robot started to move! The robot 
was still cycling its legs five times 
per second, but now it was scur-
rying down the track at one body 
length per second. Further study 
showed that each limb penetrated 
the poppy seeds until it supported 
the robot’s weight, providing 
enough stability for the machine 
to thrust up and forward.

W it h  P au l  Um b a n h ow a r, 
a  m e c h a n i c a l  e n g i n e e r  a t 
Northwestern University, we 
subsequently developed a kine-
matic model explaining the rela-

tionship between the volume 
fraction, the limb rotation fre-
quency, and the depth of the 
limb’s penetration at each step. 
As both the model and empirical 
evidence show, if we increase the 
frequency with which the robot 
rotates its limbs, the robot sinks 
further into the material and 
the size of each step decreases, 
triggering a catastrophic loss of 
speed—quite the opposite of what 
happens on hard ground.

 A
nother improve-
ment we’re working 
on is building SandBot 
a better foot, to give it 
the ability to grip sand 

just as the zebra-tailed lizard does. 
To that end, we’ve been measuring 
the forces on the foot during impact 
with and penetration of materials 
of different volume fractions. The 
tests look deceptively simple: We 
embed accelerometers into sim-

ple disc-shaped objects and then 
drop them on piles of sand. The 
results show that the forces pro-
duced when a foot hits the ground 
have different qualities in high- 
and low-volume-fraction materi-
als. When the sample foot falls into 
a low-volume-fraction material, the 
force on it increases until the object 
comes to rest. When the object falls 
into a closely packed material, the 
force decreases during penetration.
To also investigate the drag and lift 
forces that arise during the other 
parts of each step, we use a robotic 
arm to maneuver model feet and 
toes along granular paths. 

To fully model the behavior 
of individual granules, we must 
resort to simulation. Yang Ding, 
a graduate student of Goldman’s, 
has developed a computer sim-
ulation that models collisions of 
objects with sand, beads, and 
other granular media. We hope 
that eventually these foot experi
ments and simulations will feed 
into the development of a new 

sensing and control system for 
SandBot, to enable it to sense the 
shifting terrain ahead and swiftly 
adjust its gait to match. Sand isn’t 
the only morphing environment 
that the robot could eventually 
tackle: Mud and loose leaf litter 
also display the solid and fluidiz-
ing features of granular media.

Indeed, with physics models 
built into their feet and brains, 
robots should one day be able to 
scramble across a rocky or sandy 
environment and learn, on their 
own, how to handle the changes 
in terrain from footstep to foot-
step. We can imagine thousands 
of SandBots scouring the surface 
of another world, stepping from 
a pile of rubble to a sandy patch 
with ease. That’s still a big chal-
lenge for today’s machines, but 
it’s something even a hatchling sea 
turtle can handle. Despite having 
appendages that are better suited 
for swimming, these remarkable 

animals must climb out of a deep 
hole in the ground, clamber over 
grass and debris, and move across 
sand to reach the water, where 
they will spend much of the rest 
of their lives.

We ’re a lso look i ng b elow 
ground for inspiration. Using high-
speed X-rays, we are now study-
ing lizards called sandfish that 
can burrow into sand in the blink 
of an eye and then “swim” through 
the material underground. We’re 
hoping these creatures will pro-
vide clues as to how robots could 
scramble through an unpredict-
able disaster area after an earth-
quake or f lood or dig down to 
detect land mines. With nature as 
our guide, we expect that robots 
will soon master some incredible 
new abilities.� o 

TO PROBE FURTHER 
For more about SandBot  
and its robotic relatives, see  
http://www.spectrum.ieee.
org/apr09/moresandbot.

our observations of the lizard, the crab, 
and the scorpion have helped shape our 
theory of sand locomotion 
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