The Journal of Experimental Biology 204, 28172826 (2001)
Printed in Great Britain © The Company of Biologists Limited 2001
JEB3227

2817

AERODYNAMIC STABILITY AND MANEUVERABILITY OF THE GLIDING FROG
POLYPEDATES DENNYSI

MICHAEL G. McCAY*
University of California — Berkeley, Department of Integrative Biology, Berkeley, CA 94720-3140, USA
*e-mail: mccay@socrates.berkeley.edu

Accepted 29 May 2001

Summary

Gliding has evolved independently in two families of
tree frog. Tree frogs glide to descend rapidly to mating
sites over temporary pools on the forest floor or to escape
predators. The physical mechanisms used by frogs to glide
and maneuver were investigated using a combination of
observations of live frogs Polypedates dennysgliding in a
tited wind-tunnel and aerodynamic forces and torques
measured from physical models of tree frogs in a wind-

weak aerodynamic stability: slightly stable about the pitch
and roll axis, slightly unstable about the yaw axis. The
maneuverability of gliding tree frogs was quantified using
a maneuverability index. The maneuverability of tree
frogs was roughly equivalent for tree frogs performing a
banked turn and performing a crabbed turn. The

maneuverability of tree frogs was approximately one-third
of the maneuverability of a falcon Falcon juggel).

tunnel. Tree frogs maneuvered in the tilted wind-tunnel
using two different turning mechanisms: a banked turn
(the frog rolls into the turn) and a crabbed turn (the frog

yaws into the turn). Polypedates dennygiossessed overall
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aerodynamic stability,

Introduction

The origin of novel phenotypes has challengedhey are living, behaving organisms that possess a range of
evolutionary biologists since the time of Darwin. Darwin’s gliding abilities that can be directly observed and compared.
theory of evolution provides an explanation for how natural Gliding tree frogs of both families share a suite of
selection eliminates the less fit phenotypes, but leaves opemorphological features (e.g. enlarged, extensively webbed
the question of how novel phenotypes arise. The origineands and feet, skin flaps on elbows and ankles) and use similar
of animal flight are particularly important evolutionary limb postures while gliding (Emerson and Koehl, 1990; M. G.
transitions because aerial locomotion is thought to be KlcCay, personal observations). These frogs use gliding to
significant factor in the diversification of birds (Padian anddescend from the canopy down to mating sites over temporary
Chiappe, 1998), bats (Thewissen and Babcock, 1992) ammbols on the rainforest floor (Roberts, 1994) and to escape from
insects (Kingsolver and Koehl, 1994; Carpenter angredators (Emmons and Gentry, 1983). Emerson et al.
Richardson, 1985; Wootton, 1981). The rigorous evaluatiofEmerson et al., 1990) compared the gliding performance of
of any hypothesis of the origin of flight requires agliding frogs with that of non-gliding frogs and found that the
comparative study between basal non-flying species andorphological features and limb postures of the gliding frogs
derived flying species. Among the birds and bats, two of theiere associated with higher gliding distances and much greater
most famous and capable flying vertebrate lineages, the onilganeuverability.
non-flying species available for study are either extinct fossils
or extant species that have secondarily lost the ability to fly,
such as penguins or ostriches.

Aerodynamic stability and maneuverability

Animal flight is a complex interaction between aerodynamic

forces and torques, the animal's mass properties and the
Gliding frogs behavior of the animal. The motion an animal experiences

Gliding originated independently within two families of tree during flight is marked by transitory oscillations (phugoid
frogs, the Hylidae and the Rhacophoridae (Emerson and Koemhode, short-period mode, Dutch-roll mode and spiral mode)
1990). Within each evolutionary lineage are extant speciesuperimposed over translation along a flight path (McCormick,
spanning the full range of gliding abilities: non-gliding species1976). In addition, the flight path may be changing as a result
intermediate species and gliding species (Duellman, 197@f postural changes by the animal.
Emerson and Koehl, 1990). Therefore, tree frogs present anManeuverability is the ability of a gliding animal to
excellent system in which to study the origin of gliding becausaccelerate and change its flight path. In general, a gliding
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Roll Aerodynamic stability is the ability of a gliding animal to
maintain its flight path in the presence of perturbations. When
perturbed from some initial position, a gliding animal that is
aerodynamically stable will return passively to its original
position, much like a weathervane aligns itself passively with
the wind. Thus, aerodynamic stability is a passive interaction
between a gliding animal’s morphology and the surrounding
airstream that allows an animal to maintain its direction of
flight without actively steering to control its direction of flight.

A gliding animal experiences many transitory oscillations in
the course of gliding. If an animal is dynamically stable, these
oscillations will damp out in the absence of any behavioral
control on the part of the animal. If the animal is dynamically
unstable, these oscillations will grow in magnitude unless the
animal actively steers to counteract the oscillations. Dynamic
stability depends on both the mass properties of the animal and
its aerodynamic properties, including aerodynamic stability
(McCormick, 1976). The more aerodynamically stable a
gliding animal is, the more likely that the animal will be
dynamically stable (McCormick, 1976).

Aerodynamic stability can be quantified as the change in
aerodynamic torque per unit rotation about an axis (i.e. the
slope of the graph of aerodynamic torque plotted as a function
of rotation angle) (McCormick, 1976). Fig. 2 shows a
hypothetical plot of the change in pitching torque as a function
of angle of attack for a stable frog (Fig. 2A), a neutrally stable
frog (Fig. 2B) and an unstable frog (Fig. 2C). A linear
regression through the pitching torque data as a function of
angle of attack is used to assess the stability of the frog about
its pitch axis. The examples shown in Fig. 2 intersect the
Direction of horizontal axis (angle of attack) at the equilibrium point, the
“Pitching gliding angle at which no aerodynamic torque acts to rotate the frog;
torque, M the frog naturally glides at the angle of attack corresponding

to the equilibrium point.
Fig. 1. Rotati_on angle_s. Rotation about the frog’s center of mass can | Fig. 2A, if the frog’s angle of attack is perturbed in a
be resolved into rotations about three orthogonal axes. The origin ﬂfose-up direction, an aerodynamic torque is induced that

the axes is fixed to the animal’'s center of mass, and the ax?atates the froq in a nose-down direction. back towards
themselves are fixed to the animal; the axes translate and rotate 9 !

as the animal translates and rotates. (A) Rotation about th%quilibrium. I Fhe frog i$ perturbed in a nose-down direction,
cranial—caudal axis is termed roll anglg, roling rotates the ~an aerodynamic torque is induced that rotates the frog nose-up,
animal’s right side up or down. (B) Rotation about a dorso-ventraPack towards equilibrium. A frog with these aerodynamic
axis is termed yaw angle); yawing rotates the animal’s snout to the characteristics is aerodynamically stable.
left or right. (C) Rotation about a lateral axis is termed angle of The slope of the linear regression of aerodynamic torque
attack, a; pitching rotates the animal’'s snout up or down. Greyabout the pitch axigersusangle of attack determines the level
arrows indicate the directions of the indicated torques. of aerodynamic stability that the frog possesses about the pitch
axis. A steep negative slope indicates that a large restoring
animal is capable of accelerating linearly (such as slowintgprque would be induced for a small change in angle, so the
down) and rotationally (such as twisting around thefrog would be highly stable. A flatter negative slope indicates
cranial-caudal axis). Here, | will examine turning, or changingveaker stability because a smaller restoring torque would be
the animal's direction of gliding. Turning maneuvers areinduced for a change in angle. Zero slope (a horizontal line)
accomplished by rotations about the glider’'s center of mag§ig. 2B) indicates neutral stability because torque would not
that in turn alter the aerodynamic forces acting on the glidechange with angle, no restoring torque would be induced and
This rotation can be resolved into rotations about thre¢he frog would remain at the angle to which it was perturbed.
orthogonal axes, pitch, roll and yaw, as shown in Fig. 1A positive slope (Fig. 2C) indicates an unstable frog, since any
Maneuverability depends on the magnitude of the aerodynamperturbation in angle of attack away from the equilibrium point
forces the frog can generate as well as the frog’s aerodynamialuces a torque that would rotate the frog further away from
stability. the equilibrium point.

Angle of
attack,a
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Fig. 2. Aerodynamic stability determined by the slope of measured
aerodynamic torque about a rotational axis (here pitch) plotted as a
function of the angular orientation about the same rotational axis.
(A) Measured aerodynamic torques about the pitch axis for an
aerodynamically stable frog. At the equilibrium angle of rotation, no
torques are acting on the frog, so it remains at equilibrium. If a gust
of wind pitches the frog's nose away from its initial position in either
the upward or downward direction, this change in orientation relative
to the airflow induces an aerodynamic torque that tends to rotate the
frog back to its initial position. (B) Measured aerodynamic torques
for a neutrally stable frog. If a gust of wind pitches the frog’s nose
away from its initial position in either the upward or downward
direction, this change in orientation relative to the airflow induces no
aerodynamic torque that tends to rotate the frog back to its initial
orientation or to rotate the frog further away from its initial
orientation, so the frog remains at the angular orientation to which
it was pitched. (C) Measured aerodynamic torques for an
aerodynamically unstable frog. If a gust of wind pitches the frog’s
nose away from its initial position in either the upward or downward
direction, this change in orientation relative to the airflow induces an
aerodynamic torque that tends to rotate the frog even further away
from its initial position, causing the frog to diverge from its original
flight path.

maneuver in the same amount of time as an aerodynamically
unstable frog. However, a gliding animal that is
aerodynamically unstable requires more active steering to
maintain its direction of flight than does an animal that is
aerodynamically stable because each wind gust that hits the
animal causes it to veer off course unless the animal actively
executes a steering motion to get itself back on course.

Thus, if a gliding frog is airborne and a wind gust disturbs the
animal from its intended path, the animal can regain its original
flight path in one of two ways: (i) it can change its posture and
actively steer itself back on course, or (i) if the frog is
aerodynamically stable, it can remain in the same fixed posture
and let its aerodynamic stability return it back on course. The
presence or absence of aerodynamic stability directly affects the
amount of corrective steering required to glide successfully.

Although aerodynamic stability and maneuverability are
central issues in animal flight, few investigators have actually
measured the aerodynamic stability and maneuverability of
animals (Harris, 1936). Once stability and maneuverability
have been measured, meaningful assessments of the trade-off
between stability and maneuverability can be made. In
addition, once stability and maneuverability have been well
characterized, assessments of the behavioral control of flight

A potential trade-off exists between aerodynamic stabilitymay also be performed. However, before assessing the trade-
and maneuverability (Maynard Smith, 1952); aerodynamioff between stability and maneuverability, one must first
stability minimizes the effect of random perturbations (such agnderstand the basic physical mechanisms used by tree frogs
wind gusts), but aerodynamic stability also counteract$o glide and maneuver.
intentional perturbations performed by the animal (such as the

initiation of turns). A gliding animal that is aerodynamically

Objectives

stable has a more sluggish initial response to a steering motionThe purpose of this study was to determine how tree frogs
than does a gliding animal that is aerodynamically unstablglide and maneuver by observing the behavior of live gliding
Therefore, an aerodynamically stable frog must execute t@ee frogs. The specific questions addressed were as follows.
steering motion much more forcefully to accomplish the samé) What physical mechanisms do gliding frogs use to
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accomplish maneuvers? (i) Are gliding frogs aerodynamically ~ p Air motion
stable or unstable? (iii) How maneuverable are gliding relaive to
frogs compared with other gliding animals? A thorough frog

understanding of the aerodynamic issues associated wi
gliding provides a solid foundation from which to investigate
the evolution of gliding in tree frogs.

Angle of

. attack, o
Materials and methods

Frog care and handling

Adult Polypedates denny@lanford) were collected from Glide
the Tham Dao nature preserve in northern Vietnam an path
transported to the animal care facility at UC-Berkeley.

Polypedates  dennysi (from the anuran family
Rhacophoridae) is a gliding tree frog that inhabits rair B

forests throughout southeast Asia and possesses enlarg Side view .gggé’ma
extensively webbed hands and feet. The frdgs3) were video camera Vi
kept in a climate-controlled room at 26 °C, 75 % humidity * ’

on a photoperiod of 12h:12h L:D. Each frog was kept in ¢
separate container, fed 3-5 crickets daily, and given watt
ad libitum The frogs were weighed, and snout-vent lengtt
was measured before and after each session in the win
tunnel. The three frogs tested weighed 61.9-62.4¢
68.5-70.2g and 99:200.8g and measured 97.6-98.1 mm, :
104.2-105.1mm and 108.5-111.0mm snout—vent lengt Ep-
respectively. Frogs were misted with water after each wind
tunnel run to maintain hydration. All experiments using
living frogs were performed with the prior approval of the
Animal Care and Use Committee of the University of
California at Berkeley.

Ar motion

relaive to
frog

Test section
of wind tunnel

wind tunnel

Maneuvers with a stimulus

Gliding conditions were simulated using a tilted wind-tunnel
similar in design to tilted wind-tunnels used previously to study
the flight of birds (Pennycuick, 1968; Tucker and Heine, 1990)
When a frog glides through the air, the airflow with respect to_ o . ) )
the frog is parallel to the frog’s flight path, but in the opposite”'9- 3: (A) A frog gliding through the air; the airflow with respect to

. . . . . - . the frog is parallel to the frog's flight path, but in the opposite
direction from that in which the frog is moving (see Fig. 3A). ..~ . : . . k
. . . . . “"direction from that in which the frog is moving. The angle of the
The airflow past a frog that is gliding in the working section

. ! ] . ) frog’s glide path with respect to the horizontal is called the glide
of the tilted wind-tunnel simulates the airflow relative to a frogangje v, The angle that the frog’s cranial—caudal axis makes with the

gliding through still air (see Fig. 3B). Tree frogs glide throughrog's glide path is called the angle of attagk(B) If a wind-tunnel

the air on an inclined path; the angle that the frog’s glide patis tilted to the glide angle of a frog, the airflow past a frog that is
makes with respect to the ground is the frog’s glide angle (sestationary in the working section of the wind-tunnel simulates the
Fig. 3A). In addition, a gliding frog’s entire body is inclined airflow relative to a frog gliding at that angle through still air. Air is
relative to its glide path; the angle between the frog’s bodblown by a 560W fan through the transparent test section of the

(snout-to-vent line) and its glide path is the frog’s angle oWwind-tunnel, measuring 38 cm high, 38 cm wide and 46 cm long. The
attack (see Fig. 3A). tunnel can be tilted to blow air at any orientation ranging from

vertical to horizontal. The tunnel airspeed was continuously

this study, corresponding to glide angles observed froradjustable up to 18m% Observations ofPolypedates dennysi
! gliding in free air and in the wind-tunnel show that this species

videotaped glides of frogs in open air filmed in the Iaboratoryglicles at a glide angle of 45° and an airspeed of approximately
Airspeeds were set to a level (between 12 and H)ntisat ;3,51

suspended the frogs in the tunnel’s airflow with no rising o

faling movement; this airspeed range corresponded to

Reynolds number range from 75000 to 100000 for the froggliding in open air. All wind-tunnel runs were performed at
Larger, heavier frogs required higher airspeeds (14)1s  room temperature (24-27 °C).

generate the higher aerodynamic forces required to simulateThe tilted wind-tunnel used for these experiments had a

A glide angle of 45° was used in the tilted wind-tunnel in
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transparent Plexiglas test section through which the frogs Three-dimensional kinematic analysis of turns
were videotaped. Airspeed was controlled using a variable- wind-tunnel runs were identified from videotape where (i)
resistance rheostat (Powerstat type 3PN116, The Superigfe frog was centered in the wind-tunnel test section with no
Electric Company, Bristol, CT, USA) that controlled airspeedyaw angle when first released into the test section, and (ii) the
over the range 0-18m’s The wind-tunnel had a contraction frog moved from the center of the test section to the test section
ratio of 3.4 and a turbulence intensity of less than 1% over thgall on the frog’s left or right. These videotaped wind-tunnel
full range of tunnel speeds, as measured using a hot-wifgns were used in a three-dimensional motion analysis to
anemometer (Kurz air velocity meter, model 443M). The tes§letermine the frog's rotations while maneuvering. The
section had a safety net installed to prevent accidentgideotapes were analyzed in the Peak Motus 3-D motion-
movement of a frog into the expansion chamber of the windanalysis system to acquire the three-dimensional coordinates
tunnel. of the frog’s body features throughout the course of a
The stimulus used to induce a frog to turn was a plastic plaRtaneuver. These three-dimensional coordinates were used to
similar to plastic plants kept in each frog's living quarters. Thealculate the frog’s rotation about the pitch, yaw and roll axes
plant was stuck to the outside of the wind-tunnel test sectioguring the course of a maneuver. Changes in pitch and roll
so that it was visible to the frog but did not Change the airﬂOV&ng|es with respect to the horizontal p|ane and Changes in yaw
within the test section. The stimulus treatments used were (#hgle with respect to the direction of airflow in the test section
no plant (control), (i) plant on the left side of the test sectionwere calculated. These angles were compared between wind-
and (iii) plant on the right side of the test section. Each frogunnel runs to determine whether any differences in angular

was exposed to each of the stimulus treatments 20 times. Allientations during a turn were associated with a particular
treatments for all frogs were used on each of two days, witfosture.

the order of individual frogs and treatments determined using
a random number table. Stability of gliding frogs
During a wind-tunnel run, the plant stimulus was put into Torques acting oRolypedates dennysiere measured using
place, and the frog was removed from its container and full-scale physical model of the frog in the wind-tunnel. The
released into the tunnel test section. The frog was releasedmabdel was fabricated by making an impression of a preserved
an angle of attack of approximately 45 °, with its mid-sagittabdultPolypedates dennyspecimen in dental alginate (Jeltrate
plane parallel with the direction of airflow (i.e. zero yaw alginate impression material, Dentsply International Inc.), then
angle). The frog’s motion and behavior during each wind€asting the frog model in flexible silicone (LS-40 silicone
tunnel run were videotaped from above and from the sideubber, BJB Enterprises, Inc.) with a rigid wire skeleton inside.
(see Fig. 3B) using video camcorders (Sony Hi-8 videdlhe frog model was posed in a fixed posture corresponding to
camera recorders CCD-V9 and CCD-TR101) at a rate dhe posture used by the live gliding frogs in the tilted wind-
60 frames . tunnel. The frog model was mounted on an instrumented
The videotaped wind-tunnel runs were examined tdalance that measured the torque acting about the model's
determine maneuvering behavior. A run was scored as @nter of mass.
turning maneuver if the frog's final snout orientation had Torques were measured about the pitch axis at angles of
changed in yaw angle by more than 60°. Maneuvers weratack of 0, 20, 30, 45, 60 and 90°. Each series from 0 to 90°

scored as (i) left turn, (ii) no turn or (iii) right turn. was repeated five times. Similar series were run to measure
_ torques about the roll axis and yaw axis for roll (and sideslip)
Posture during maneuvers angles of 90, 60, 45 and 30° to the left and 0, 30, 45, 60 and

Videotapes from the wind-tunnel runs described abov@0° to the right.
were analyzed to identify changes in the frog’s posture while As described above, the slope of the linear regression of the
turning. The positions of a frog’s arms and legs were notederodynamic torque plotted as a function of rotation angle
and the movements of these limbs were qualitativelydetermines the aerodynamic stability. To compare the
determined in three directions: forward—aft (cranial-caudal)aerodynamic stability dPolypedates dennysiith that of other
towards and away from the center line of the body (lateralgliding animals, the effects of the frog’'s physical size and
and above or below the plane of the body (dorsal-ventralpirspeed must be removed from the stability slopes described
Selected runs were analyzed in the Peak Motus 3-Rbove. The effects of size and airspeed were removed from the
motion-analysis system to acquire the three-dimensionatability slopes by dividing these slopes by the frog’s planform
coordinates of the frog’s appendages with respect to itarea (the projected area of the frog as seen from above), its
center of mass; the calculated coordinates were used smout—vent length (the distance from the tip of the frog’s snout
verify the qualitative observations of limb postures from theo its cloacal opening) and the dynamic pressure (the portion
selected runs. Limb postures and motions qualitativelyf the total energy of a moving fluid due to kinetic energy)
observed when frogs executed turns were compared wiifvogel, 1994) at which the torque data were measured in the
those observed when frogs were gliding without turning tavind-tunnel, yielding three dimensionless stability coefficients
identify behaviors that were potentially involved in (McCormick, 1976).
maneuvering. The stability slopes were divided by snout-vent length,
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rather than wing chord length or wing span, becaus&awing stability coefficier@n,y
snout—vent length was an easily measured physical length of -
frog that does not change when the frog assumes differel Cny = E ' (6)
postures. In addition, snout—-vent length is of the same order 1 ’ oy
magnitude with respect to overall size as wing chord length
and wing span, so the absolute values of the stabilit
coefficients will be consistent with those of other animals
and/or aircraft. N

The stability coefficients defined below are analogous to ths Cn= g\’ @)
dimensionless lift coefficientQ) and drag coefficientQp)
used in other fluid dynamic analyses (Vogel, 1994). ThevhereN is the yawing torque (N m). Yawing torqband yaw
conventions and notations used to define the stabilitangley are drawn in Fig. 1BN andy are defined as positive
coefficients are taken from aircraft stability and control theoryin the direction that rotates the frog’s nose to the right

here ¢ is the yaw angle (rad) and the yawing moment
oefficientCy is:

(McCormick, 1976). (McCormick, 1976). In engineering literature, sideslip angle is
. . . used in place of yaw angle and wing span is used in place of
Rolling stability coefficienCr,¢ A
Yo The sign of the slope of the measured torgelesusangle
Cro= Tr , (1)  will determine whether or not the frog is stable. Because the
¢

torque and angle are defined as positive in the same direction
whereg is the roll angle (rad) an@; is the rolling moment for pitch, rolland yaw, a negative stability coefficient indicates
coefficient: aerodynamic stability. A positive stability coefficient indicates
aerodynamic instability, and a stability coefficient of zero

R @) indicates neutral stability.

Ci= e
Maneuverability of gliding frogs

Using aerodynamic forces measured from a full-scale
physical model in the wind-tunnel, the maneuverability of
_, different turns can be compared. The same physical model of

q=13pV?, @) Polypedates dennysised to measure aerodynamic torques
wherep is the density of air (kgnd) andV is the frog’s above was used for the aerodynamic force measurements. The
airspeed (m%). Roll angle@ and rolling momentR are  frog model was mounted on a device that measured the
drawn in Fig. 1A;@ and R are defined as positive in the aerodynamic force acting on the model in a single direction,
direction that rotates the frog's right lateral side downand force measurements were taken using a similar protocol to
(McCormick, 1976). the aerodynamic torque measurements described above.

In engineering literature, W|ng span is used in p|ack iof Flg 4 illustrates the aerodynamic forces that describe the
equation 2. In addition, rolling moment has previously beerifog’s ability to turn for two types of turn: banked turns and
assigned the symbal (McCormick, 1976); | use the symbol crabbed turns. These two types of turn represent two different
R to avoid confusion with aerodynamic lift, which also usesturning strategies that utilize different physical mechanisms to

whereRis the rolling torque (N m)Sis the reference planform
area (M), A is the snout—vent length (m) aqgthe dynamic
pressure (N9, is:

the symbolL. achieve a turn. In a banked turn (Fig. 4A), the frog rolls into
the turn. The banking frog’s lift force vector is tilted towards

Pitching stability coefficien€Cma the center of the turn because of the frog's roll angle. The

component of the lift force acting towards the center of the turn

Cing = 6& (4) is the centripetal force that pulls the frog through the turn. In

' da '’ a crabbed turn (McCormick, 1976), the frog yaws into the turn

(Fig. 4B). By yawing, the frog induces a sideways-directed
Yorce that acts towards the center of the turn. This force is the
centripetal force that pulls the frog through the turn.

where a is angle of attack (rad) and the pitching momen
coefficientCn is:

_ M Lift force was measured at angles of attack of 0, 20, 30, 45,
Cm = s\’ ®) 60 and 90°, and centripetal force was measured at yaw angles
of 0, 15 and 30° to the left and 15 and 30° to the right.
where M is the pitching torque (Nm). Pitching torqué One way to quantify maneuverability is to assess how

and angle of attacla are drawn in Fig. 1ICM and a much centripetal turning force can be generated for a given
are defined as positive in the direction that rotates thehange in rotation angle. To generate the centripetal force
frog’s nose upwards (McCormick, 1976). In engineeringnecessary to turn at a desired rate, how far does one need to
literature, wing chord length is used in place bf rotate? The higher the centripetal force per degree of rotation,
(McCormick, 1976). the more responsive the frog will be to rotations (banking or
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A Lift . For crabbed turns:
force  Roll
Barked turn | - 1 0F¢ (10)
"Tw B
For banked turns:
Centripet
force 1 0Fc
Im=— —. (11)
W do
Turn Results
Maneuvering mechanisms of gliding frogs
B The frequencies of turning behaviors for each stimulus
treatment (plant to left, no plant or plant to right) for each frog
Crabbed turn . . .
fé-i’" are shown in Fig. 5. The frequencies are calculated as a
- Centripetal \iﬁ"&:w/’%ﬁ pgrcentage of the total turning behavior; observed for a given
Centripetal =~ force 4= . 28 stimulus treatment. The turning behavior of all three frogs
force /,,‘1;("""*" changed significantly in the presence of the plant stimulus,
/ although the direction of change was inconsistent between
) frogs. Frog 1 turned more away from the plant stimulus, and
Yaw frogs 2 and 3 turned more towards the plant stimulus. These
3”3'? _ data demonstrate thAt dennysitloes maneuver in response to
Direction of the stimulus provided.
trarslation

The frequencies of the frog’s postures while turning to the
Fig. 4. Diagram showing two types of turning technique. (A) Aleft, going straight or turning right are shown in Fig. 6 for each
‘banked turn’, during which the frog rolls into the turn. By rolling, of the three frogs. The frequencies are expressed as a
the frog tips the direction of the lift force towards the center of thq)ercentage of the total observations of a given maneuver. All
turn; the sideways component of.Iift pulls the frog through the turnipyree frogs exhibit similar postures when turning, namely the
(B) A ‘crabbed turm’, during which the frog yaws into the tWm; o4t opnosite to the turn is held higher. For example, in a turn
alrfIO\_/v asymmetries on the frog’'s left and right sides induce 3owards the left, the frog's right foot was held higher.
centripetal force that pulls the frog through the turn. However, for 35% of the observed turns, the feet were held at

qual heights. These two postures correspond to the two

ifferent turning techniques used Bglypedates dennysi

Pitch, roll and yaw angles during two turns to the left are
shown in Fig. 7: a banked turn with the feet held at equal
. . : . L ; 6ﬁ%ights (Fig. 7A) and a crabbed turn with the right (opposite)
(in the engineering literature, ‘side force’) plotted 3S %ot held higher (Fig. 7B). Pitch angle is relatively constant
fungtlon of yaw anglg. For banked tgrns, the maximum, g equal to approximately 60° for both turns shown.
turnl'ng forpe for a given roll angle is achieved at theYaW angle changes by the same magnitude (80°) at
maximum Iift force: approximately the same rate (400®sfor both turns.

Fc= Lmasing, (8) However, roll angle differs between the two turns, covering

approximately 60° for the banked turn and 0° for the
crabbed turn.

yawing), and therefore the more maneuverable the frog wi
be. For crabbed turns, the change in centripetal flegqeer

whereF¢ is centripetal force (N),.max is maximum lift force
(N) and@is roll angle (rad).
The change in turning force per unit angle in a banked turn Aerodynamic stability of gliding frogs

is given by: The torques acting on a full-scale physical modelPof

dennysiin a wind-tunnel are shown in Fig. 8A—C. Stability
coefficients are shown in Fig. 8D. The frog is slightly stable
about the pitch and roll axes and is slightly unstable about the
The change in turning force for crabbed turns is a function ofaw axis.
yaw angle @) and must be directly measured.

To compare maneuverability between different animals, the Maneuverability of gliding frogs
effects of the animal’s weight must be removed from the slopes The maneuverability index for the gliding frog performing
given above dFJ/ay for crabbed turnsgFc/dg for banked a banked turn is 6x110° to 1.1x10“radl and for a
turns). The slopes given above divided by the animal’'s weightrabbed turn is 5x410° to 8.210°rad™L. In contrast, the
W yields a dimensionless index of maneuverability).( maneuverability index calculated for a falcéalco jugger

oF¢
T(IJ = Lma)@OSp . (9)
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Fig. 5. Turning behavior of frogs. Frequency of left turns (open
columns), no turns (black columns) and right turns (grey columns) i
the presence of a visual stimulus are shown for tRagpedates
dennysifrogs in a wind-tunnel. All frogs maneuvered significantly
more in the presence of the stimulus. (A) Frog 1; this frog turne:
significantly more often away from the plant?¢est, P=0.02).
(B) Frog 2; this individual turned significantly more often towards
the plant 2test, P=0.01). (C) Frog 3; this individual turned
significantly more often towards the plang2test, P<0.001).
Numbers of actual occurrences of each maneuver are shown abc
each column on the graphs.

Fig. 6. Foot position during maneuvers. Frequencies of the indicated
foot positions for frog 1 (A), frog 2 (B) and frog 3 (C) are shown for
left turns, straight gliding without a turn and right turns. Absolute
numbers of occurrences of a behavior are shown above the columns.
All frogs show significant changes in foot position while turning
relative to their foot positions when gliding straight without turning
(x?-test,P<0.001). All frogs held the foot opposite to the direction

of the turn higher; the left foot was held higher during right turns,
and the right foot was held higher during left turns.

Discussion

from data in Tucker and Parrott (Tucker and Parrott, 1970) is Turning techniques: banked turmersuscrabbed turns
1.8x10% to 3.3x10%rad™l. The maneuverability index for a  Polypedates dennystilize two different techniques to turn:
banked turn is slightly higher than the maneuverability indexanked turns and crabbed turns. The banked turn until now has
for a crabbed turn. Both the banked and crabbed turns bken the only mechanism used to describe turning in animal
the gliding frog have lower maneuverability than theflight (Pennycuick, 1972; Norberg, 1994). Previous studies of
maneuverability of a falcon performing a banked turn. gliding frog aerodynamics assumed a banked turning
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Fig. 7. Comparisons of rotation angles during two left turns. The & W o Transport aircraft
angles of rotation about the pitch (nose up and down), roll (twisting @ -1.6 - (Roskam, 1982)

about the cranial-caudal axis) and yaw (nose left and right\. . .
S ) Fig. 8. Aerodynamic torques measured on a full-scale physical model
directions are shown for two typical left turns. (A) A banked turn d y q Py

f Polypedates d osed in the glidi t b d duri
performed by the frog with its hind feet held at the same vertica0 olypecales cenryposed in the giring postiire ouservee dunng

- i liding. Aerod ic t bout the pitch (A),
height above its body. (B) A ‘crabbed’ turn to the left performed by Enon maneuvering gliding. Aerodynamic torques about the pitch (A)

e . ) . ! roll (B) and yaw (C) axes are shown plotted against angle of attack,
frog with its right hind foot held higher than its left hind foot above roll angle and yaw angle, respectively. Lines shown on each graph are
the body. The patterns shown by the pitch angle and yaw angle “linear regressions of the data. The linear regressions of rolling and
comparable between the two turns. However, the roll angle for th

banked turn is betweed0 ° and-60 ° compared with a roll angle of
less than 20 ° for the ‘crabbed’ turn.

yawing torque are taken over smaller ranges of roll angle and yaw
angle, respectively, than the linear regression for pitching torque; the
smaller range of angles reflects the lower level of perturbations in roll
and yaw angle during gliding and is consistent with aeronautical

mechanism (Emerson and Koehl, 1990). The scarcity cEndineering practice (McCormick, 1976). (D) Summary of

. . . ._aerodynamic stability coefficients (see text for definitions of
Q
previous reports of animals using the crabbed turn meCham.‘coefficients) about the pitch, yaw and roll axes. Stability about a

begs the question: why do tree frogs utilize the crabbed turnlrgiven axis is denoted by negative values, and instability is denoted by

mechanism? o o _ positive values. At the gliding speed (131Hsand angle of attack
The calculated maneuverability indices provide insight intc(45 <) used byP. dennysithe frogs are slightly stable about the pitch
the mechanical consequences of utilizing a banked turniraxis and roll axes, and slightly unstable about the yaw axis.

technique as opposed to a crabbed turning technique. T
maneuverability index of a frog using a banked turningcrabbed turning technique. This is because the frog's
technique is only slightly higher than that of a frog using anorphology produces only marginally more aerodynamic lift
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than centripetal force. In contrast, a falcon, with a morphologyeferees. Thanks also to Tim Cooper for his limitless technical

considerably better suited to produce aerodynamic lift, has expertise, and to my wife Mary, a source of constant

maneuverability index for banked turns that is as much as thréespiration. This research was funded by the University of

times higher than that of a frog. California’s Continuation of Research grant, by a Grant-in-
In addition, frogs and birds use gliding in very differentAid for Research from Sigma Xi and by National Science

ways. Birds often glide while foraging, using thermals orFoundation grant OCE-9907120 to M. A. R. Koehl.

wind currents to remain aloft for extended periods with little

metabolic energy expended for flight. Frogs glide while
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