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Locomotion is a 
hallmark of 

TERRESTRIAL 
BIOLOGICAL

biological systems
BIOLOGICAL 
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The terrestrial 
Slowed 10x

e e es a
environment is 
mechanically complex: y p

Organisms interactg
with materials to which 
they adhere, which y ,
can yield, flow and 
fracture

To discover principles of locomotion
With Tom Libby

To discover principles of locomotion 
requires control of substrate
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Sandfish lizard (Scincus scincus )Sandfish lizard (Scincus scincus ) 

5 cm



Taken by Sarah Steinmetz at GT micro-CT facility, with Prof. Bob Guldberg,







X-ray imaging of subsurface swimming

Source, 100 keV, 20 mA

Ryan Maladen
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Experimental setup
X ray source (80 160 kV)X-ray source (80-160 kV)

Air pulses to the 
gait

Holding pen

p
fluidized bed sets 
initial volume 
f

0.3 mm 
glass beads

fraction 
0.58<φ<0.63
(doubles

20 cm

Air flow
(doubles 
resistance forces)

flow

Image 
intensifier

time

(Maladen, Ding, Li, Goldman,  Science, 2009)

High speed (1000 fps) camera







(Maladen, Ding, Li, 
Goldman,  Science, 
2009)

Real time
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(Maladen, Ding, Li, 
Goldman,  Science, 
2009)

Slowed 10x

10 cm



Ding, Kamor, Maladen, Goldman



Terrestrial biomechanics Alexander, 2005, Cavagna, 
1977, McMahon 1980, 
Blickhan & Full 1989, ….

M j i t t i l l ti h b d bMajor progress in terrestrial locomotion has been made by 
reducing complexity of foot-substrate interaction

Models: point contact is 
level, rigid & no-slip

Walking: inverted pendulum

Experiments: foot contact occurs on 
level, rigid, high-friction trackways

Walking: inverted pendulum

Running: Pogo-stick

Video slowed 10x10 cm

Gecko (Pachydactylus bibroni ) running 
on sandpaper covered board at 1 m/sec



Vertical oscillation during rapid locomotion
On rigid, level surface with good traction, all animals bounce when they run, trot, or hop

LeggedSIX- LeggedEIGHT-

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

z
Cockroach: 0.3 mm

COM
z

Cockroach Crab

TWO-Legged LeggedFOUR-

Human Dog



Force pattern for COM independent of morphology
Blickhan, J. Biomechanics, 1989
Blickhan & Full, J. Comp. Physiol. A, 1993
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eg, Cockroach: 0.3 mm,10 mN



Unifying principle of terrestrial 
l ti l l fl t i id d

Non-dimensional 

locomotion on level, flat, rigid ground

spring constant Blickhan & Full, J. Comp. Physiol. A, 1993

F/mgF/mg
Δl/l

Cavagna et 
al., 1977

Blickhan & 
Full, 1987

Body mass (kg)

HOPPERS

TROTTERS
RUNNERS



Stability matters
Slowed 30x

Periplaneta 
americana

1 cm

sandpaper graphite coated stainless steel



Rapid Stabilization Jindrich, Full JEB (2002)

On level, rigid, no-slip ground, 
give large perturbation:

Recovery in less than two 
t ( 50 ) h ll i

1 cm

steps (<50 msec), challenging 
the fastest neural reflexes



Alternating tripod gait Slowed 20x

• Three legs fire in synchrony
• Used at fast speeds (>20 cm/sec)

2 cm



75 % of all species of p
animals have hexapod 

body plan and use 
alternating tripod gait

From Alien Empire course at Cornell , Entomology 201p gy



Modeling lateral stability
Schmitt & Holmes Biological Cybernetics 2000Schmitt & Holmes, Biological Cybernetics, 2000

Lateral Leg Spring Model
L l Level 

Running

3 Legs 
A ti   Acting as 

One
bounce bounce 
side to 

sideside
Full & Tu, 

1990



Step-to-step return map
Schmitt & Holmes Biological Cybernetics 2000

Equations of motion of body 

Schmitt & Holmes, Biological Cybernetics, 2000
Schmitt, Garcia, Razo, Holmes & Full, Biological Cybernetics, 2002 v(t)

δ(t)

With R, the rotation matrix needed to transform foot forces to 
body coordinates, f the leg forces, r the touchdown foot position.

Integrate these on a step by step basis obtain Poincare map FIntegrate these on a step by step basis, obtain Poincare map F 
that takes, 

Where
v is forward velocity
δ is heading relative to velocity of COMδ is heading relative to velocity of COM
θ is angle of body in world frame
ω is dθ/dt



Tuned spring leg & non-holonomic foot constraints: 
asymptotic stability

Schmitt & Holmes, Biological Cybernetics, 2000
Schmitt, Garcia, Razo, Holmes & Full, Biological Cybernetics, 2002

LLS model yields rapid stable response to perturbation-
-TURN OFF THE BRAIN?



LLS model predicts preferred speed
Schmitt, Garcia, Razo, Holmes & Full, Biological Cybernetics, 2002

λ are the  
i l

MODELS HAVE PREDICTIVE POWER

eigenvalues 
of the 
linearizedMODELS HAVE PREDICTIVE POWER 

P f d

linearized 
step-to-step 
map FPreferred 

speed

p



Simple mechanical control of a robot

R-Hex: Robot Hexapod

Journal paper: Saranli, Buehler & Koditschek,  Int. J. Rob. Res., 2001

5 kg, 4 m/sec

Implement SLIP+LLS in a physical device



Templates for locomotion
F ll & K dit h k JEB 1999

Template: simple dynamics such that diversity of organisms during 
a behavior 1) control limb forces to 2) target this dynamics which

Full & Koditschek, JEB, 1999

a behavior 1) control limb forces to 2) target this dynamics which 
3) simplifies control of the behavior

Running: SLIP
Running (horizontal plane): 
Lateral Leg Springg Lateral Leg Spring



Do organisms achieve rapid stable 
vertical locomotion using a template?

Gecko lizard Cockroach
Glass 
beads

vertical locomotion using a template?

10 cm

50 cm/sec, 
30 steps/sec30 steps/sec

2 grams 1 gramPeriplaneta americanaHemidactylus garnoti



No vertical climbing templates yet

R-Hex at 
Southwest 
Research 
Institute, 
20012001

(Koditschek Buehler Rizzi Full)(Koditschek, Buehler, Rizzi, Full)



A t t l J E Bi l 2006

Wall Reaction Force Measurement
Autumn et al, J. Exp. Biol. 2006

3D Force Platform
Balsa wood

Sensitive to 0.2 mN



A t t l 2006

Gecko climbing dynamics
C li ll l t thAutumn et al. 2006

Steady-state trot on smooth 
balsa, slowed 20x

Cyclically accelerate the 
body upward

Right hind

Left front
Right front

Left hind

BW

10 cm

gg



Large rapidly climbing insect: 
D th’ h d k hDeath’s head cockroach

Spines2 cm Spines2 cm

Friction 
padspads

Claws

Courtesy R.J.Full



Controllable climbing trackway
CLIMBING 
TRACKWAY

Goldman, Chen, Dudek & Full, J. Exp. Biol. 2006

60 cm

Monolayer of 
250 μm 
glass beads

Slowed 20x



Blaberus 
discoidalis
climbing at g
30 cm/sec

10 cm

3 grams



Tripod gait during climbing 
Goldman Chen Dudek & Full J Exp Biol 2006

CLIMBING 
TRACKWAY

Goldman, Chen, Dudek & Full, J. Exp. Biol. 2006

60 cm

10 cm

g

60 cm
3D force platform

g



First measurements of 
forces during rapid 

climbing of an insect
Goldman, Chen, Dudek, Full

J Exp Biol 2006J. Exp. Biol. 2006

SINGLE LIMB FORCESCENTER OF MASS (COM)
DYNAMICSDYNAMICS



Amplitude in center of mass (COM) force 
fluctuationsfluctuations

Stepping frequency~18Hz

42 6
Avg. stride frequency ~9 Hz

f/fstride
42 6



Step 1 Step 2Whole body 
force data for a Goldman, 

Chen, Dudek, crossover
single stride
(two steps)

, ,
Full, J. Exp. 
Biol. 2006

crossover

BW

( p )
First measurement 
of insect rapid 
climbing forcesclimbing forces

2

1



Model of climbing

Goldman, Chen, Dudek, Full JEB 2006

Model of climbing 
cockroach

)]ftsin(z[L)t(L π210 +=

L0=1.54 cm
l 0 71l1=0.71 cm
l2=0.84 cm
z=0.6
k=6 N/m

1 cm

f=9 Hz



Self-stabilization
PASSIVE SELF STABILITY DURING CLIMBING

• fstride (lateral osc. freq) ~9 Hz. Small 
sprawl

PASSIVE SELF-STABILITY DURING CLIMBING

• pendulum mode         ~  3 hz l/g

β=10 degreesβ=0 degrees

sprawl 
results in 
passiveβ 0 deg eesβ 0 deg ees passive 
stability

β

Clark, Goldman, Koditschek & Full 2007



Variation of speed,  
l t l ill ti d βlateral oscillation and 

forces with leg angle β
β

g g β
Clark, Goldman, Koditschek & Full 2007

Formal stability analysis needed…



Self stabilization in a physical model
Clark, Goldman, Koditschek & Full 2007

10o



Predictive of movement pattern?We claim: template for vertical locomotion

~14o ~11o 9o

model

Goldman, Chen, Dudek, Full
J. Exp. Biol. 2006YES!



Template: simple dynamics such that diversity of organisms duringTemplate: simple dynamics such that diversity of organisms during 
a behavior 1) control limb forces to 2) target this dynamics which 

3) simplifies control of the behavior



Template: simple dynamics such that diversity of organisms duringTemplate: simple dynamics such that diversity of organisms during 
a behavior 1) control limb forces to 2) target this dynamics which 

3) simplifies control of the behavior



Measuring single leg 
forcesforces

Goldman, Chen, Dudek, Full
J Exp Biol 2006J. Exp. Biol. 2006

SINGLE LIMB GROUND 
REACTION FORCES



Single Leg Wall Reaction Forces
Goldman, Chen, Dudek & Full, J. Exp. Biol. 2006

F l t

Middle right limb

Force plate

Peak GRFs

Phase of stride

N=10 animals, 
n=52 steps



Differential Leg Function
Goldman, Chen, Dudek 
& Full, J. Exp. Biol.
2006

Legs Pull Down and Front Feet Pull Head toward 

g

toward Midline Wall. Hind Push Away

Small 

S ll 

Adhesive 
Force for 

Middle leg
Weight

Small 
Lateral 

Force for 

Middle leg

Hindleg arrows=peak 
magnitude & 
direction of GRF



Goldman, Chen, Dudek & 
Full, J. Exp. Biol. 2006

Similar limb 
use (withuse (with 
different limb 
number, “toe” 
number, 
adhesive 
mechanism )mechanism…) 
to generate 
similar COMsimilar COM 
dynamics

Autumn el at, J. Exp. Biol. 2006



Fore-aft COM dynamics 
generated by pull from all

6 limbs

generated by pull from all 
contacting legs

4 limbs



Lateral COM dynamics 
generated by unbalanced

6 limbs

generated by unbalanced 
lateral pull-in forces

4 limbs



Further evidence for template: limb control

Level Running
Push Out

Vertical Climbing
Pull In & Uparrows=peakPush Out Pull In & Uparrows=peak 

magnitude & 
direction of GRF

Full, Blickhan & Ting JEB 1991 Goldman et al, JEB. 2006



Template: simple dynamics such that diversity of organisms duringTemplate: simple dynamics such that diversity of organisms during 
a behavior 1) control limb forces to 2) target this dynamics which 

3) simplifies control of the behavior



Similar lateral oscillation with different limb use
Passively Bounce Side to Side Actively Pull Side to SidePassively Bounce Side to Side

Level 
Running

Actively Pull Side to Side

Climbing
Running

Schmitt & Holmes, 2000 Goldman et al, 2006



Limb control for lateral oscillationLimb control for lateral oscillation



Template for arbitrary angle?
Side-to-side oscillation conserved, despite changes in limb use



Conclusions

• Control of substrate leads to discovery of principles 
of locomotion
• Granular media and climbing

• Discovery of template for rapid climbing with 
ibl lf t bili ti tipossible self-stabilization properties

• Similar dynamics observed in 2 species; must 
test others. Stability analysis neededtest others. Stability analysis needed

• Locomotion studies require techniques and inspire 
problems at the intersection of biology, physics 
( li d i ) li d th d i i(nonlinear dynamics), applied math and engineering

Thanks to: Ryan Maladen, Chen Li, Yang Ding, Tao Chen, 
Robert J. Full, Daniel E. Koditschek, Paul Umbanhowar


