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

systems interacting with their environments 

Locomotion System Science 



Differences in walking and running: kinematics 

Walking - 

ï Always a Double Support Phase 

ï No Flight Phase 

Running - 

Never a Double Support Phase 

Always a flight Phase  

 



Low order models 

walking: inverted pendulum 

running: Spring Loaded Inverted Pendulum (SLIP) (pogo-
stick) 

Gravitational potential energy 
<->  kinetic energy 

Elastic energy <->   
kinetic energy 



Differences in walking and running: kinetics 



PUT Modeling DATA 

Minimize energy expenditure during  

locomotion, 2 mechanisms (Cavagna 1977): 

 

Energy transfer during walking 

Energy storage during running 
 

 

 

The mechanical energy which the muscles have to provide to keep the center of 

mass moving forward depends on three factors: 

I) the phase relationship between the changes in kinetic energy and gravitational 

potential energy within the stride; 

2) the relative magnitude of the two; and 
3) the degree of symmetry between the two 

Across range of animals/ quad biped walk forces similar 

ishikawa 



Modeling : Walking 

Problems with inverted pendulum (Kuo 2009) 

-Leg not completely straight/ rigid 

--COM velocity not redirected precisely (deviates from pendulum arc) 

-  seen in the GRF (double peak) 

-- does not make sense for double support ((Buczek et al., 2006).) 
--  

-- 



Walking=continuous falling 

Mochon & McMahon 1980, McGeer мффлΣ /ƻƭƭƛƴǎ Ŝǘ ŀƭ нллрΧ 

See this http://www.youtube.com/watch?v=_2pAMe_5VeY 

How many actuators used in this walker? 

http://www.youtube.com/watch?v=_2pAMe_5VeY


Walking=continuous falling 

Mochon & McMahon 1980, McGeer мффлΣ /ƻƭƭƛƴǎ Ŝǘ ŀƭ нллрΧ 

See this http://www.youtube.com/watch?v=_2pAMe_5VeY 

Answer: None. Passive elements and gravity can produce stable walking like 
motion. What is role of actuators in locomotion> Ą EMG 

http://www.youtube.com/watch?v=_2pAMe_5VeY


Hands-on session: Kinematics & Dynamics measurements 

2 axis force platform High speed camera 

+Vertical 

+Fore-aft 

Direction of motion 



walking: inverted pendulum 

running: SLIP (pogo-stick) 

Model predictions: kinematics 



Model predictions: dynamics 
walking: inverted pendulum 

running: SLIP (pogo-stick) 



Predicted limit to walking? 







 
 

What we will do: 
compare measurements of walking and running to 

classical models 
 

1. Measure kinematics during walking and running 
Expect:   

a. Walk=max vertical position at mid-stance,  
b. run=min vertical position at mid-stance 

 
2. Measure forces during walking and running 

 Expect:   
a. Walk and run=vert forces peak at mid-stance,  

b. fore-aft show acceleration & decleration.  
C. Force should be larger in running than in walking 

 
3. Measure speed at transition 

 Expect: v2/gl=1 

 
 









Walk Run 

v 



Run 

Walk 

~1.67 



Recent model captures double peak in 
walking force 



Goal: To revisit measurements of walking and running ground reaction force 



Data collected by students in the Hands on session (blue) fit to the q-function (red)  



Scatter plot of data collected by all students over 2 weeks at hands on session 

(circles). We have overlaid the original data from Alexander (1989).  

Optimization and gaits in the locomotion of vertebrates. 1989. Physiol. Rev. 69: 119-1227. 


