
Course Title:
Bio-Inspired 
Robotics
 
Mohammad Iqbal
(Thanks to Masoud Asadpour)
 
Lecture: Bio Inspired Locomotion

In the name of God



Animal Locomotion
Animal locomotion is the study of how animals move. 
Not all animals move, but locomotive ability is 
widespread throughout the animal kingdom. 
As all animals are heterotrophs, they must obtain food 
from their environment. 
Some animals such as sponges are sessile, and move 
the fluid in which they live through their body (this is 
known as filter feeding). 
However, most animals must move around to find food, 
a mate, and so forth. Ability to do so efficiently is 
therefore essential to their survival.

http://en.wikipedia.org/wiki/Animal_locomotion



Locomotion Froms
Animals move through a variety of fluids, 
such as water, air and mud. 
Some may move through more than one, 
such as seals and otters. 
In some cases locomotion is facilitated 
by the substrate on which they move.
Froms of locomotion include:

Through a fluid medium
Swimming
Flight

On a substrate
Terrestrial
On water

http://en.wikipedia.org/wiki/Animal_locomotion



Locomotion Problems

Locomotion requires energy to overcome friction and often gravity as well. 
In terrestrial environments gravity must be overcome, though the friction is 
much less of an issue (except for crawling animals like worms, for which 
friction is much higher). 
In aqueous environments however, friction (or drag) becomes the major 
challenge, with gravity being less of a concern. Although animals with natural 
buoyancy need not expend much energy maintaining vertical position, 
though some will naturally sink and must expend energy to remain afloat. 
Friction may also present a problem in flight, and the aerodynamically 
efficient body shapes of birds highlight this point. Flight presents a different 
problem from movement in water however, as there is no way for a living 
organism to have lower density than air.
Much of the study is an application of Newton's third law of motion: if at rest, 
to move forwards an animal must push something backwards. Terrestrial 
animals must push the solid ground, swimming and flying animals must push 
against a fluid or gas (either water or air).

http://en.wikipedia.org/wiki/Animal_locomotion



Flight



Flight
Flight has independently evolved at least 4 times in the 

insects, 
pterosaurs, 
birds, and 
bats

Gravity is a major problem for flight through the air. 
Because it is impossible for any organism to approach the 
density of air, flying animals must generate enough lift to 
ascend and remain airborne. 
Wing shape is crucial in achieving this, generating a 
pressure gradient that results in an upward force on the 
animal' body. 
The same principle applies to airplanes, the wings of which 
are also airfoils. 

Other structural modifications of flying animals include 
reduced and redistributed body weight, 
fusiform shape, and 
powerful flight muscles.

http://en.wikipedia.org/wiki/flight



Evolution and purpose of bird flight
The origin of bird flight is unclear, even though most paleontologists
agree that birds evolved from small theropod dinosaurs. 
It seems likely that they evolved from species that lived on the
ground, with flight developing after the evolution of feathers. 
It seems likely in this case that flight evolved as a result of benefits in 
the pursuit of small airborne prey items (such as insects), possibly 
subsequently becoming useful as a predator-avoiding behavior.
One theory, called the arboreal hypothesis, suggests that birds like 
the archaeopteryx used their claws to clamber up trees and glided off 
from the tops. 
Many of the Archaeopteryx fossils come from marine sediment and it 
has been suggested given the habitat that wings may have helped 
the birds run over water in the manner of the Jesus Christ Lizards or 
basilisks. 
Another hypothesis based on observation of young Chukar chicks is 
the idea that birds may have been aided in running up inclines using 
their wings.

http://en.wikipedia.org/wiki/Bird_flight



Insect wing
Insect wings come in a huge variety of shapes, sizes, and appearance. However, they 
resemble each other (and many sails) in that they are passive membranous foils that 
depend largely on the arrangement of their supporting framework for many of their 
aerodynamic properties. So, during flapping flight, the wings become distorted by the 
changing forces acting on them, but in an effective and efficient way. 
The leading edge of the wing has a much stronger and stiffer structure than the other 
regions of the wing which are more flexible and capable of twisting (approximates an 
airfoil).
Most insect wings are twisted, like helicopter blades, with a higher angle of attack at 
the base. The twist is generally between 10 and 20 degrees.  
Most insects control their wings by adjusting tilt, stiffness, and flapping frequency of the 
wings.
Energy is put into the wings from the root by the powerful muscles within the insect's 
thorax. The joints between wing and body are remarkable for the complex movements 
they allow and their ability to store and release energy appropriately at different stages 
in the flapping cycle.
Typical insect flyers can attain lift forces up to three times their weight and horizontal 
thrust forces up to five times their weight.

http://www.nurseminerva.co.uk/adapt/flap1.htm



Dragonfly
Dragonflies are very manoeuvrable in flight. 
The flight muscles can adjust stroke-
frequency, amplitude, phase between 
forewings and hindwings, and angle of attack 
independently for each of the four wings. 
Four main flying modes are recognised:

counter-stroking, in which forewings and 
hindwings move up and down about 180° out of 
phase - this pattern is generally used in cruising 
flight
phased-stroking, where the hindwings cycle 
about 90° before the forewings - this provides 
more acceleration for manoeuvres
synchronised-stroking, where the forewings and 
hindwings move in unison
gliding, where the wings are held without 
beating for free gliding, gaining lift in updrafts, 
or during mating

Seminar?

Dragonfly wings - note the more 
reinforced structure in the leading 
third of each wing.



Bat’s wing
Bats' wings have a much more dynamic 
geometry than those of insects. 
The slender bony framework is jointed and the 
relative positions of bones are controlled by 
numerous muscles within the wing and 
attaching to it from the body. 
Thus the repertoire of movements is much 
greater than for insects, both during flapping 
flight and when the wings are folded at rest. 
However, like insects the main area of the foil 
is composed of membrane, although in this 
case it is an elastic and adaptable membrane 
rather than relatively non-stretchable as in the 
insect's wing.



Bird’s wing
Birds go one step further than bats - instead of a 
membrane stretched elastically between the skeletal 
elements, they have numerous feathers, each shaped and 
equipped for a number of functions. 
This greatly increases the range of geometries over which 
an aerodynamically effective foil can be maintained. 
Although birds' wing share similar structures and 
composition, different species have emerged with 
sophisticated adaptations for different modes of flight:

long range
high speed 
hovering 
short take-off, etc



Adaptations for flight
The most obvious adaptation to flight is the wing, but 
because flight is so energetically demanding birds have 
evolved several other adaptations to improve efficiency when 
flying. 

Birds' bodies are streamlined to help overcome air-resistance. 
Also, the bird skeleton is hollow to reduce weight, and 
many unnecessary bones have been lost (such as the bony tail 
of the early bird Archaeopteryx), 
along with the toothed jaw of early birds, which has been 
replaced with a lightweight beak. 
The skeleton's breastbone has also adapted into a large keel, 
suitable for the attachment of large, powerful flight muscles. 
The vanes of the feathers have hooklets called barbules that zip 
them together, giving the feathers the strength needed to hold 
the airfoil (these are often lost in flightless birds).

The large amounts of energy required for flight have led to 
the evolution of a unidirectional pulmonary system to provide 
the large quantities of oxygen required for their high 
respiration rates. 

This high metabolic rate produces large quantities of radicals in 
the cells that can damage DNA and lead to tumors. 
Birds, however, do not suffer from an otherwise expected 
shortened lifespan as their cells have evolved a more efficient 
antioxidant system than those found in other animals.

1 Axillaries;
2 Margin (Marginal 
underwing coverts); 
3 Lesser underwing
coverts; 
4 Median underwing
coverts (Secondary 
coverts); 
5 Greater underwing
coverts (Secondary 
coverts); 
6 Carpal joint; 
7 Lesser underwing
primary coverts; 
8 Greater undering
primary coverts; 
9 Secondaries; 
10 Primaries 



Wings compared
Pterodactyl: a flying dinosaur, 
now extinct. The wing was a 
membrane supported by the bony 
skeleton of the arm, forearm, and 
hand.
bird: the bones of the hand 
support the primary feathers and 
the bones of the forearm support 
the secondaries. A small alula is 
supported in the 'thumb' position.
bat: an elastic membrane is 
supported by the skeletal 
elements. The long slender digits 
are distinctive
human: forelimb skeleton for 
comparison

http://www.nurseminerva.co.uk/adapt/wings.htm#bird



Aerodynamic forces
The relative wind acting on an airfoil produces a 
certain amount of force which is called the total 
aerodynamic force

Lift is the component of aerodynamic force 
perpendicular to the relative wind.
Drag is the component of aerodynamic force 
parallel to the relative wind.
Weight is the force directed downward from the 
center of mass of the airplane towards the center 
of the earth. It is proportional to the mass of the 
airplane times the strength of the gravitational 
field.
Thrust is the force produced by the engine. It is 
directed forward along the axis of the engine. 

Angle of attack is a term used in aerodynamics 
to describe the angle between the chord line of 
an airfoil and the vector representing the relative 
motion between the airfoil and the air.

http://www.av8n.com/how/htm/4forces.html



Flight Forms
Falling / Diving: Decreasing altitude under the force of 
gravity, using no adaptions to increase drag or provide lift.
Parachuting: Defined as falling at greater than 45 degrees 
from the horizontal with adaptations to increase drag 
forces. Very small animals may be carried up by the wind.
Gliding: Defined as falling at less than 45 degrees from the 
horizontal. Lift caused by some kind of aerofoil mechanism, 
allowing slowly falling directed horizontal movement. 
Streamlined to decrease drag forces to aid aerofoil. Often 
some maneuverability in air. 
Soaring: Appears similar to gliding but is actually very 
different, requiring specific physiological and morphological 
adaptations. The animal keeps aloft on rising warm air 
(thermals) without flapping its wings. Only large animals 
can be efficient soarers.
Flapping: Flapping of wings to produce thrust. May ascend 
without the aid of the wind, as opposed to gliders and 
parachuters.

Note: These forms of aerial locomotion are not mutually exclusive and indeed many animals will 
employ two or more of the methods.

http://en.wikipedia.org/wiki/Flying_and_gliding_animals



Take-off
Take-off can be one of the most energetically 
demanding aspects of flight, as the bird needs to 
generate enough airflow under the wing to 
create lift. 

In small birds a jump up will suffice, while for larger 
birds this is simply not possible. 
In this situation, birds need to take a run up in order to 
generate the airflow to take off. 
Large birds often simplify take off by facing into the 
wind, and, if they can, perching on a branch or cliff so 
that all they need to do is drop off into the air.

http://en.wikipedia.org/wiki/Flying_and_gliding_animals



Falling / Diving
The cat righting reflex is a cat's innate ability to orient itself as 
it falls in order to land on its feet, often uninjured. 
The righting reflex begins to appear at 3-4 weeks of age, and 
is perfected at 7 weeks. 
They are able to do this as they have an unusually flexible 
backbone and no collarbone.
In addition to the righting reflex cats have a number of other 
features that will reduce damage from a fall:

Their small size, light bone structure, and thick fur decrease their 
terminal velocity. 
Furthermore, once righted they may also spread out their body to 
increase drag and slow the fall to some extent. 
At terminal velocity they also relax as they fall which protects them 
to some extent on impact. 

Due to their smaller mass, a falling cat's terminal velocity is 60mph (100 
km/h) whereas that of a falling man in a free-fall position is 130mph 
(210 km/h). 

Padded paws will also soften impact.

http://en.wikipedia.org/wiki/Cat_righting_reflex



Gliding
Gliding has evolved many times in 
vertebrates, but never has produced 
diverse lineages of gliders. 
You might think gliding is a good first 
step toward powered flight, but in fact 
we know of only one group (bats) that 
seems to have evolved from gliding 
ancestors, because bats retain many 
features of gliders. In contrast, the 
earlier birds and their theropod dinosaur 
relatives show no evidence of a gliding 
ancestry. 

http://www.ucmp.berkeley.edu/vertebrates/flight/gliding.html

sugar glider
(Petaurus breviceps
possum)

Flying Dragon
(Draco Volans lizard)

Weigeltosaurus, Icarosaurus, and Draco

squirrel monkey

Flying fish
(Exocetus) flying lemur 

(Colugos)

Flying squirrel

Flying frog 
(Rhacophorus)

flying gecko (Ptychozoon)



Gliding Flight in Birds
When a bird is gliding, it flies the same way as an airplane. The 
wings are held out to the side of the body and do not flap. 
As the wings move through the air, they are held at a slight angle, 
which deflects the air gently downward. 

This causes air pressure to build up beneath the wings, while the 
pressure above the wings is reduced. 
The difference in pressure is lift that keeps the bird from falling.

There is also air resistance or drag on the body and wings of the 
bird. This force would eventually cause the bird to slow down, and 
then it wouldn't have enough speed to fly. 

To make up for this, the bird can lean forward a little and go into a 
shallow dive. 
That way, the lift force produced by the wings is angled forward slightly 
and helps the bird speed up. 
Really what the bird is doing here is giving up some height in exchange 
for increased speed. (To put it another way, it is converting its 
gravitational potential energy into kinetic energy.) 
The bird must always lose altitude, relative to the surrounding air, if it is 
to maintain the forward speed that it needs to keep flying. 

http://www.ornithopter.org/birdflight/glide.shtml



Soaring
Flocks of birds fly in a circle over the same 
place over and over again
This behavior is due to an effect called 
thermals. 
Thermals are updrafts of warm air that rise 
from the ground into the sky. 
By flying a spiraling circular path within these 
columns of rising air, birds are able to "ride" 
the air currents and climb to higher altitudes 
while expending very little energy in the 
process. 
Solitary birds like eagles and hawks often take 
advantage of thermals to extend their flight 
time as they search for food. 
Social birds that fly in large flocks also use 
thermals to gain altitude and extend their 
range during migration. 
The benefits of thermals are not limited to the 
animal world either as glider pilots often take 
advantage of them to gain altitude as well.

http://www.aerospaceweb.org/question/nature/q0253.shtml



Flapping in Birds:
Down-stroke 

The wings are angled slightly, which allows them to deflect the air 
downward and produce lift. 
If the angle of attack is too great, the wing will produce a lot of 
drag. If the angle is too small, the wing won't produce enough lift. 
The best angle depends on the shape of the wing.
The wings flap with an up-and-down motion. When the wings move 
up and down, they are also moving forward through the air along 
with the rest of the bird. Close to the body, there is very little up 
and down movement. Farther out toward the wingtips, there is 
much more vertical motion.
As the bird is flapping along, it needs to make sure it has the 
correct angle of attack all along its wingspan. Since the outer part 
of the wing moves up and down more steeply than the inner part, 
the wing has to twist, so that each part of the wing can maintain 
just the right angle of attack. The wings are flexible, so they twist 
automatically. 
As the wing twists, and as the outer part of the wing moves 
downward, the lift force in the outer part of the wing is angled 
forward. Therefore the bird can generate a large amount of thrust, 
without any loss of altitude. 



Up-stroke flapping
The air is not only deflected downward, but also to the rear. 
To avoid drag, the bird does two things:

The outer part of the wing points straight along its line of travel so it 
can pass through the air with the least possible resistance. In other 
words, the angle of attack is reduced to zero.
The bird partially folds its wings, which reduces the wingspan and 
eliminates the draggy outer part of the wing. This is not strictly 
necessary though, and most insects lack the capability.

The inner part of the wing is different. There is little up-and-
down movement there, so that part of the wing continues to 
provide lift and function more or less as it would when gliding. 

Because only the inner part of the wing produces lift in the 
upstroke, the upstroke as a whole offers less lift than the 
downstroke. As a result, the bird's body will bob up and down 
slightly as the bird flies. 

What you've read so far is a basic description of how birds fly,
when they are already up to speed and just cruising along. 
Birds also have other flying techniques, which they use when 
taking off or landing, or for other special maneuvers.



Hovering

Hovering is a demanding but useful ability used by several species of birds 
(and specialized in by one family). 
Hovering, literally generating lift through flapping alone rather than as a 
product of thrust, demands a lot of energy. 

This means that it is confined to smaller birds; the largest bird able to truly hover 
is the pied kingfisher, although larger birds can hover for small periods of time. 
Larger birds that hover do so by flying into a headwind, allowing them to utilize 
thrust to fly slowly but remain stationary to the ground (or water). Kestrels, terns 
and even hawks use this windhovering.

Most birds that hover have high aspect ratio wings that are suited to low 
speed flying. 
One major exception to this are the hummingbirds, which are among the 
most accomplished hoverers of all the birds. 
Hummingbird flight is different from other bird flight in that the wing is 
extended throughout the whole stroke, the stroke being a symmetrical 
figure of eight, with the wing being an airfoil in both the up- and down-
stroke.

The ruby-throated 
Hummingbird can beat its 
wings 52 times a second



landing

Landing is also a problem for many large birds with high 
airspeeds. 

This problem is dealt with in some species by aiming for a point
below the intended landing area (such as a nest on a cliff) then 
pulling up beforehand. If timed correctly, the airspeed once the 
target is reached is virtually nil. 
Landing on water is simpler, and the larger waterfowl species 
prefer to do so whenever possible. 
In order to lose height rapidly prior to landing, some large birds 
such as geese indulge in a rapid alternating series of sideslips in 
a maneuver termed as whiffling.



Wing shape and flight
The shape of the wing is an important factor in 
determining the types of flight of which the bird is 
capable. 
Different shapes correspond to different trade-offs 
between beneficial characteristics, such as speed, 
low energy use, and maneuverability. 
The platform of the wing can be described in terms of 
two parameters:

aspect ratio: the ratio of wingspan to the mean of its 
chord
wing loading: the ratio of weight to wing area.

Most kinds of bird wing can be grouped into four 
types (with some falling between two of these types)

elliptical wings, 
high speed wings, 
high aspect ratio wings and 
soaring wings with slots.

This Roseate Tern uses its low 
wing loading and high aspect 
ratio to achieve low speed 
flight, important for a species 
that plunge dives for fish

http://en.wikipedia.org/wiki/Bird_flight#Wing_shape_and_flight



Wing loading and Aspect ratio

High aspect ratio
Very good lift when flying
Rather good lift in take off
Low drag when flying
Low maneuverability
Not good for rapid wing-beat
Higher wing-load

Low aspect ratio
Rather good lift when flying
Very good lift in take off
A bit high drag when flying
High maneuverability 
Good for rapid wing-beat
Lower wing-load

High wing loading
Wing should be strong
Wing-beat should be high to create enough lift



Elliptical Wings
Elliptical wings are short and rounded.
Having a low aspect ratio allows for tight 
maneuvering in confined spaces such as 
might be found in dense vegetation. As such 
they are common in 

forest raptors such as Accipiter hawks, and 
many passerines, particularly non-migratory 
ones (migratory species have longer wings).

They are also common in species that use a 
rapid take off to evade predators, such as 
pheasants and partridges.



High speed wings
High speed wings are short, pointed wings.
When combined with a heavy wing loading and rapid 
wing-beats provide an energetically expensive high 
speed. 
This type of flight is used by the bird with the fastest 
wing speed, the peregrine falcon, as well as by most of 
the ducks. 
The same wing shape is used by the auks for a 
different purpose; auks use their wings to "fly" 
underwater. 
The Peregrine Falcon has the highest recorded dive 
speed of 175 mph (282 km/h). 
The fastest straight, powered flight is the Spine-tailed 
Swift at 105 mph (170 km/h).



High aspect ratio wings

High aspect ratio wings, which 
usually have low wing loading and 
are far longer than they are wide, are 
used 

for slower flight, almost hovering (as 
used by kestrels, terns and nightjars) 
or alternatively by birds that specialize in 
soaring and gliding flight, particularly that 
used by seabirds. Seabirds do Dynamic 
soaring, i.e. they use different wind 
speeds at different heights (wind shear) 
above the waves in the ocean to provide 
lift.



Soaring wings with 
deep slots

Soaring wings with deep slots are the 
wings favored by the larger species of 
inland birds, such as eagles, vultures, 
pelicans, and storks. 
The slots at the end of the wings, 
between the primaries, reduce the 
turbulence at the tips, whilst 
The shorter size of the wings aids in 
takeoff (high aspect ratio wings require a 
long taxi in order to get airborne).



Gossamer Albatross

The Gossamer Albatross
was a human-powered 
aircraft built by American 
aeronautical engineer Dr. 
Paul B. MacCready's
AeroVironment. 
On June 12, 1979 it 
completed a successful 
crossing of the English 
Channel to win the second 
Kremer prize.

http://en.wikipedia.org/wiki/Gossamer_Albatross



Sky-Sailor
Goal: 

to build an ultra-lightweight solar 
autonomous airplane capable of 
continuous flight over days and nights.

Applications:
Mars exploration
coast or border surveillance
atmospherical and weather research 
and prediction
environmental, forestry, agricultural, 
and oceanic monitoring
imaging for the media and real-estate 
industries

Specifications:
Wing-span: 3.2 m, 
Weight: 2.5 kg
Payload: 0.5 kg, 
Speed: 30-40 km/h
Lithium-Ion-Polymer batteries
Sensors: altitude, airspeed , GPS, 
GPRS, camera



Ornithopters – Realistic Appearance

The Tim Bird was developed by G de Ruymbeke of 
France and introduced in 1969. It is the most 
successful toy ornithopter of all time and still in 
production. It functions like other rubber-band-powered 
ornithopters. The realism in achieved, as in the 
Spencer Seagulls, through the use of a hollow body 
shell and decorated wings.

Paul MacCready's 1986 half-scale replica of the 
pterosaur Quetzalcoatlus northropi achieved new levels 
of realism. This ornithopter not only looked like a real 
pterosaur, it demonstrated active stabilization methods 
like those used by birds and other flying animals. An 
onboard computer had to keep adjusting the position of 
the head, to keep this ornithopter from going into a 
spin. With its large head acting as a forward rudder, the 
actual pterosaur must have made similar corrections to 
stay airborne. The ornithopter's flight path was 
controlled by radio.

http://www.ornithopter.org/history.real.shtml



Ornithopters – Realistic Appearance
Some applications for ornithopters rely on their 
resemblance to real birds. In 2000, Intercept 
Technologies began using radio-controlled 
ornithopters for bird control, known as the 
Robofalcon. Styled to look like birds of prey, the 
ornithopters were used to chase flocks of birds 
away from airports, where they pose a threat to 
aircraft.

Another RC ornithopter, painted to look like a 
hawk, was used by the Colorado Division of 
Wildlife. The biologists wanted to band individuals 
of the Gunnison Sage Grouse to learn more about 
their behavior and find out how to protect this 
endangered species. The birds will not take flight 
if a hawk is nearby. Flying the hawk ornithopter 
overhead caused the birds to remain on the 
ground so they could be captured for study.

http://www.ornithopter.org/history.real.shtml



FlyTech Dragonfly
FlyTech™ Dragonfly is the 
world’s first radio-controlled 
flying insect. 
It flaps its wings like a real 
insect. 
The dragonfly can take off 
from any smooth surface, 
soar, dive-bomb, hover and 
glide silently for soft landings.
Built using a durable carbon-
fiber structure. Its impact-
absorbing flexible body and 
wings can absorb shocks.

http://www.flytechonline.com/about.html



Harvard Microrobotic Fly 
Project leader: Robert 
Wood, Harvard 
University
Supported by: DARPA
Application:  Spying
flaps its wings at 110 
beats per second.
Used laser to cut the 
ultrathin carbon fiber 
needed to create a 
flexible and functional fly



Epson Flying 
Robot

Developed by: Seiko Epson Corporation
Ultrasonic motors: a type of electric motor 
formed from the ultrasonic vibration of a 
component
General Specifications

Power: 3.5 V
Power consumption: 3 W
Dimensions

Diameter: About 130 mm
Height: About 70 mm

Levitation power: About 13 g/f
Weight

Total weight: About 8.9 g
Wireless module/control units: About 2.5 g
Sensors: About 0.9 g
Mechanism: About 5.1 g

Not Bio-Inspired



Swimming



Swimming

In the water staying afloat is possible through buoyancy. 
Provided an aquatic animal's body is no denser than its aqueous 
environment, it should be able to stay afloat well enough. 
Though this means little energy need be expended maintaining 
vertical position, it makes movement in the horizontal plane 
much more difficult. The drag encountered in water is much 
higher than that of air, which is almost negligible at low speeds. 

Body shape is therefore important in efficient movement, 
which is essential for basic functions like catching prey. 

A fusiform, torpedo-like body form is seen in many marine 
animals, though the mechanisms they employ for movement are 
diverse.



Swimming movements

Movement of the body may be from:
Side to side, as in sharks and many fishes, or 
Up and down, as in marine mammals. 
Other animals, such as those from the class 
Cephalopoda, use jet-propulsion, taking in water then 
squirting it back out in an explosive burst. 
Jellyfishes and flatworms move by propagating wave
along their soft body borders
Others may rely predominantly on their limbs, much 
as humans do when swimming. 

Though life on land originated from the seas, 
terrestrial animals have returned to an aquatic 
lifestyle on several occasions, such as the fully 
aquatic cetaceans, now far removed from their 
terrestrial ancestors.

The Common Octopus (Octopus 
vulgaris) uses jet-propulsion to 
move through the water

Shark: side to side motion

Whale: up and down motion



Fish Swimming
C.M. Breder, a zoologist, classified 
swimming in fishes into three general 
categories based on the length of the tail 
fin and the strength of its oscillation:

1. Anguilliform: Propulsion by a muscle wave
in the body of the animal which progresses 
from head to tail like the Eel.

2. Carangiform: Oscillating a tail fin and a tail 
peduncle like the Salmon, Trout, Tuna and 
Swordfish.

3. Ostraciiform: Oscillating only a tail fin 
without moving the body like the Boxfish.

http://www.nmri.go.jp/eng/khirata/fish/general/principle/index_e.html



Changing wave (Anguilliform)
A muscle wave is propagated from head to tail. This causes the fish to 
move forward. 
In order to get propulsive force:

The wave speed should be faster than the forward speed of the fish, and
the amplitude of the tail should be bigger than that of the head. 

Most of these fish can reverse this wave motion, thereby enabling them to 
swim backward in a similar fashion. Normally, these fish have a long body 
or a long fin like a ribbon.
A fish robot using this method needs smooth motion of the whole body with 
many hinge joints. 
The fish robot can realize delicate motion, and work well in narrow water 
area like a coral reef.

http://www.nmri.go.jp/eng/khirata/fish/general/principle/index_e.html



Body foil (Carangiform 1)
The fish pushes water behind using 
oscillation of its tail, head and body. 
The characteristics of this propulsion method 
is similar to low aspect ratio wings. 

Low aspect ratio wings are often associated 
with high lift devices, jumbo jet wing flaps, 
multi-purpose aircraft wings, towing propellers, 
and multi-purpose boat propellers. 
A wing with low aspect ratio is not suitable for 
high speed and high propulsive efficiency, 
because it has large drag. 

Fish that use this method, such as Trout and 
Salmon, have a triangular tail fin generally. 
The triangular tail fins have lower aspect 
ratios.

http://www.nmri.go.jp/eng/khirata/fish/general/principle/index_e.html



Oscillating Wing (Carangiform 2)
The fish moves by oscillating its body and tail while keeping its 
head forward. 
Tuna and Bonito use this method. Cetaceans also use this 
method, although they wave their tails up and down, not left and
right. 
These fish have a crescent and wing-shaped tail fin.
As span of the tail is long and its chord is short, the tail fin has 
high aspect ratio.

High aspect ratios are associated with very high lift performance in 
wings, propellers, helicopter rotors, high-speed motorboat propellers 
and hydrofoils. 
A wing with high aspect ratio has low drag and strong lift for the 
surface area of the wing. 
Thus, the Oscillating Wing reaches a great performance, when a high 
performance tail fin in hydrodynamics, a streamlined body and a slim 
peduncle are combined. 

The required energy for driving the tail fin is small, because the 
surface area of the wing is small for the size of the fish robot. So, 
the oscillating wing propulsion can get high propulsive efficiency. 
But the fish robot with this method does not expect to get good 
acceleration performance from stationary position, because the 
propulsive force is somewhat small for the size of the fish robot. 

http://www.nmri.go.jp/eng/khirata/fish/general/principle/index_e.html



Oscillating Plate (Ostraciiform)
Fish that use this method oscillate only a tail fin without moving 
the body. 
Water is pushed by the Oscillation Plate to left or right, not behind 
the fish. 

As a result, it has some weak points in swimming speed and 
propulsive efficiency. 
However, an elastic tail fin can obtain stronger propulsive force, 
because it can push water exactly behind the fish.

The method is expected to have high mechanical efficiency, 
because it has fewer hinge joints with small mechanical loss. 
It is the most suitable for small-size fish robots due to its simple 
structure.

http://www.nmri.go.jp/eng/khirata/fish/general/principle/index_e.html



Fish Robot: Yaw (turning) motion (1)

The fish robot swings its 
tail only to one side during 
a turning. 
It is the most important 
turning method in terms of 
maneuverability. The robot 
can turn with various 
turning diameter and 
speed.

http://www.nmri.go.jp/eng/khirata/fish/general/turn/index_e.html



Fish Robot: Yaw (turning) motion (2)

First, the robot swims 
straight, and acquires 
kinetic energy. 
Then, the robot turns
its tail to one side, and 
keeps the posture
This mode can get 
smaller turning 
diameter than that of 
the first method.

http://www.nmri.go.jp/eng/khirata/fish/general/turn/index_e.html



Fish Robot: Yaw (turning) motion (3)

The fish robot swings its tail to one 
side rapidly from stationary state. 
In this turning mode, inertia and 
friction force of the moving tail and 
the body are changed to the 
moment of rotation. 
Its turning diameter is the smallest 
of all modes. 
However:

it is difficult to control the turning 
speed and angle. 
Also, in order to get quick turning, 
the power source for tail swing 
should have sufficiently high torque. 

http://www.nmri.go.jp/eng/khirata/fish/general/turn/index_e.html



Fish Robot: Picth (Up-Down) motion (1)

A water tank (air bladder) and a pump are used in 
the fish robot. 
Balance of gravitation and buoyancy is changed by 
controlling the water level in the tank. 

When the tank is filled with water, the gravitation 
becomes bigger than the buoyancy, then the robot 
moves down.
When the tank is filled with air, the buoyancy 
becomes bigger than the gravitation, then the fish 
robot moves up. 

In this mode, the fish robot can move up and down 
vertically, and the depth can be accurately. 
This mode has problems such as

delay in response
handling of compressed air
large size because of the tank and the pump

http://www.nmri.go.jp/eng/khirata/fish/general/updown/index_e.html



Fish Robot: Picth (Up-Down) motion (2)

The robot has fins (wings).
It moves up and down by 
repositioning the fins and 
using the generated lift 
forces. 
Quick response and high 
dynamic performance in 
higher range of swimming 
speeds. 
However, the robot must 
have high initial speed. Thus 
it is not suitable for delicate 
control. 

http://www.nmri.go.jp/eng/khirata/fish/general/updown/index_e.html



Fish Robot: Picth (Up-Down) motion (3)

The robot has a joint at its 
head or tail for changing its 
posture in vertical direction. 
The robot changes its body to 
the shape of a wing, and 
moves up and down by the lift 
force. 
Like mode (2) it has:

Quick response and 
high dynamic performance in 
higher range of swimming 
speeds. 
the robot must have high initial 
speed. Thus it is not suitable 
for delicate control. 

http://www.nmri.go.jp/eng/khirata/fish/general/updown/index_e.html



Fish Robot: Picth (Up-Down) motion (4)

The robot moves up and 
down by changing the 
direction of the propulsive 
force.
The robot has a 
mechanism for changing 
the angle of the tail. 
It is useful for the robots 
which have thin bodies.

http://www.nmri.go.jp/eng/khirata/fish/general/updown/index_e.html



Fish Robot: Picth (Up-Down) motion (5)

The robot has a mechanism 
for changing its center of 
mass.
A sliding weight moves 
forward or backward. The 
robot moves up and down by 
moving of the weight to a 
suitable position. 
The fish robot can have a 
simple structure in terms of 
waterproofing. 
However, the response is not 
quick. 

http://www.nmri.go.jp/eng/khirata/fish/general/updown/index_e.html



Fish Robots

http://www.nmri.go.jp/eng/khirata/fish/model/ppf09/index_e.html
http://www.nmri.go.jp/eng/khirata/fish/experiment/experimente.htm



Terrestrial 
locomotion

many slides have been adopted from:
http://graphics.ucsd.edu/courses/cse169_w04/CSE169_13.ppt



Terrestrial Locomotion
Forms of locomotion on land include

crawling or slithering
rolling
Legged locomotion

hopping or jumping, 
walking, 
running, 

Here friction (except in crawling) and buoyancy 
are not longer an issue, 

but a strong skeletal and muscular framework are 
required in most terrestrial animals for structural 
support. 
each step also requires much energy to 
overcome inertia
animals can store elastic potential energy in their 
tendons to help overcome this. 

Balance is also required for movement on land. 



Crawling

Animals that crawl or slither 
must use more energy due to 
the higher friction levels. 
Earthworms crawl by a 
peristalsis, the same 
rhythmic contractions that 
propel food through the 
digestive tract. 



Snake

Snakes move differently, 
undulating from side to side or 
lifting and repositioning their 
scales:

Serpentine crawling: rapid front to 
back waves
Sidewinding: front to back waves 
with strong lateral component. 
Often optimized for minimal 
ground contact
Concertina locomotion: slower 
crawling front to back 
compressions

http://www.snakerobots.com/simulation.html



Snake robots

All built by Dr. Gavin Miller 
S1: 14 servos, 16 
batteries, 2-channel radio 
control
S2: engineered version of 
S1 with fewer segments 
plus a caster wheel under 
the head for support

http://www.snakerobots.com



S3

Two Basic Stamp II 
microprocessors (20 
MHz), 
35 servos (two dof in 
each segment), 
5 servo control units, 
24 batteries, 
4 channel radio control
Base on the cross-
section of a real snake



S5
One Basic Stamp II 
microprocessor (20 MHz), One 
Scenix Microprocessor (50 
MHz), 64 servos, 8 servo control 
units, 42 batteries, 4 channel 
radio control
refinement of the S3 design
doubling the number of 
segments 
resembles the length-to-width 
ratio of chubby real snakes. 



S4,S6,S7

experimental prototypes
S4 and S6 use a single motor to 
create undulation along the length of 
the robot
S7 avoids using wheels, allows for 
rectilinear locomotion



Rolling
Although animals have never evolved wheels for 
locomotion], a small number of animals move by rolling 
their whole body. 
Gravity assisted rolling

Web-toed salamander, lives on steep hills in the Sierra 
Nevada mountains. When it's disturbed or startled it coils 
itself up into a little ball often causing it to roll down hill.
Namib wheeling spiders, found in the Namib desert, actively 
roll down sand dunes. This action can be used to 
successfully escape predators such as the Pompilidae
tarantula wasps which lays its eggs in a paralyzed spider
Pangolins, a type of mammal covered in thick scales rolls 
into a tight ball when threatened. A pangolin in hill country 
in Sumatra runs to the edge of a slope and then curl into a 
ball and roll down the slope.

Self-powered rolling
Caterpillar of the Mother-Of-Pearl Moth, when attacked, 
touches it head to its tail and roll backwards, up to 5 
revolutions at about 40 cm per second, which is about 40 
times its normal speed.
Nannosquilla decemspinosa, a species of Mantis Shrimps, 
lives in shallow sandy areas along the Pacific coast of 
Central and South America. When stranded a low tide the 
3cm stomatopod lies on its back and performs backwards 
somersaults over and over. 
Pangolins have also been reported to roll away from danger 
by self-powered methods. 



Hopping
In hopping all legs move together. 
Crickets, locusts, grasshoppers, fleas and other insects that jump, 
use that ability:

to rapidly reach their prey or food; 
to escape predators and other dangers; 
to easily cover long distances; 
to change habitats - all in a flash.

While most of them sport the same physical feature such as the 
enlarged hind femur for jumping, there are exceptions such as the 
springtail. This wingless insect has a forked tail-like jumping 
mechanism at the end of their abdomen.

http://www.animalplanet.com.au/insects/jumping/index.shtml



Froghopper
World champion in high jumping.

A froghopper (6 mm-long) can exert more than 400 times its body 
weight, can spring 70 cm into the air

flea 135 times it’s body weight
grasshopper 8 times it’s body weight
Human 2-3 times our body weight

The flea can do something similar, but the froghopper is 60 
times heavier!
The froghopper's secret is found in two hind legs that are so 
specialized to the high jump task that they are simply dragged 
along the ground when the insect is walking.
When the bug needs to leap, the legs form part of a very 
powerful catapult system. The limbs are lifted in a cocked 
position, held by ridges on the legs. Two huge muscles, one 
controlling each leg, are contracted, and when they build up 
sufficient force, the legs break the lock and the insect springs 
forward.
It accelerates in a millisecond up to a take-off velocity of 5 m/s

The initial acceleration: 4,000 m/s2

The generated G-force: 400 g 
a human astronaut going into orbit on a rocket may experience 5 g

http://news.bbc.co.uk/2/hi/science/nature/3110719.stm



Bow Leg Hopper

Constructed by Ben 
Brown and Garth 
Zeglin in CMU
Controls the leg angle 
and the stored energy
3D version constructed 
by J.C. Zufferey
(EPFL)

http://www.cs.cmu.edu/~garthz/research/bowleg/



Frogbot

Built at JPL NASA
A single actuator 
controls the jumping and 
steering operations, as 
well as the panning of an 
on-board camera
achieved about 80 cm of 
hopping height

http://www-robotics.jpl.nasa.gov/tasks/showTask.cfm?FuseAction=ShowTask&TaskID=136&tdaID=800003



Legged Locomotion:

Stance
The stance, the way the body is supported by the legs, is an 
important aspect. 
Charig (1972) identified three main ways in which vertebrates support 
themselves with their legs:

the sprawling stance, 
the semi-erect stance, and 
the fully erect stance. 

Some animals may use different stances in different circumstances, 
depending on the stance's mechanical and energetic advantages.
Sprawling stance: the legs are used to drag the body over the land. 

the earliest form of use of legs on land
Amphibious fish such as the mudskipper drag themselves across land on 
their sturdy fins. 
Many reptiles and amphibians, some or all of the time, use this method of 
locomotion. 

Semi-erect stance: the legs are to the side, but the body is held above 
the substrate. This mode of locomotion is found among:

Some reptiles and amphibians. It is the main stance of the crocodilians. 
A few mammals, such as the platypus
Most arthropods

Fully erect stance: the legs are placed beneath the body. 
The main form of stance of mammals and birds
It is not necessarily the 'most-evolved' stance, evidence suggests that 
crocodilians evolved a semi-erect stance from ancestors with fully erect 
stance as a result of adapting to a mostly aquatic lifestyle (Reilly & Elias 
1998). 



Number of legs
Varies between animals, the same animal may use different 
numbers of legs in different circumstances. 
No leg:

Snakes, worms
Unipedal:

Springtail, typically hexapedal, hurls itself away from danger using its 
furcula, a tail-like forked rod that can be rapidly unfurled from the 
underside of its body.

Bipedal:
Birds, exclusively bipedal, they have an alternating gait. 
Bipedal mammals. 

Most move by hopping - the macropods and various jumping rodents
Humans and the giant pangolin commonly show an alternating bipedal gait
Cockroaches and some lizards may run on their two hind legs. 

Tripedal: 
kangaroos have thick muscular tails and when moving slowly may 
alternate between resting their weight on their tails and their two hind 
legs.



Number of legs
Quadrupedal:

all terrestrial vertebrates except birds
the mammals, 
the reptiles, and 
the amphibians usually move on four legs

Hexapedal:
Most insects except 

praying mantises which are quadrapeds, their 
front two legs having been modified for 
grasping, and 
some kinds of insect larva who may have no 
legs (e.g. maggots) or additional prolegs (e.g. 
caterpillars).

Octopedal: 
Spiders and many of their relatives 



Number of legs
More legs

Terrestrial crustaceans may have a fair number 
- woodlice having 14 legs. 
some insect larvae such as caterpillars have 
up to 6 additional fleshy prolegs in addition to 
the 6 legs standard to insects. 
The unusual velvet worm having stubby legs 
under the length of its body, with around 
several dozen pairs of legs. 
Centipedes have one pair of legs per body 
segment, with typically around 50 legs, but 
some species having over 200. 
Millipedes have between 80 and 750 (Illacme
plenipes)

Illacme plenipesmillipede

centipede

Velvet worm

woodlice



Leg forms
The legs of tetrapods, the main group of 
terrestrial vertebrates, have internal bones, 
with externally attached muscles for 
movement. 
The basic form has three key joints: 

the shoulder joint, 
the knee joint, and 
the ankle joint, at which the foot is attached. 

The arthropod legs are jointed and supported 
by hard external armor, with the muscles 
attached to the internal surface of this 
exoskeleton. 
The velvet worms, have soft stumpy legs 
supported by a hydrostatic skeleton. Some 
caterpillars have prolegs, a similar form to 
those of velvet worms.



Tetrapod Leg structure

Arms
Clavicle
Scapula
Humerus
Radius/Ulna
Carpals
Metacarpals
Phalanges

Legs
Pelvis
Femur
Tibia/Fibula
Tarsals
Metatarsals
Phalanges



Some examples



Number of toes
The basic form of the vertebrate foot has five 
toes.
some animals have evolved fewer than this.
some early tetrapods had more; Acanthostega
had eight toes. 



Weight ditribution
Plantigrade: walking on the whole 
underside of the foot, e.g. most vertebrates 
such as the amphibians, the reptiles, and 
some mammals such as humans and 
bears. 
Digitigrade: walking on toes, allows for 
greater stride length, fast and quiet 
movement e.g. birds, many mammals, 
such as cats and dogs
Unguligrade: walking on the tips of toes, 
increases the stride length and speed, e.g. 
horses
Knuckle-walking: a few mammals are also 
known to walk on their knuckles, at least 
for their front legs. It allows the foot (hand) 
to specialise for food gathering and/or 
climbing, as with the great apes, or for 
swimming, as with the platypus. 



Gait
A gait refers to a particular sequence of lifting and 
placing the feet during legged locomotion (gallop, trot, 
walk, run…)
Each repetition of the sequence is called a gait cycle
The time taken in one complete cycle is the gait period
The inverse of the period is the gait frequency (1/period)
Normally, in one gait cycle, each leg goes through 
exactly one complete step cycle.

walk



Side and direction of leg
movements

In walking, and for many animals running, the motion of 
legs on either side of the body alternates.
In some gaits, such as a horse galloping, or an inchworm 
gait, the motion of legs alternates between the front and 
back legs. 
Most animals move in the direction of their head. 
However there are some exceptions. Crabs move 
sideways, and naked mole rats which live in tight tunnels 
underground can move backward or forward with equal 
facility.

walk Trot Gallop



Edward Muybridge
Eadweard J. Muybridge (1830–1904) was 
an English photographer, known primarily 
for his early use of multiple cameras to 
capture motion.

Pace Gallop Gallop



Gait Phase
We can think of the gait phase a 
value that ranges from 0 to 1 as the 
gait cycle proceeds.
We can choose 0 as being any 
arbitrary point within the cycle (such 
as when the back left foot begins its 
step).
The phase is like a clock that keeps 
going round and round (0…1, 0…1, 
0…1).
For a particular gait, the stepping of 
the legs and all other motion of the 
character can be described relative 
to the gait phase



Step Cycle
In one gait cycle, each individual leg goes 
through a complete step cycle
Each leg’s step cycle is phase shifted 
relative to the main gait cycle
The step cycle is broken into two main 
stages

Support stage (foot on ground)
Transfer stage (foot in the air)

The amount of time a leg spends in the 
support stage is the support duration (& 
likewise for transfer duration)

GaitPeriodrationTransferDuationSupportDur =+

Support

Transfer



Duty Factor
The relative amount of time a foot spends on 
the ground is called the duty factor

For a human walking, the duty factor will be 
greater than 0.5, indicating that there is an 
overlap time when both feet are on the ground
For a run, the duty factor is less than 0.5, 
indicating that there is a time when both feet are 
in the air and the body is undergoing ballistic 
motion

GaitPeriod
ationSupportDurDutyFactor =



Step Phase

The step phase is a value that 
ranges from 0 to 1 during an 
individual leg’s step cycle
We can choose 0 to indicate 
the moment when the foot 
begins to lift (i.e., the 
beginning of the transfer 
phase)
The foot contacts the ground 
and comes to rest when the 
phase equals 1 minus the duty 
factor

Support

Transfer

1-
du

ty
 fa

ct
or

Step phase
begins



Step Trigger

Each leg’s step cycle is phase shifted relative to 
the main gait cycle
This phase shift is called the step trigger
The trigger is the phase within the main gait 
cycle where a particular leg begins its step cycle

.0

Biped Walk

.5



Locomotion Terminology

Gait
Gait cycle
Gait period
Gait frequency
Gait phase

Stepping
Step cycle
Step phase
Support stage, support duration
Transfer stage, transfer duration
Duty factor
Step trigger



Gait Description
A simple description of 
the timing of a 
particular gait requires 
the following 
information

Number of legs
Gait period
Duty factor & step 
trigger for each leg

.0

.25

.5

.75

Walk

trigger diagram

Foot pattern

Animation

timing diagram

body diagram



Animal Gaits



Ancestral Tetrapods

All land based vertebrates evolved from an original 
‘tetrapod’ ancestor
The tetrapod was like a primitive reptile- closer to a fish
The 4 legs were adaptations of swimming fins and the 
creature moved on land by a combination of ‘paddling’
with its legs and ‘swimming’ with it’s spine
All present day quadruped vertebrates are based on the 
same underlying construction, but with various 
adaptations
Even snakes, birds, dolphins, and whales evolved from 
the ancestral tetrapod and still show many similarities



Quadruped Gaits

Quadruped: 4 legs
Muybridge showed that almost 
all quadrupeds use one or more 
of the following gaits

Walk
Amble
Trot
Pace
Canter
Gallop (transverse & rotary)

http://ultimatehorsesite.com/info/gaits.html
http://www.equusite.com/articles/basics/basicsGaits.shtml

http://vanat.cvm.umn.edu/gaits/



Horse gaits

http://bowlingsite.mcf.com/Movement/locoindex.html

walk

amble

pace

trot

canter

gallop



Quadruped Walk

.0

.25

.5

.75

Walk

Basic, slowest and least-tiring gait of most quadrupeds
four-beat gait, in which each limb steps (lift-swing-
support-thrust) sequentially.
Very slow walks may involve 3-4 legs on the ground, but 
normal walks involve 3 legs on the ground with a brief 
moment with only 2

2 limbs alternate with 3 limbs in supporting body weight. 
Thus, 8 different combinations of limb support occur during 
one cycle: 

4 combinations of 3-leg support interspersed with 
4 combinations of alternating 2-leg support (diagonal & 
lateral). 

For each limb, the duration of support exceeds that of 
swing.
The duty factor is therefore relatively high (.6 ~ .8)
Actual timing of walk gaits may vary from the diagram

Foot patternStep trigger diagram



Walk



Quadruped Walk

Video from prof. Auke Ijspeert, http://birg.epfl.ch/page65446.html



Amble

.0

.2

.5

.7

Amble

Ambles are like a quicker version of the walk, 
but are also associated with larger, slow 
moving quadrupeds
A typical stride cycle would be, e.g., left 
diagonal, right lateral, right diagonal, and left 
lateral
The duty factor is often in the .5 ~ .7 range, 
but some horses amble at even lower duty 
factors
Elephants use the amble gait exclusively. 
The front and back legs are often very close 
in phase (shifted by around .1 or so)
The gait often involves a noticeable swinging 
of the body from left to right



Amble



Trot

.0

.5

.5

.0

Trot

a two-beat gait.
diagonal legs step nearly in sync (though often 
slightly led by the forefoot)
a common gait in all domestic quadrupeds and 
the natural foraging gait of most wild animals. 

It is well-suited for rough, irregular ground and for 
traveling long distances at a fair rate of speed. 
Work is spread evenly over all four limbs, and 
diagonal support makes it easy to maintain 
equilibrium. 

The duty factor is usually relatively low (<.4) 
and there are moments where all 4 legs are off 
the ground 
Before Muybridge, most horse trainers believed 
a trotting horse always had at least one foot on 
the ground



Trot



Pace / Rack

.5

.5

.0

.0

Pace / Rack

It is a two-beat gait with similar 
qualities to the trot, but horses are 
rarely trained to perform this gait
the least comfortable for a rider
offers better traction than the trot
primary gait of camels, uncommon 
among other domestic quadrupeds
The Rack gait is a rapid pace where 
the two ipsilateral limbs land 
separately instead of together, 
producing a four beat gait. 



Pace 



Canter

.7

.0

.4

.7

Canter

a three-beat, medium speed gait, a bit 
irregular and not usually used for long 
intervals
It is asymmetrical, i.e. limb patterns are 
different on the right and left sides 
Some horses canter as they slow down 
from a gallop
On a straight path, a dog will normally shift 
leads to alleviate fatigue or in preparation 
for turning. 
Sometimes, the timing of the canter is 
more like .0, .9, .9, .5, with 3 legs stepping 
in rapid succession, alternating with the 4th 
leg



Canter



Transverse Gallop

.5

.0

.6

.1

Transverse Gallop

the fastest quadruped gait.
a four-beat gait
involves an alternation between 
the front and back pairs of legs, 
but slightly out of sync
There are several subtle 
variations on gallops, but they are 
generally separated into 
transverse and rotary gallops
Horses tend to prefer the 
transverse gallop, as do most 
other quadrupeds



Transverse 
Gallop



Rotary Gallop

.6

.0

.5

.1

Rotary Gallop

Rotary gallops involve a circular 
LR-RL timing (as opposed to the 
zig-zagging LR-LR timing of the 
transverse gallop)
Many dogs use a rotary gallop at 
high speeds, as do a few other 
quadrupeds
exhibited by carnivores and by 
rodents, swine, and small 
ungulates



Rotary 
Gallop



Equestrian Gallop

.6

.0

.7

.1

Equestrian Gallop

Gallops can also be broken into 
either feline or equestrian types, 
based on the front/back timing
For equestrian (horse-type) 
gallops, the timing is like:

front-pause-back
After the front legs push off, all 
four legs are in the air



Feline Gallop

.0

.6

.1

.7

Feline Gallop

For feline (cat-type) gallops, 
the timing is like:

back-pause-front
After the back legs push off, all 
four legs are in the air
This sometimes known as a 
leaping gait



Bound

.0

.5

.0

.5

Bound

Some quadrupeds gallop in 
such a way that the front 
and back pairs of legs are in 
sync
This is known as a bounding
gait



Gait Efficiency



Transition: Walk to Trot



Transition: Trot to Gallop



Hexapod Gaits
Most adult insects are hexapods (6 legs)
For slow movement, some use an off-sync back to front
wave gait called ripple gait
For faster movement, some insects use a metachronal
wave gait
For even faster movement, most insects use a tripod gait
Occasionally, one encounters insects that run on their 
back 4 legs or even only their back 2 (cockroaches can 
do this )
Some artificial gaits have been developed for hexapod 
robots e.g. Wave gait



http://www.oricomtech.com/projects/leg-time.htm

Figure adapted from Cynthia Ferrell, "Robust and Adaptive Locomotion of an Autonomous Hexapod", in Proc. From Perception to 
Action Conference, Lausanne, Switzerland, 66-77, 1994. 

Wave gait
Artificial gait, not seen in animals
All legs on one side are moved forward in 
succession, starting with the rear-most leg. This is 
then repeated on the other side. 
Since only 1 leg is ever lifted at a time, with the 
other 5 being down, the animal is always in a 
highly-stable posture.
One conjectures that the Wave gait cannot be 
speeded up very much

If you try to shorten the suspension phases, the 
steps will get shorter, and/or the legs will have to 
pump faster. 
If you try to overlap the suspension phases, this 
would entail lifting adjacent legs simultaneously, and 
lead to partial collapse of that part of the body.



http://www.oricomtech.com/projects/leg-time.htm

Figure adapted from Cynthia Ferrell, "Robust and Adaptive Locomotion of an Autonomous Hexapod", in Proc. From Perception to 
Action Conference, Lausanne, Switzerland, 66-77, 1994. 

Ripple gait
At first glance the timing of this gait looks 
somewhat complicated.
However, the key to understanding is to recognize 
that:

on each side a local wave comprising non-
overlapping lift phases is being performed, and that 
the 2 opposite side waves are exactly 180 degrees 
out of phase with one another. 

For instance, if L3 and R3 are considered to 
represent the start of each local wave, then notice 
that R3 starts to move exactly in the middle of the 
L3-L2-L1 side wave.



Metachronal wave gait

?
See Exercise 1



http://www.oricomtech.com/projects/leg-time.htm

Figure adapted from Cynthia Ferrell, "Robust and Adaptive Locomotion of an Autonomous Hexapod", 
in Proc. From Perception to Action Conference, Lausanne, Switzerland, 66-77, 1994. 

Tripod gait
The best-known hexapod gait
Consists of the front-back legs on one side 
and the middle leg on the opposite side
For each tripod, the legs are lifted, lowered, 
and moved forwards and backwards in 
unison. 
During walking, the weight is simply shifted 
alternately from one tripod to the other. 
Since 3 legs are on the ground at all times, 
this gait is both "statically" and 
"dynamically" stable. 

body diagram

Step timing diagram



Speed and Stability

Speed
If step size is held constant, the Tripod gait will be fastest, completing a cycle in 2 time 
beats, while the Wave gait is slowest at 6 beats. By overlapping the local side waves, the 
Ripple comes in at a fast 3 time beats per cycle, although the phasing-offset actually 
produces 6 mini-beats overall.

Stability
The Wave will be most stable, since it keeps the most legs on the ground at all phases of 
the stride. It will probably also be the easiest to adjust during movement over uneven 
terrain. 
The Ripple is next most-stable. At most, only 2 legs are ever off the ground at the same
time. Only 1 leg per side is ever lifted at a time, and when it is, its direct contralateral
counterpart is down - compare L3 and R3 at times (1) and (4). Furthermore, because of
the phase offsets between sides, no 2 legs are ever in full suspension at any time - eg, 
when R3 is up, L2 is just coming down and L1 is just starting to raise. 
The Tripod, although fastest, will also be the least stable, since it always has 3 legs in 
suspension. 

Exercise: compare metachronal wave gait with these three gaits in terms of speed 
and stability



Octopod Gaits

Spiders are octopod (8 legs)
They tend to have very similar gaits to 
hexapods

Ripple gait, off-sync back to front wave gait for 
slow movement
Quadrapod gait (not quadruped), similar to 
tripod gait but with 4 legs

http://www.oricomtech.com/projects/leg-time.htm
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Quadrapod Gait
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This gait is similar to octopod quadrapod gait and both the hexapod tripod and ripple gaits, but is a 
level more complicated.
Here legs on opposite sides work together as "tetrapods" rather than tripods, but rather than all 
moving together, the 4 legs in each tetrapod move in a wave-like succession. 
The upper timing diagram shows the sequence for one tetrapod: R4-L3-R2-L1. Note that the legs 
firing in succession are on alternating sides, and the lift phases overlap significantly.
As shown here, approximately half-way through the period just described, the alternate tetrapod
consisting of legs L4-R3-L2-R1 begins its sequence of wave-like lifts. Thus, you have a wave 
sequence within each tetrapod, plus the 2 tetrapods working "approximately" 180 degrees out of 
phase with each other. 
Notice there is a period in the middle of each tetrapod wave when all 4 legs are airborne
simultaneously, but that the first leg will be coming down about the same time as the last leg is 
starting to lift. Therefore, the period over which all 4 legs are lifted "simultaneously" is relatively short. 
Also, during this entire time, all 4 legs of the other tetrapod are firmly grounded, providing a stable 
platform. Overall, the diagram indicates that each leg is down about 2/3 of the time.
In summary, the real-life scorpion utilizes alternating tetrapods, which function somewhat like a cross 
between the hexapod tripod and ripple/wave gaits.

http://www.oricomtech.com/projects/leg-time.htm

Picture taken from B.Klaassen, R.Linnemann, D.Spenneberg, & F.Kirchner, "Biomimetic
Walking Robot Scorpion: Control and Modelling", SIRS'2001

Scorpin’s
gait



Locomotion of the hunting spider Cupiennius salei
The characteristic gait of this spider is the alternating tetrapod
The figure illustrates that a given leg is grounded for about 60-70% 
of the total step, and there is always a period of overlap (about 15-
20%) where adjacent ipsilateral legs are grounded. 
As can be seen, on transitioning from one tetrapod to the other, 
there is typically a period when at least 3 (and sometimes 4) legs on 
a given side are grounded simultaneously. 
Overall, at least 6 legs are grounded at all times during the 
transitions. This overlap will clearly improve the stability of the gait, 
and will probably increase the endurance of the animal. 

http://www.oricomtech.com/projects/leg-time.htm

Spider’s gait

Picture taken from Friedrich Barth , "A Spider's World, Senses and Behavior", chapter XXIV, Springer, 2002.
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Simulated 
arachnid gait

The first gait is the "Alternating Cartesian Table" gait. 
In the second, adjacent legs in the corners work in unison, and the 
result is similar to the "Alternating Diagonal" gait used by  walking 
and trotting quadrupeds. 
The third gait is called the "Quadripod Gait" by Parker, and is 
essentially the same as the alternating tetrapod gait shown 
previously for the scorpion. 
These are all 2-beat gaits, which would advance the animal or robot 
at the same speed. However, a little thought shows they are not all 
quite as stable as one another. The Cartesian gait will have a little 
front-back instability, while the Diagonal will have a little off-
diagonal-axis wobble. The Tetrapod should be marginally better 
than either of the others.

Picture taken from Gary Parker: "Generating Arachnid Robot Gaits with Cyclic Genetic Algorithms", in 
Genetic Programming 1998: Proceedings of the Third Annual Conference, pp 576-583.
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Young Insect Gaits

Younger insects (larva, grubs, caterpillars) 
don’t tend to move around as well as the 
older ones
Larva and grubs tend to wiggle & dig a lot
Caterpillars use ON-sync back to front 
wave gaits



Caterpillar Gait
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Centipedes & Millipedes

Centipedes & millipedes tend to use off-sync 
back to front wave type gaits (like ripple gait) 
with several waves
Some species, however use a front to back 
wave gait
When moving fast, their motion tends towards a 
tripod type gait, alternating between two different 
sets of three main support zones



Centipedes & Millipedes



Salamandra robotica
Bio-Inspired Robotics Group
Prof. Auke Ijspeert

http://birg.epfl.ch/page65446.html
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Biped locomotion in animals
movement by means of two rear limbs 
Standing: staying still on both legs; is an 
active process; needs constant adjustment 
of balance
It has evolved multiple times independently 
in vertebrates

In reptiles, 
archosaurs, ancestors to crocodiles, birds and 
dinosaurs, 
lizards such as the zebra-tailed lizard. 

Within mammals:
walking by alternating legs, in large birds and 
human
Hopping, in macropods, smaller birds and 
kangaroo mice



Evolution of biped locomotion in 
Human

Humans evolved from a chimpanzee-like, knuckle-walking 
ancestor. 
Evidence points to bipedalism evolving before the 
expansion in human brain size. 
There are many hypotheses as to how and why 
bipedalism evolved in humans, including:

freeing the hands for food gathering, tool use, and carrying
sexual dimorphism in food gathering and care taking 
changes in climate and habitat (from jungle to savanna or water)
to reduce the amount of skin exposed to the tropical sun

Sometimes sexual dimorphism (physical differences 
between men and women) has been seen as an 
evolutionary adaptation of females to better bear lumbar 
load during pregnancy, an adaptation that non-bipedal 
primates would not need to make.

Biped locomotion



Bipedal gaits in human

http://en.wikipedia.org/wiki/Bipedal

Basic types of bipedal movement include walking, 
running and hopping
Walking: One foot in front of another; at least one 
foot on the ground

tipping slightly off-balance forward and to the side
rocking back and forth between feet
pushing with the toe to maintain speed
shortening and extending the knees to prolong the 
"forward fall“
combined interruption in rocking and ankle twist to turn

Running: One foot in front of another; with periods 
where both feet are off the ground.

constant state of falling forward and catching oneself 
with the right timing

Hopping: A series of jumps; both feet move together



Bipedal gaits in human
Jog: slow running
March: used in military; side-to-side motion is removed
Speed walking: the leg is straight as it passes below the hip
Carry: used for carrying weight on the back
Ghost walk: quiet gait; heel lands first, followed by the outer ridge 
Fox walk: landing first on the ball of the foot; useful for barefoot
Bear walk: non-practical; arm is brought up with the leg on the same 
side
Shuffle: the feet are brought off the ground very little
Stalk or prowl: a walk that maintains a low profile. 
Knee walk: starts with one foot and the other knee on the ground
Backpedal: walk in the opposite direction without changing facing.
Hand walking the walker moves primarily using their hands.
Hobble: one pace is shorter than the other; to protect an injured limb.
…



Climbing
Some animals are specialized for 
moving on non-horizontal
surfaces. 

One common habitat for such 
climbing animals is in trees, for 
example the gibbon is specialized for 
arboreal movement. 
Animals like the snow leopard living 
on steep rock faces , some light 
animals are able to climb up smooth 
sheer surfaces or hang upside down 
by adhesion. Many insects can do 
this, though much larger animals 
such as geckos can also perform 
similar feats.



Walking on hands: Branchiation



Walking 
on water

While animals like ducks can swim in water by floating, some small 
animals move across it without breaking through the surface. 
This surface locomotion takes advantage of the surface tension of 
water. 
Animals that move in such a way include the waterstrider. 
Water striders have legs that are hydrophobic, preventing them from 
interfering with the structure of water. 
Another form of locomotion (in which the surface layer is broken) is 
used by the Basilisk lizard.



RoboStrider
Version 1: a simple wire armature shaped 
roughly like a water strider to demonstrate that 
a metal object that is denser than water could 
be supported by surface tension. 
version 2: actuation mechanism, a thin elastic 
band coiled around a pulley which is connected 
to the rowing legs.
version 3: final version, actuated middle legs 
and four support legs, modeled after live water 
striders. It sports aluminum construction with 
stainless steel legs.

http://web.mit.edu/chosetec/www/robo/robostrider.html



Energetics

Physiologists generally measure energy use by the 
amount of oxygen consumed, or the amount of carbon 
dioxide produced, in an animal's respiration.
Heavier animals, though using more total energy, require 
less energy per unit mass to move
Animals that swim expend less energy per unit of body 
mass per meter traveled; flying animals expend more; 
running terrestrial animals actually expend even more 
energy for the distance traveled
Flying animals use the most energy per time unit


