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lateral forces may enhance both the passive
stability and active maneuverability of loco-
motion. By pushing laterally, legs create a
more robust gait that can be passively self-
stabilizing as the animal changes speed,
moves over uneven ground, or is knocked
askew by uneven terrain, a gust of wind, or a
would-be predator (27). Species with sprawled
postures can actively alter course by chang-
ing the orientation of forces generated by a
single leg (23, 28).

Whereas the legs of a runner push against
a solid substrate, the appendages and body of

swimmers and fliers push against fluids,
which distort and swirl to form a complex
wake (Fig. 1, D and E). As an animal moves
through a fluid, it creates vorticity, a circular
flow of motion that represents the momentum
imparted by the animal to the fluid. Although
vorticity may be distributed continuously
throughout a fluid, an important advance in
the study of locomotion came with the rec-
ognition that the wakes of swimming and
flying animals are often packaged into a se-
ries of discrete or linked vortex rings (Fig.
1D) (29–33). It is not possible to directly

measure the forces generated by an animal;
however, it is possible to visualize the forma-
tion of its vortex wake and, from such data,
reconstruct the spatial and temporal dynamics
of force generation. Such attempts have been
greatly advanced through the development of
digital particle image velocimetry (34), which
employs a spatial cross-correlation technique
to resolve the local velocity within a slice of
fluid (Fig. 1E). Although the geometry of
such wakes is complex and differs among
species or within an individual, depending on
swimming speed or the fins used (33, 35–38),
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Fig. 1. Forces exerted by moving animals vary
in space and time. (A) Ground reaction force
vectors (shown in red) for a running human and
trotting dog are plotted at equal time intervals
throughout the stance phase. At each instant,
the resultant vector points through the hip or
shoulder of each leg, minimizing the torque at
each joint. An initial braking phase is followed
by a propulsive phase. (B) Two basic models for
legged locomotion. In a walking animal, the
center of mass vaults over a rigid leg, analogous
to an inverted pendulum. At mid stance, the
center of mass reaches its highest point. Like a
pendulum, the kinetic and gravitational poten-
tial energies of the body are exchanged cycli-
cally. In a running animal, the leg acts as a
spring, compressing during the braking phase
and recoiling during the propulsive phase. At
mid stance, the center of mass reaches its
lowest point. Like a simple spring-mass system,
the kinetic and gravitational potential energies
are stored as elastic energy during the braking
phase and recovered during the propulsive
phase. (C) In a running cockroach, hind-leg
ground reaction forces propel the animal for-
ward, whereas each foreleg ground reaction
force pushes backward, counter to the animal’s
movement. The middle-leg ground reaction
force begins by pushing backward but then
pushes forward at the end of the stance phase.
In addition to these fluctuating fore-aft forces,
all legs act to push the body toward the mid-
line. Black (stance phase) and blue (swing
phase) dotted lines indicate the path of the
distal end of each leg relative to the whole-
body center of mass. Data are from (120). (D)
Reconstruction of vortex wake behind a swim-
ming fish (121). As the tail sweeps back and
forth, it creates a series of alternating vortices.
Each stroke of the fin creates a single donut-
shaped vortex that is linked to the vortices of
previous strokes. Each vortex represents the
momentum imparted to the water by the fish’s
body and tail. By quantifying the water velocity
induced by the shed vortex, it is possible to
reconstruct the time-averaged hydrodynamic
force acting on the fish. Black arrows indicate
the velocity of water through the vortex ring.
(E) Digital particle image velocimetry data for
the wake behind the tail of a swimming bluegill as viewed from above
(121). The head of the fish is oriented toward the bottom of the page.
The two images indicate the fluid velocity near the beginning and end of
one stroke. Raw data such as these can be used to reconstruct a vortex
wake like that shown in (D). Each sweep of the tail fin sheds a pair of
counterrotating vortices (shown in blue) that induce a flow outward and
rearward. Red arrows indicate the water velocity. (F) Aerodynamic forces
created by a fruit fly wing during hovering flight measured on a dynam-
ically scaled model insect [adapted from (51)]. The wing of a hovering
insect typically flaps back and forth at a high angle of attack during each

stroke. The wing path is shown with a black dotted line. Black arrows
indicate wing motion. Between strokes, the wing rapidly rotates so that
the dorsal surface faces up during the downstroke and the ventral portion
faces up during the upstroke. The total aerodynamic force (red) may be
decomposed into lift (blue) and drag (green) components. (G) Diagram of
wing motion indicating magnitude and orientation of the total aerody-
namic force vector (red) generated throughout the stroke. Black lines indi-
cate instantaneous position of the wing at temporally equidistant points
during each stroke. Small circles indicate the leading edge of the wing. Time
moves left to right during downstroke and right to left during upstroke.
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vectors (shown in red) for a running human and
trotting dog are plotted at equal time intervals
throughout the stance phase. At each instant,
the resultant vector points through the hip or
shoulder of each leg, minimizing the torque at
each joint. An initial braking phase is followed
by a propulsive phase. (B) Two basic models for
legged locomotion. In a walking animal, the
center of mass vaults over a rigid leg, analogous
to an inverted pendulum. At mid stance, the
center of mass reaches its highest point. Like a
pendulum, the kinetic and gravitational poten-
tial energies of the body are exchanged cycli-
cally. In a running animal, the leg acts as a
spring, compressing during the braking phase
and recoiling during the propulsive phase. At
mid stance, the center of mass reaches its
lowest point. Like a simple spring-mass system,
the kinetic and gravitational potential energies
are stored as elastic energy during the braking
phase and recovered during the propulsive
phase. (C) In a running cockroach, hind-leg
ground reaction forces propel the animal for-
ward, whereas each foreleg ground reaction
force pushes backward, counter to the animal’s
movement. The middle-leg ground reaction
force begins by pushing backward but then
pushes forward at the end of the stance phase.
In addition to these fluctuating fore-aft forces,
all legs act to push the body toward the mid-
line. Black (stance phase) and blue (swing
phase) dotted lines indicate the path of the
distal end of each leg relative to the whole-
body center of mass. Data are from (120). (D)
Reconstruction of vortex wake behind a swim-
ming fish (121). As the tail sweeps back and
forth, it creates a series of alternating vortices.
Each stroke of the fin creates a single donut-
shaped vortex that is linked to the vortices of
previous strokes. Each vortex represents the
momentum imparted to the water by the fish’s
body and tail. By quantifying the water velocity
induced by the shed vortex, it is possible to
reconstruct the time-averaged hydrodynamic
force acting on the fish. Black arrows indicate
the velocity of water through the vortex ring.
(E) Digital particle image velocimetry data for
the wake behind the tail of a swimming bluegill as viewed from above
(121). The head of the fish is oriented toward the bottom of the page.
The two images indicate the fluid velocity near the beginning and end of
one stroke. Raw data such as these can be used to reconstruct a vortex
wake like that shown in (D). Each sweep of the tail fin sheds a pair of
counterrotating vortices (shown in blue) that induce a flow outward and
rearward. Red arrows indicate the water velocity. (F) Aerodynamic forces
created by a fruit fly wing during hovering flight measured on a dynam-
ically scaled model insect [adapted from (51)]. The wing of a hovering
insect typically flaps back and forth at a high angle of attack during each

stroke. The wing path is shown with a black dotted line. Black arrows
indicate wing motion. Between strokes, the wing rapidly rotates so that
the dorsal surface faces up during the downstroke and the ventral portion
faces up during the upstroke. The total aerodynamic force (red) may be
decomposed into lift (blue) and drag (green) components. (G) Diagram of
wing motion indicating magnitude and orientation of the total aerody-
namic force vector (red) generated throughout the stroke. Black lines indi-
cate instantaneous position of the wing at temporally equidistant points
during each stroke. Small circles indicate the leading edge of the wing. Time
moves left to right during downstroke and right to left during upstroke.

www.sciencemag.org SCIENCE VOL 288 7 APRIL 2000 101

M O V E M E N T : M O L E C U L A R T O R O B O T I C

lateral forces may enhance both the passive
stability and active maneuverability of loco-
motion. By pushing laterally, legs create a
more robust gait that can be passively self-
stabilizing as the animal changes speed,
moves over uneven ground, or is knocked
askew by uneven terrain, a gust of wind, or a
would-be predator (27). Species with sprawled
postures can actively alter course by chang-
ing the orientation of forces generated by a
single leg (23, 28).

Whereas the legs of a runner push against
a solid substrate, the appendages and body of

swimmers and fliers push against fluids,
which distort and swirl to form a complex
wake (Fig. 1, D and E). As an animal moves
through a fluid, it creates vorticity, a circular
flow of motion that represents the momentum
imparted by the animal to the fluid. Although
vorticity may be distributed continuously
throughout a fluid, an important advance in
the study of locomotion came with the rec-
ognition that the wakes of swimming and
flying animals are often packaged into a se-
ries of discrete or linked vortex rings (Fig.
1D) (29–33). It is not possible to directly

measure the forces generated by an animal;
however, it is possible to visualize the forma-
tion of its vortex wake and, from such data,
reconstruct the spatial and temporal dynamics
of force generation. Such attempts have been
greatly advanced through the development of
digital particle image velocimetry (34), which
employs a spatial cross-correlation technique
to resolve the local velocity within a slice of
fluid (Fig. 1E). Although the geometry of
such wakes is complex and differs among
species or within an individual, depending on
swimming speed or the fins used (33, 35–38),

wing path

total
aerodynamic

force

center of
mass

C

F

downstroke

upstroke 

vortex chain

G

spring-mass model
= running 

inverted pendulum
= walking 

A B

ground
reaction
forces

lift

drag

D

ground
reaction
forces E

hydrodynamic 
force

Fig. 1. Forces exerted by moving animals vary
in space and time. (A) Ground reaction force
vectors (shown in red) for a running human and
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shoulder of each leg, minimizing the torque at
each joint. An initial braking phase is followed
by a propulsive phase. (B) Two basic models for
legged locomotion. In a walking animal, the
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to an inverted pendulum. At mid stance, the
center of mass reaches its highest point. Like a
pendulum, the kinetic and gravitational poten-
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the kinetic and gravitational potential energies
are stored as elastic energy during the braking
phase and recovered during the propulsive
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force acting on the fish. Black arrows indicate
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faces up during the upstroke. The total aerodynamic force (red) may be
decomposed into lift (blue) and drag (green) components. (G) Diagram of
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cate instantaneous position of the wing at temporally equidistant points
during each stroke. Small circles indicate the leading edge of the wing. Time
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Learn 
How Animals 

Move!


