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Summary
We examined the effects of aerodynamic forces on the mechanical power output of
running insects for which kinematic data were available. Drag and lift on the cockroaches
Periplaneta americana (a small, rapidly running species) and Blaberus discoidalis (a
larger, more slowly moving species) were measured in a wind tunnel. Although lift would
be expected to affect power output by altering functional body weight, the magnitude of
the lift on these cockroaches was less than 2% of their weight. Drag, which increases the
horizontal force that must be exerted to run at a given speed, accounted for 20–30% of
the power output of P. americana running at speeds of 1.0–1.5 ms 21, but had a much
smaller effect on B. discoidalis. Aerodynamic drag on the body (parasite drag) can
significantly increase the mechanical power output necessary for small, rapidly running
insects in contrast to larger running animals and to flying insects.

Introduction
When an animal walks or runs, it generates mechanical power (work per time) to move
its mass horizontally and vertically (Cavagna et al. 1977). As the animal locomotes across
the substratum, it simultaneously moves through the fluid medium (air or water) above
the substratum. The fluid dynamic force acting in the opposite direction to a body’s
motion is called ‘drag’ and the force at right angles to the drag is called ‘lift’. Although
the relationship between these forces and the maximal power output of swimming and
flying animals has received considerable attention (e.g. Daniel, 1991; Ellington, 1991),
drag and lift during terrestrial pedestrian locomotion are generally ignored. Since drag
resists an organism’s motion through a fluid, it increases the power output required for
pedestrian locomotion. In contrast, if the lift on a running animal acts in the opposite
direction to gravity, it may decrease the required power output by reducing the effective
weight of the animal. Although the contribution of drag to the cost of walking in water
has been discussed (Bill and Herrnkind, 1976), aerodynamic forces during pedestrian
locomotion in air are considered to be negligible (Alexander, 1977) and ‘of minor
importance in the total cost’ (Schmidt-Nielsen, 1983, p. 437). Studies on large mammals
running in still air support the idea that drag is insignificant at all but the highest speeds.
For example, in humans drag is only a small fraction of the force generated to accelerate
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the body forward and accounts for only a 7% increase in metabolic rate during running in
still air at 6ms 21 (Pugh, 1971).
Under what conditions might drag and lift become important in terrestrial locomotion?
The Reynolds number (Re=lU/n where l is body length, U is the velocity of the air relative
to a running animal and n is the kinematic viscosity of the fluid) of many running
terrestrial animals ranges from about 103 (e.g. beetles; Bartholomew et al. 1985 and
cockroaches; Full and Tu, 1991) to 106 (e.g. cheetahs; Garland, 1983) In this range of Re
values the drag force (D) is function of the density of the fluid (r=1.18kg m23 for air at
25˚C), the projected area of the organism (S), the velocity of the air relative to the animal
(U) and the drag coefficient (CD, which depends on the organism’s shape, surface texture
and Re; D=0.5CDrSU2; see Vogel, 1981). Parasite power, the increase in power output
needed to overcome drag on the body, is the product of drag and the speed of the animal
through the air. The lift force (L) in this range of Re values is a function similar to drag
except that the coefficient of lift (CL) replaces the drag coefficient (L=0.5CLrSU2).
Larger animals should experience greater absolute lift and drag than smaller ones moving
at the same speed but, because small animals have a greater area-to-volume ratio than do
large animals, small animals should encounter greater aerodynamic forces per unit mass
than large animals. Since drag and lift increase with speed, aerodynamic forces might
have significant effects on the power output required for terrestrial locomotion of rapidly
moving small animals (even though their consequences for larger animals appear to be
less important).
Many insect species are small and yet run at high speeds. For example, a 1g desert
beetle, Onymacris plana, can run at speeds of 1.0 ms 21. Bartholomew et al. (1985)
suggested that lift and possibly drag affect the cost of transport of this species. A 1 g
American cockroach, Periplaneta americana, can run even faster, attaining speeds of
1.5 ms 21 during escape, equivalent to 50bodylengths s21 (Delcomyn, 1971; Full and Tu,
1991; McConnell and Richards, 1955). P. americana can cycle its legs at over 20Hz,
equivalent to its wingbeat frequency during flight. At these high speeds, these insects (1)
raise their body farther off the ground than when running slowly; (2) tilt their body axis
with the anterior end upwards at a positive angle of attack (a) of 25˚; (3) become
quadrupedal or bipedal; and (4) show aerial phases during which all six legs are off the
ground (vertical ground reaction force decreases to zero; Full and Tu, 1991). By using its
hind legs as the primary propulsive units, P. americana overcomes the limitations to
stride length imposed by the shorter anterior limbs. Increasing the angle of attack of the
body may give the hind legs a greater range of movement. The highest speeds are attained
by incorporating an aerial phase into each step during bipedal running. When P.
americana travels at high speeds, the mechanical power output generated to move the
center of mass is significantly greater than that predicted from scaling relationships
derived from birds, mammals, crabs and other cockroaches (Heglund et al. 1982;
Blickhan and Full, 1987; Full and Tu, 1990, 1991; Full, 1991).
The elevated power output of rapidly running American cockroaches, coupled with
their shift in body position, led us to question the assumption that aerodynamic forces
have negligible effects on terrestrial locomotion. The purpose of the present study was to
examine the effects of drag and lift on the mechanical power output of running insects.
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We focused on the small, rapidly running American cockroach P. americana and
compared it with the larger, slower (peak speed=0.6 ms 21) tropical cockroach Blaberus
discoidalis (Full and Tu, 1990, 1991).
Materials and methods
Animals
Periplaneta americana (mean body mass=0.84g, S.D.=0.07, N=3) and Blaberus
discoidalis (mean mass=3.7g, S.D.=0.31, N=3) were obtained from Carolina Biological
Supply Company. Animals were killed by 24h CO2 anesthesia and stored in a freezer at
280˚C until used.
Wind tunnel
When an insect runs through still air, the velocity of the air relative to the insect is equal
in magnitude and opposite in direction to the velocity of the animal. We mimicked the air
flow relative to a running cockroach by blowing air past a stationary, dead cockroach in
an open-circuit, open-jet wind tunnel (Vogel, 1981; Kingsolver and Koehl, 1985;
Emerson and Koehl, 1990) with a working section 0.3m in diameter. A series of screens
was used to suppress turbulence generated by the fan and to create an even flow field in
the working section of the tunnel.
A board (0.5m tall 3 0.8m long) oriented parallel to the flow direction served as the
substratum; it bisected the working section and its leading edge abutted on the nozzle of
the wind tunnel (Fig. 1). When fluid moves relative to a solid surface (such as the
substratum in our wind tunnel), the fluid in contact with the surface does not slip with
respect to the surface; hence, a velocity gradient (boundary layer) develops in the fluid
between the surface and the freestream flow (Tritton, 1977). In contrast, there is no
boundary layer along the substratum in the velocity field relative to an animal running in
still air. Therefore, in order for air flow in our wind tunnel to simulate air flow with
respect to a cockroach running in still air across the ground, we had to produce a flow field
in which the boundary layer was much thinner than the distance between the animal’s
ventral surface and the substratum and in which the air velocity encountered by the insect
did not vary as a function of distance away from the substratum. We achieved this by
placing the animal near the leading edge of the board (Fig. 1; boundary layer thickness
increases with distance from the leading edge of a flat plate; Tritton, 1977) and by fixing
extra strips of screen to specific locations on the nozzle of the wind tunnel to adjust air
velocities at different distances from the substratum. A Kurz air velocity meter (model no.
440) was used to measure wind speeds at the position where the cockroach was to be
placed at 2mm intervals away from the substratum to a distance of 8cm. Speeds varied by
less than 5% as a function of height.
Aerodynamic forces
Drag (D) and lift (L) on a cockroach were measured separately (as described by
Emerson and Koehl, 1990) using a force transducer composed of a pair of resistance-type
foil strain gauges (Micromeasurements, Inc.) on either side of a beam of shimstock steel.
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Fig. 1. Diagram of cockroach in working section of wind tunnel, as described in the text. (A)
Side view of the wind tunnel. (B) Top view of the wind tunnel.

Gauge output was fed into a bridge circuit and amplified (Gould Bridge Amplifier, model
no. 11,4113-01) and then collected by an analog-to-digital converter (C-100, Cyborg)
interfaced with a computer (IBM PC/AT). Force signals were sampled at a frequency of
5 samples s21 for 30s. Each force record was averaged over the 30s interval using data
acquisition hardware and analysis software (Discovery, Cyborg).
The force transducer was mounted above the working section of the wind tunnel and
each cockroach was suspended from it by a stiff steel rod (1mm diameter, 22cm length)
that passed through the animal’s center of mass (Fig. 1). An extension of the mounting
rod below the working section of the wind tunnel bore a sphere immersed in a tub of light
Karo syrup to damp out any small, high-frequency fluctuations in force. The force beam
was calibrated with each insect and damping sphere attached by applying known forces
(using a weight-and-air pulley system) at the point of attachment of the animal to the rod.
The steady-state drag and lift forces on each insect were measured to the nearest 1 mN
for a variety of conditions chosen to represent those measured for running cockroaches
(Full and Tu, 1990, 1991).
(1) Air speed. Reynolds number (Re) ranged from 1400 to 3500 for P. americana of
35mm in length at speeds of 0.6–1.5 ms 21. For B. discoidalis 44mm in length, Re ranged
from 880 to 2933 for speeds of 0.3–1.0 ms 21. Three speeds were tested for each animal.
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(2) Body posture. The distance between the substratum and the center of mass of the
animal was 5 or 10mm. Angle of attack (a) was set at 0, 15 or 25˚; positive angles
indicate a ‘nose-up ‘ attitude. The posture of the mounted animals was similar to that
measured during running, except for the leg positions. However, our measurements
showed no significant difference in drag or lift when the legs were trimmed or removed.
Measurements of drag and lift on the mounting rod alone were also made at the
relevant wind speeds and were subtracted from the drag and lift measurements made
when each cockroach was attached to the rod. Rod forces were less than 3% of the total
force on the rod plus insect. Since the legs had no measurable effect on drag or lift, we
assumed that aerodynamic interaction between the animal and the rod (see Tucker, 1990)
was also minimal.
Coefficients of drag (CD) and lift (CL) were calculated using the equations given in the
Introduction. Experiments were carried out at sea level at 25˚C, so a value of 1.18kg m23
was used for air density (Pankhurst and Holder, 1952; Cambell, 1986). The plan area of
each animal (its projected area viewed from above when a=0˚) was determined to the
nearest 1.031027 m2 by video image analysis: images were recorded using a Panasonic
PV-320 camera, frames were captured by a frame grabber (MacVision) and areas were
determined by image analysis software (Image 1.4, NIH). The frontal area of each animal
(its projected area when viewed from the front) was also determined when a=0˚, 15˚ and
25˚. Plan area was used for S to calculate CL. Drag coefficients were calculated in two
ways: CD was calculated using plan area for S (CDP) and frontal area at the appropriate
angle of attack for S (CDF ).
Data analysis
The effects of three variables (distance of the animal above the substratum, air speed
and angle of attack) on drag, the drag coefficient, lift and the lift coefficient were
determined by using an analysis of covariance in a general linear model (ANCOVA,
Systat Inc.). Two of these variables served as covariates when the effect of the third
treatment variable was tested (e.g. MGLH model drag=constant+speed+height+angle).
Homogeneity of slope tests were conducted initially for all ANCOVAs. In addition, we
tested whether the slopes (estimated by a linear fit) were significantly different from zero.

Results
Drag
Distance of the animal above the substratum
Drag on P. americana was greater when animals were close to the substratum than
when they were farther away (F1,41=12, P=0.001; Fig. 2A,B). In contrast, for
B. discoidalis drag was not affected by distance above the ground (F1,15=2.1, P=0.16;
Fig. 2C,D).
Speed
The drag on P. americana increased significantly with an increase in air speed
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Fig. 2. Drag as a function of air speed for Periplaneta americana (A and B) and Blaberus
discoidalis (C and D). A and C represent data for a distance of 5mm between the center of
mass and the substratum, whereas B and D represent the data for a distance of 10mm.
Symbols represent angles of attack: 0˚ (filled squares), 15˚ (open circles) and 25˚ (filled
triangles). Vertical bars represent one standard error (N=3 in each case). Asterisks indicate
that the slope is significantly different from zero. An angle of 25˚ could not be attained at
5 mm above the substratum because the abdomen rotated into the plane of the ground.

(F2,40=55, P<0.001; Fig. 2A,B). Drag also increased significantly with air speed for
B. discoidalis (F2,14=38, P<0.001; Fig. 2C,D).
Angle of attack
Drag increased significantly with angle of attack for P. americana (F2,41=9.9, P<0.001;
Fig. 2A,B), as did frontal area [from 1.331024 m2 (S.D.=1.331026, N=3) at a=0˚ to
2.831024 m2 (S.D.=4.231026, N=3) at a=25˚]. Since B. discoidalis does not alter the
angle of attack during locomotion, we did not vary this angle in our experiments. The
frontal area of B. discoidalis running at a=0˚ was 2.631023 m2 (S.D.=8.331026, N=3).
Drag coefficient
Drag coefficient (CDP) decreased as Re increased (i.e. as speed or size increased) in
P. americana (F2,40=33, P<0.001; Fig. 3), but did not change significantly in
B. discoidalis. Drag coefficients calculated using frontal area (CDF) were similar for the
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Fig. 3. Drag coefficient (CDP, calculated using plan area for S given in the equation presented
in the text) as a function of Reynolds number (Re) for P. americana (A and B) and
B. discoidalis (C and D). A and C represent data for a distance of 5mm between the animal’s
center of mass and the substratum, whereas B and D represent data for a distance of 10mm
above the substratum. Symbols represent angles of attack: 0˚ (filled squares), 15˚ (open
circles) and 25˚ (filled triangles). Vertical bars represent one standard error (N=3 in each
case). Asterisks indicate that the slope is significantly different from zero.

two species (ranging from 2.3 to 1.9 for P. americana and from 3.6 to 0.9 for B.
discoidalis); CDP values calculated using plan area were greater for the small P.
americana than for the larger B. discoidalis (Fig. 3). In P. americana, CDP increased with
an increase in angle of attack (F2,40=11, P<0.001) and height (F1,41=12, P<0.001).
Lift
Distance of the animal above the substratum
The distance of an animal’s center of mass above the substratum had no significant
effect on lift in P. americana (F1,41=3.7, P=0.06; Fig. 4A,B), but it did in B. discoidalis
(F1,15=17, P=0.001; Fig. 4C,D). Lift on B. discoidalis was positive (i.e. acted away from
the substratum) when the animals were 5mm above the substratum, but was negative (i.e.
acted towards the substratum) when the animals were 10mm above the substratum
(Fig. 4C,D).
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Speed (ms−1)
Fig. 4. Lift as a function of air speed for P. americana (A and B) and B. discoidalis (C and D).
A and C represent data for a distance of 5mm between the animal’s center of mass and the
substratum, whereas B and D represent data for a distance of 10mm. Symbols represent three
angles of attack: 0˚ (filled squares), 15˚ (open circles) and 25˚ (filled triangles). Vertical bars
represent one standard error (N=3 in each case). Asterisks indicate that slope is significantly
different from zero.

Speed
Lift increased significantly with an increase in speed for P. americana (F2,40=10,
P<0.001; Fig. 4A,B). Lift changed significantly with an increase in speed for
B. discoidalis (F2,14=6.2, P=0.012; Fig. 4C,D). Lift away from the substratum only
changed with speed in B. discoidalis when the animal was 10mm away from the
substratum, not when it was 5mm from the substratum.
Angle of attack
Increasing the angle of attack of P. americana increased the lift significantly
(F2,40=7.1, P=0.002; Fig. 4A,B). The angle of attack is not altered by B. discoidalis
during locomotion, so this effect was not tested.
Lift coefficient
Lift coefficients for both species decreased as Re increased (as speed or size increased):
P. americana, F2,40=5, P=0.010; Fig. 5A,B; and B. discoidalis, F2,14=4, P=0.04; Fig. 5.
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Fig. 5. Lift coefficient (CLP) as a function of Reynolds number (Re) for P. americana (A and
B) and B. discoidalis (C and D). A and C represent data for a distance of 5mm between the
center of mass and the substratum, whereas B and D represent data for a distance of 10mm
above the substratum. Symbols represent angles of attack: 0˚ (filled squares), 15˚ (open
circles) and 25˚ (filled triangles). Vertical bars represent one standard error (N=3 in each
case). Asterisks indicate that the slope is significantly different from zero.

Lift coefficients calculated using frontal area (CLF) were more similar for the two species;
CLP values calculated using plan area were greater for the small P. americana than for the
larger B. discoidalis (Fig. 5). In P. americana both CLP and CLF increased with an
increased angle of attack (F2,40=11, P<0.001; Fig. 5A,B).
Discussion
Drag
Mechanical power output
Because drag increases the horizontal force that must be exerted by an animal, drag
should raise the power output necessary for running. We measured substantial drag on
P. americana ranging from 3 to 15% of the peak horizontal accelerating force generated
by members of this species during constant average-speed locomotion (Full and Tu,
1991). The drag measured on the larger, more slowly moving, B. discoidalis was only
0.8–7.6% of their peak horizontal accelerating force (Full and Tu, 1990).
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Fig. 6. Contribution of drag to the mechanical power output used to move the center of mass
as a function of running speed for P. americana (Full and Tu, 1991; open circles) and
B. discoidalis (Full and Tu, 1990; filled circles). The dashed line represents the predicted
mechanical power output required to lift and accelerate the center of mass based on data for a
variety of other running animals (Full, 1989, 1991). Squares represent the contribution of drag
to the mechanical power output required to move the center of mass of P. americana (open
squares) and B. discoidalis (filled squares). The power output caused by drag was calculated,
as described in the text, using the angle of attack and the distance of the body center of mass
above the substratum used by each species: P. americana 0.6 ms 21, 5mm, 0˚; 1.0 ms 21,
10mm, 15˚; 1.5 ms 21, 10mm, 25˚; B. discoidalis 0.3 ms 21, 5mm, 0˚; 0.6 ms 21, 5mm, 0˚;
1.0 ms 21 (at or above the maximum speed during running), 5mm, 0˚.

When running rapidly, the American cockroach makes postural adjustments (Full and
Tu, 1991) that affect drag: a higher angle of attack increases drag, while a greater height
above the substratum lowers it. If the American cockroach made neither postural
adjustment when running rapidly, then drag experienced at top speed would be 12 %
greater than actually experienced.
The mechanical power generated by running animals to lift and accelerate their center
of mass (Ė cm ) is determined by summing the increases in instantaneous energy of the
center of mass (i.e. the instantaneous sum of vertical and horizontal kinetic energy and
gravitational potential energy) over an integral number of strides and dividing by the
duration of those strides (as described by Heglund et al. 1982; Full and Tu, 1990).
B. discoidalis (Full and Tu, 1990), crabs (Blickhan and Full, 1987), birds and mammals
(e.g. Cavagna et al. 1977; Heglund et al. 1982) show a linear increase in Ė cm with speed.
Furthermore, Ė cm is directly proportional to body mass for all these species. Therefore, a
single linear function of mass-specific Ė cm versus speed describes the mechanical power
output of pedestrian locomotion for the wide range of species mentioned above (Full,
1989). This function can be used to predict the mechanical power output generated to
move an animal’s body during terrestrial locomotion (i.e. dashed line in Fig. 6).
Unlike the other species studied thus far, P. americana shows a curvilinear increase in
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Ė cm with speed (Full and Tu, 1991) such that at high speeds Ė cm was greater than
predicted for a 1g animal (Fig. 6; Full, 1989). The additional power output generated at
high speeds was almost exclusively in the horizontal direction (Full and Tu, 1991), the
direction in which drag acts. We determined the power output necessary to overcome
drag by multiplying the air speed relative to a running animal by the drag measured at
each speed (at the angle of attack and distance above the substratum used by the
cockroaches at each speed). The mechanical power output that is due to drag alone for
P. americana and for B. discoidalis is shown in Fig. 6. The additional power output to
overcome drag can explain the elevated power output used to move the center of mass in
the American cockroach. Hence, drag has a significant effect on the power output of small
(i.e. <1g), rapidly running (i.e. >1.0 ms 21) insects, such as P. americana, but is of little
consequence to slower, larger runners like B. discoidalis.
Comparison with other insects
The measured drag on running cockroaches is consistent with that measured on the
bodies (‘parasite drag’, e.g. Pennycuick, 1972) of insects flying and swimming over a
similar range of Reynolds numbers. Values of drag coefficients based on plan area (CDP)
for running cockroaches (Fig. 3) ranged from 0.3 to 2.6, whereas CDP values for
bumblebees vary from 0.12 to 0.95 (Dudley and Ellington, 1990). Drag coefficients
calculated using frontal area (CDF) ranged from 1.9 to 3.6 in cockroaches and are 1.5 for
locusts (Weis-Fogh, 1956), 0.5 for beetles (Nachtigall, 1964) and 1.1–2.3 for flies
(Hocking, 1953; Vogel, 1981). The CDP values of these insects are greater than those of a
streamlined body (e.g. 0.16 at an Re of 1000; Hoerner, 1958; Dudley and Ellington, 1990)
and a sphere (e.g. 0.25 at an Re of 1000; Hoerner, 1958).
A decrease in CD with an increase in air speed, as we observed for P. americana
(Fig. 3), has also been found for the parasite drag on flying insects (Hocking, 1953; WeisFogh, 1956; Vogel, 1966; Chance, 1975; Dudley and Ellington, 1990). Consequently,
drag on the bodies of these flying or running insects did not increase with the square of
velocity (as it would if CD were constant), but followed a more linear function of air speed
(Fig. 2). In addition to this decrease in CD with an increase in Re, the increase in distance
above the substratum (described above) that P. americana undergoes when running at
high speeds further reduces the drag during rapid locomotion.
Although the drag on the bodies of flying and of rapidly running insects is comparable,
the importance of that drag to the total power output of fliers and runners is quite
different. In running P. americana, drag accounts for 20–36% of the total Ė cm at speeds
ranging from 1.0 to 1.5 ms 21 (Fig. 6). If American cockroaches did not experience this
drag, it is possible that they could attain speeds approaching 2 ms 21 (i.e. simply because
other species attain this speed with power outputs comparable to those in P. americana).
By contrast, parasite power (i.e. the power output required to overcome drag on the body)
in flying insects is small relative to profile and induced power (i.e. the power required,
respectively, to overcome drag on the wings and to support in mid-air the weight of the
body; e.g. bumblebees, Dudley and Ellington, 1990). During the flight of bumblebees,
parasite drag only produces a 1–2% increase in metabolic cost (Casey and Ellington,
1989). Hence, parasite drag is relatively unimportant for fliers at the airspeeds
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(4–5 ms 21) thus far investigated, whereas the contribution of body drag to total power
output appears to be critical for small, rapidly running animals.
Lift
Although lift should affect the power output during running by altering functional body
weight, the magnitude of lift on running cockroaches was so small that this effect was
negligible. Lift acted away from the substratum (thereby decreasing functional weight)
for P. americana, but maximum lift was only 1.8% of body weight, even at the highest
speed (1.5 ms 21) and greatest angle of attack (25˚) tested. In contrast, lift was either too
low to be measured or acted towards the substratum (thereby increasing functional
weight) for B. discoidalis, but the maximum force was only 0.3% of body weight. Even if
the effects of lift were large, power output generated to move the center of mass vertically
at high speeds is only a small fraction (10%) of the total power output (Full and Tu,
1991).
Our finding that lift on a cockroach was small when compared with the animal’s weight
is consistent with previous measurements of lift on the bodies of flying insects traveling at
comparable or greater speeds. Lift on the bodies of bumblebees was found to be less than
7 % of body weight (i.e. angles of attack, a, of 0–45˚ and speeds, U, of 1–4ms 21; Dudley
and Ellington, 1990); lift on the bodies of beetles was 3% of body weight (i.e. a=40˚ and
U=2.3 ms 21; Nachtigall, 1964); of flies 4% (i.e. a=10˚ and U=2 ms 21; Wood, 1970);
and of moths 10% (i.e. a=25˚ and U=4 ms 21; Chance, 1975). Therefore, although drag
on rapidly running insects can increase the mechanical power output of locomotion, lift
only makes a minor contribution to decreasing or increasing power output.
Although aerodynamic forces have negligible effects on the power output generated for
terrestrial locomotion by many large animals, drag cannot be ignored for small, rapidly
running insects. Drag on the bodies of such insects can significantly increase the power
output required for running, in contrast to its minor contribution to the power output
required for insect flight.
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