
Muscle Architecture: Force vs. Speed
Force produced is proportional to # cross-bridges involved

Higher Force: More cross-bridges 
per cross-sectional area
Low Speed: Doesn’t shorten much

Lower Force: Fewer cross-
bridges per cross-sectional area
Speed: Many Sarcomeres in 
series, Shortens a lot
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 www.pnas.org/cgi/content/full/ 0709212105/DC1.

Azizi, Brainerd, Roberts (2008) PNAS 105: 1745-50

Muscle Fiber Shortening Velocity 
Anatomical 
Gear Ratio

Whole-Muscle Velocity
=

http://blog.hemmings.com/index.php/
2007/11/01/a-different-kind-of-brain-teaser/

Forget 5th graders - are you smarter than an auto mechanic?

http://blog.hemmings.com/index.php/2007/11/01/a-different-kind-of-brain-teaser/
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Angle changes, 
Thickness ++, 
More rotation 
Muscle shortens 
High AGR  
speed ++

Angle preserved, 
Thickness --, 
No rotation,  
little muscle shortening 
Low AGR 
More Force
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Angle changes, 
Thickness ++, 
More rotation 
Muscle shortens 
High AGR  
speed ++

Angle preserved, 
Thickness --, 
No rotation,  
little muscle shortening 
Low AGR 
More Force
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Biceps and Triceps 

Allows Triceps to have different 
muscle performance

triceps have three heads 
(attaches to Humerus/Scapula in 
three different places) - different 
gear ratios

Speed
force

Speed
Force

Muscle Fiber Velocity 
Anatomical 
Gear Ratio

Whole-Muscle Velocity
=



Terrestrial Locomotion
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TyrannosaurianOviraptor

Ornithomimid
Bird

Crocodilomorph

Cursorial Archosaurs 



Cursorial lizards

Zebra-tailed

Basiliscus



Cursorial mammals



Cursorial lagomorphs



Fig. 11.7

Support on Land: Getting the body off the 
ground -- Evolutionary Trends in Posture

Sprawling posture

Erect quadrupedal posture

Bipedal posture



Fig. 11.14

Early Tetrapods have Sprawling Locomotion

Humerus held laterally 

Lateral undulation (see trunk)



Fig. 11.15

Iguana hind limb step cycle

“foot down”

“mid-stance”

“toe-off”

Note: Limbs lateral, pelvis rotates
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Fig. 11.16

In sprawling tetrapods, the humerus or femur 
rotates
Bones are not well-designed for rotational stress. 
May explain thicker limb bones in sprawling tetrapods



Fig. 11.17

Mammal limb cycle (opposum)

Notice movement of scapula

Limb under body



Fig. 11.18

Limb moves in parasagittal 
plane.

Pelvis moves little.

Hind Limb cycle in opposum



Fig. 11.21

Power vs. speed lever arm tradeoff

Short in-lever vs. 
long out-lever = 
high speed (Relatively) longer 

in-lever vs. 
shorter out-lever = 
power



Fig. 11.22

Limb elements lengthened for speed
Increased limb length -> increased stride length -> incr. speed

Some mammals increase 
limb length by “walking 
on their toes”

Flat-footed

Heel + ankle off ground

Walking on tips of toes



Fig. 11.24

Longer limbs achieve faster 
velocities at foot.  
Reduce costs of swinging 
limbs by reducing mass of 
foot.



Fig. 11.23

Toe reduction reduces mass of distal element
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Are there any Models that can 
explain Walking and Running?

Are the mechanics of walking and 
running (at steady speed) designed 
to conserve energy?



We all walk and run the same way.

In terms of biomechanics and energetics



Walking is a transfer of kinetic and 
potential energy.  With each step  
we fall forward and then catch  
ourselves.

Ekf = 1/2mV2 

Ep = mgh

Mechanics of a pendulum.

Walking Animals take advantage 
of  Conservation of Energy 

At steady speed, not all of the 
force required for walking is 
powered by muscles -- some of it is 
“recycled”

Changes in KE and PE are in out of phase



Running is a bounce, a 
mass and a spring. 

Ees = elastic strain energy

Running Animals take advantage 
of  Conservation of Energy 

At steady speed, not all of the 
force required for running is 
powered by muscles -- some of it is 
stored in elastic elements (tendons) 
and recovered.

Changes in KE and PE are in phase
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Masters of Elastic Storage and Recovery: 
Kangaroos 

BUT in Kangaroos and wallabies, COT 
stays same or DECREASES with speed. 
HOPPING -> Greater KE->PE storage 
and recovery?

Generally, Cost of Transport increases 
with speed (but remains constant with 
distance travelled).



Gaits



Basal tetrapods can trot (not gallop)

Quadrupedal trot
Uma scoparia

http://www.biology.uc.edu/faculty/jayne/videos.htm

Bipedal trot
Uma scoparia



Crocodiles and Mammals can gallop



Gaits of land animals
Gait 
diagrams

Quadrupedal 
Limb support 
patterns

Walk >  50% duty factor
No aerial phase
In quadruped, triangles of support.

Run <  50% duty factor 
Have aerial phase
In quadruped: run, trot, gallop. Each 
gait has a different pattern of support.



Fig. 11.19



Fig. 11.20



Fig. 11.20



Fig. 11.20



Animals prefer different gaits for different 
speeds

• Walk = slowest gait = no aerial phase (one foot always 
on ground). Usually Duty factor < 0.5

• Running gaits:
– Trot
– Gallop
– Bound/Half Bound

WHY? 
Maximize Speed? 



Locomotor energetics

Animals have preferred 
speeds for each gait which 
corresponds to energy 
economy
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Switch gaits to Minimize Cost of 
transport ?

Cost of running nearly independent 
of speed when we normalize for 
distance!  -- change gaits? 
(cost more related to distance 
travelled rather than speed)

Typical Quadrupedal 
Mammal Pattern

Human: Adapted for distance?



39

From the following article: 
Endurance running and the evolution of Homo 
Dennis M. Bramble and Daniel E. Lieberman 
Nature 432, 345-352(18 November 2004) 
doi:10.1038/nature03052

http://micro189.lib3.hawaii.edu:2117/nature/journal/v432/n7015/full/nature03052.html


Can Elephants Run?

40

Walk

Biomechanics: Are fast-moving elephants really running? 
John R. Hutchinson, Dan Famini, Richard Lair and Rodger Kram 
Nature 422, 493-494(3 April 2003) 
doi:10.1038/422493a

http://micro189.lib3.hawaii.edu:2117/nature/journal/v422/n6931/full/422493a.html


Can Elephants Run?
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Run?

Forelimbs 
walking 
mechanics?

Hindlimbs 
running 
mechanics?



Fig. 11.26

cf_cheetah1.ram

Cheetahs lengthen stride even further by hyper-extension of spine
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http://www.youtube.com/watch?v=KIeXEiJuJUY

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


http://www.animalpicturesarchive.com/animal/a6/MKramer-cheetah_running.jpg&imgrefurl=http://www.animalpicturesarchive.com/view.php%3Ftid%3D1%26did
%3D122760&h=1260&w=1041&sz=168&tbnid=HIAb62AP7E8J:&tbnh=149&tbnw=123&start=22&prev=/images%3Fq%3Dcheetah%2Brunning%26start%3D20%26hl
%3Den%26lr%3D%26sa%3DN



Other locomotor Modes
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Avoid Drag -- Just Walk on the Water



Vampire Bat “Hopping”
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Fig. 11.27

Frog Jumping -- Modifications of Pelvis

Long pelvis, highly kinetic 
sacroiliac joint (connection 
of pelvis to vertebral 
column)

Pennate muscles 
connecting Ilium to 
Urostyle -- storage of force 
before jumping



Studying Acceleration 

• The take-off is probably the most expensive part of a 
movement.

• Animals run intermittently in nature
• It’s probably under strong selection if animals flee or run 

down prey
• Yet we know very little about acceleration and also how 

animals locomote under varying conditions
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Lizard exerts force on the ground
F=ma

Ground “reacts” with equal but 
opposite force

x: direction of motion (propulsive)

y: lateral (stabilizing)

z: body lifting (stabilizing)



Force Plate Experiments

Measure forces in 3D 
as iguanas accelerate 
over 
the force plate

Analyzed best 
acceleration from 
each iguana in each 
reproductive state

>350 trials, 28 used



Hind Limb Step

Normal (Body-Lifting)

Direction of motion 
(Propulsive)

Sideways (Lateral)

Impulse =
Sum of Force
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Biomechanical analysis of Hip and Knee Joints


