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Chapter 1

Kinematics of slow turn maneuvering

In the fruit bat Cynopterus brachyotis

José Iriarte-Diaz & Sharon M. Swartz

Department of Ecology and Evolutionary Biology, Brown University



Abstract

Maneuvering abilities have long been considered key factors that influence habitat
selection and foraging strategies in bats. To date, however, very little experimental work
has been carried out to understand the mechanisms that bats use to perform maneuvers.
Here we examined the kinematics of slow-speed turning flight in the lesser short-nosed
fruit bat, Cynopterus brachyotis, to understand the basic mechanics employed to perform
maneuvers and to compare them with previous findings in bats and other flying
organisms. Four individuals were trained to fly in L-shaped flight enclosure that required
them to make a 90-degree turn midway through each flight. Flights were recorded with
three low light, high-speed videocameras, allowing the three-dimensional reconstruction
of the body and wing kinematics. For any flying organisms, turning requires changes of
the direction of travel and the reorientation of the body around the center of mass to
maintain the alignment with the flight direction. In C. brachyotis, changes in body
orientation (i.e., heading) took place during upstroke and preceded the changesin flight
direction, which were restricted to the downstroke portion of the wingbeat cycle. Mean
changein flight direction was significantly correlated to the mean heading angular
velocity at the beginning of the downstroke and to the mean bank angle during
downstroke, although only heading vel ocity was significant when both variables were
considered. Body reorientation previous to changes in direction might be a mechanism to
maintain the head and body aligned with the direction of travel and thus maximizing

spatial accuracy in three-dimensionally complex environments.



I ntroduction

Flight maneuverability in bats is subject to strong selective pressures. Many bats
inhabit and navigate rapidly through cluttered environments and the ability to perform
quick and sharp changesin flight direction are likely to play an important role in their
survival in natural environments. Accordingly, it has been hypothesized that variation in
maneuvering performance strongly influences habitat selection and foraging strategiesin
bats (Norberg and Rayner, 1987). Most studies of the morphological basis of bird and bat
maneuvering, however, have been restricted to analyses based on fixed-wing
aerodynamics (Rayner and Aldridge, 1985; Aldridge, 1987; Warrick, 1998), even though
flying animals turn using unsteady dynamics, violating the assumptions of steady-state
aerodynamic theory. Although the degree to which assuming fixed-wing models
introduces error in analysis is unknown, predictions derived from steady-state models
have been applied extensively in the bird and bat research communities, particularly
when looking for morphological correlates of flight performance and its ecol ogical
implications (e.g., Aldridge, 1986a; Norberg and Rayner, 1987; Kalcounis and Brigham,
1995). Recent information on maneuvering flight of birds (Warrick and Dial, 1998;
Warrick et al., 1998; Hedrick and Biewener, 2007; Hedrick et al., 2007) and insects (Fry
et a., 2003; Card and Dickinson, 2008) has expanded the discussion beyond the
assumption of fixed wings. These studies emphasize the importance of temporal
sequences of wing movements to understand the mechanical basis of turning behavior.
Although bats are believed by some to be as the most maneuverable flying animals for

their size, no analogous studies have been performed for bats. Here, we evaluate the



W Fig. 1: Diagram showing two

types of turning mechanisms. (A)
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the longitudinal axis the vertical axis dOWUStmke now will have a _
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morphological and aerodynamic mechanisms used by bats to carry out 90-degree turns at

slow speed by analyzing wing and body kinematics in detail.

To successfully complete aturn, an animal must trand ate its center of mass
(CoM) aong the flight path (i.e., change its flight direction) and rotate its body around its
CoM to align its body orientation with the new direction. The magnitude of changein
direction of flight is afunction of theimpulse (force - time) perpendicular to the original
direction of movement. Impulse is the result of the centripetal force produced by the
change of the orientation of the net aerodynamic force generated by the body and wings.
Two basic strategies to produce a turning force include banked and crabbed turns (Fig. 1).
In abanked turn, the animal rolls around its cranio-caudal axis, tilting the vector of the
vertical component of the net aerodynamic force (i.e., lift in level flight) laterally and

towards the center of the turn (Fig. 1). These turns are used by most fixed-wing aircraft



(Filippone, 2006). In contrast, in a crabbed turn the animal yaws into the turn, orienting
the forward component of the net aerodynamic force (i.e., thrust in level flight) towards
the center of the turn, without need of adjusting the vertical component vector (Fig. 1). In
both cases, the reorientation of aerodynamic forces produces a laterally-oriented force
that drives the organism into aturn. Both banked and crabbed turning mechanisms

reguire the rotation of the body around its CoM.

Banked turns appear more common in animal flight. They have been described
for organisms as diverse as fruit flies (Fry et a., 2003), locusts (Berger and Kutsch,
2003), dragonflies (Alexander, 1986), gliding frogs (McCay, 2001) gliding mammals
(Bishop and Brim-DeForest, 2008) and birds (Warrick and Dial, 1998; Hedrick and
Biewener, 2007). Crabbed turns are also phylogenetically widespread, however, having
been described in some dipterans (see Dudley, 2002), dragonflies (Alexander, 1986),

gliding frogs (McCay, 2001), and gliding mammals (Bishop and Brim-DeForest, 2008).

For both banked or crabbed turns, body rotation results from an asymmetry in
aerodynamic forces between left and right wings, an asymmetry in the inertial forces
produced by the two wings, or a combination of both. Aerodynamically generated force
asymmetries can be expected as the result of differential changes in wing shape, such as
changes in wing surface area, angle of attack, or camber, or maybe due to differences
between left and right wings in kinematic parameters, such as relative velocity (see
Dudley, 2002). In contrast, inertially generated force asymmetries can be produced by
differences in motion between left and right wings. Inertial forces can produce net
changes in body orientation over awingbeat cycle even when no external torques are

applied due to conservation of angular momentum (Hedrick et al., 2007).



Moreover, little is known about the kinematics and aerodynamics of turning in
bats, including whether they use primarily one, the other, or both turning mechanisms.
While aerial maneuvers have been qualitatively described for two bat species (Norberg,
1976), and kinematics of the CoM have been analyzed for six other species performing
180-degrees turns (Rayner and Aldridge, 1985; Aldridge, 1987), no detailed analysis of

body orientation and/or wing kinematics has yet been carried out for bats.

Photographs of bats performing flying maneuvers sometimes show the body
rolled toward the direction of turning (Norberg, 1976). Based on this evidence and the
widespread use of banked turns in organisms as morphologically and phylogenetically
diverse as insects, amphibians, birds and mammals, we predicted that bats would also use
banked turning, and therefore maneuver by rolling their body to reorient the lift force

Vector.

M aterials and methods

Experimental animals and flight corridor

The study animals were non-reproductive adult female lesser short-nosed fruit
bats (Cynopterus brachyotis), loaned by the Lubee Bat Conservancy (Gainesville, FL,
USA), housed at the Harvard University Concord Field Station (Bedford, MA, USA).
Animals were provided with food and water ad libitum and kept in alarge cage that
allowed them to perform short flights. Four bats (body mass 32.8 to 41.7 g, N=4) were
selected from among the captive population based in their consistent flight ability and

cooperation during training sessions. Experimental subjects were trained to fly through an



L-shaped flight corridor (7 m
—mT e length x 1 m width x 2 m height)
making a 90-degree turn midway

through each flight (Fig. 2). Bats

were hand-released

approximately 1.5 m above the
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R floor on either side of the
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':,'fmt: corridor, performed either aright

or aleft turn, depending on
Fig. 2: Superior view of turning portion of the flight
corridor, indicating the position of the calibrated space and
the high-speed cameras. Three cameras were placed on the
floor pointing upward to capture the ventral side of the bat .
body and wing. As the bat passed through the calibrated ceiling at the other end of the
volume, the position of severa anatomical markers were
tracked in the global coordinate system X;YyZ,. Figurenotto  corridor.
scale.

release site, and landed on the

Three-dimensional coordinate mapping

Each turn was recorded with three synchronized, high-speed digital video
cameras. either three infrared-sensitive Redlake PCI 1000 cameras (320%280 pixel
resolution; Redlake Inc., San Diego, CA, USA) or two Redlake cameras and one Photron
Fastcam-X 1280 PCI camera (1024x1024 pixel resolution; Photron USA Inc., San Diego,
CA, USA). Flights were recorded at 500 frames s with shutter speeds of 1/1000th of a
second. The cameras were placed on the floor of the flight corridor in such away that at
least one camera provided a cranioventral view and another a caudoventral view (Fig. 2).

Bats typically prefer low levels of visible light, so illumination was provided by a series



of infrared lights for the Redlake cameras and by a high-power red LED light for the
Photron camera. The video files were calibrated by a modified direct linear
transformation (DLT), a technique that computes 3D coordinates from multiple known
2D views, using a 25-point calibration frame (0.45x0.45x0.55 m) captured on video at

the beginning of each series of flight (Hatze, 1988).

Lightweight spherical beads covered with reflective tape were attached to the
pelvis, on the skin overlying the pubic symphysis (pvs marker) and just lateral to the
sternum (Rch and Lch, right and left chest markers, respectively). Chest markers were
placed medial to the glenohumeral joint to ensure they remained in the field of view of
the cameras as much as possible throughout the wingbeat cycle. Three additional
anatomical landmarks on each wing: the wrist, and the distal part of the distal phalanges
of the 3" and 5™ digit (wst, d3 and d5, respectively; Fig. 3) were marked with small

circular pieces of reflective tape.

Rwst Lwst Fig. 3: Schematic of marker positions on the
a o 5 > ventral side of a bat. Prefixes Rand L refer
Rd3 ™/ 7ch Loh \Ld3  toright and left, and pvs, ch, wst, d3 and d5
! bvs to pelvis, chest, wrist, end of the third digit
;dS 2 Ld5 and end of thefifth digit, respectively.

A trade-off exists between maximizing the size of the cameras' field of view and
maximizing spatial resolution of estimates of each marker’ s three-dimensional
coordinates. Here, cameras were positioned to capture between 2 and 4 wingbeat cycles,
depending on the flight speed of the bat in a particular trial. Sequences where al markers

were visible for at least one complete wingbeat were digitized using custom-designed



software (Hedrick, 2007). The three-dimensional position of each marker was
reconstructed from the two-dimensional video files using the DL T coefficients derived
from the calibration frame. Because of the great range of motion of the wing during
flight, in some cases markers were not visiblein at least two cameras and the spatial
position of the marker could not be resolved, resulting in gaps in the data. Thiswas the
case for the wst and d5 markers at the beginning and at the end of the downstroke, in
particular. Gaps, however, were relatively short and the curves were interpolated and
filtered with the * Generalized Cross Validatory Spline’ (GCV SPL) software (Woltring,
1986). The spline smoothing coefficients were adjusted to produce afilter cut-off
frequency of approximately 45 Hz, nearly five times greater than the wingbeat frequency.
The quintic spline method also allows the direct calculation of higher-order derivatives,
and therefore provides greater accuracy in calculating velocities and accelerations
(Walker, 1998). First and second derivatives of positional data were calculated from the

spline coefficients, assuming no error and hence without further filtering.

To test the accuracy of our experimental setup, a spherical marker bead was
thrown in a parabolic path through the calibrated space in front of the camera. Our
calculation of its downward accel eration based on kinematic reconstruction was within
0.5% of 9.81 ms™. We also moved arigid card with attached reflective markers at known
separation distances similar to the intermarker distances on our bats wings. Measurement
error based on kinematic reconstruction was no more than 3% from the actual distances,

with mean absolute errors ranging from 0.3 mmto 1.2 mm.
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Frames of reference, coordinate systems and body orientation angles

We employed two frames of reference to describe the positions of kinematic

markers during turning (Fig. 4). First, an earth-fixed, global coordinate system XgYqZgq

was defined, with Xg and Yy describing the horizontal plane and with +Z4 pointing in the

direction of gravity. Second, we used a dynamic, body-based coordinate system X, YpZp,

centered on the pelvis marker, where +X,, points cranially along the body axis, +Y} points

laterally toward the right wing, and +Z, points downward and lies in the plane of

symmetry of the body. This frame of reference was defined by three coplanar body

Fig. 4: Orientation and body angles used in this study. The
heading angle (v) was defined as the angle between the
projection of the longitudinal axis of the body on the
horizontal plane (X4—Yg) and the X, axis; the elevation angle
(6) was defined as the angle between the longitudinal axis
of the body and the horizontal plane (X4—Y); and the bank
angle (¢) was defined as the angle between the line
connecting both chest markers and the horizontal plane (Xg—
Yy (seeinset). Body angles were defined as the deviation
around the body-fixed axes in abody coordinate system.
Arrows define the positive rotation direction of the body
angles.

landmarks (pvs, Rch and Lch),
and changed relative to the global
coordinates as a bat moved
through space. The body
coordinate system was calculated
from the global coordinate system
using a series of Euler rotations
for each time step. In an Euler
angle system, three successive
rotations around non-orthogonal
axes define a unique attitude or
general orientation of arotated
object with respect to areference
coordinate system. The two first

Euler rotation angles described
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the heading (y) and elevation (0) of the body with respect to the global coordinate system
(Fig. 4). Because of these rotations, however, the last rotation angle does not accurately
represent the bank orientation of the body with respect to the global coordinate system.
Therefore, bank angle (¢p) was calculated as the angle between the line connecting the two

chest markers and the horizontal (Xg—Yg) plane (Fig. 4, inset).

Body angles: yaw, pitch and roll

Rotations around the body-centered X, Y, and Z, axes were designated roll, pitch
and yaw, respectively (Fig. 4), following aerodynamic conventions (Phillips, 2004). Body
angular velocities were calculated by applying a classical transformation from the angular
velocities of the Euler angles, commonly used in rigid body dynamics (Phillips, 2004).
Because bats were recorded mid-turn, they already had an initial ‘pitch’ and ‘roll’ angles
relative to the global coordinate system. These angles were added to the angular velocity
cumulative sum and represent the angular body position with respect to the beginning of
the recorded portion of the turn. Yaw initial orientation was arbitrary, but because it has
no systematic effect on flight control, all trials started with zero degree yaw angle
(following Card and Dickinson, 2008). Body angular accelerations were calculated as the

first derivative of the body angular velocities over time.

Deter mination of CoM

Although the wings of the bat comprise arelatively small fraction of the overall
weight of the bat (Thollesson and Norberg, 1991), the motions and accel erations
associated with wing flapping may produce substantial inertial effects. As aresult of

these morphing motions, the CoM of the bat will not correspond to a fixed anatomical
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location on the bat during flight. To account for the wing displacementsin the
determination of the location of the center of mass, we constructed a mass model

representation of the bat.

The mass model is atime varying, discrete mass approximation of the bat mass
distribution, based on the location of the markers. To develop the discrete mass system
representing the bat, we partitioned total body mass into individual components or
regions. The wing membrane, wing bones and trunk were treated as separate masses

which were combined to form the total mass mode!.

To model the mass distribution of the membrane, we constructed a triangulation
of the wing geometry at each time step. The large-scale, base triangulation was developed
using the location of the marker positions at any given time, and a subsequent subdivision
of those triangles was performed to give a mesh of fine-scale triangular elements (Fig. 5).

Each triangle element (T;) on the

bone model

membrane was assigned a constant

thickness (1x10™ m) and density
(1x10% kg m™), based on measured
characteristics of bat wing membrane

skin (Swartz et al., 1996). A resulting

base triangle

discrete point mass (m) for each

Fig. 5: Schematic of the mass distribution model used  tri@ngular membrane element was

to calculate the CoM of the bat. The blue lines

represent the modeled masses of the bone. Theshaded ~ computed based on the volume of that
triangle patches represent the base triangles of the
skin mass model, and insets show detailed
subdivisions of bone and skin masses (m;) and
individual triangular elements (T;) of the model.

triangular membrane and assigned a
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position at the centroid of the triangle element. To model the distribution of mass among
and within each of the wing bones, we constructed a curve between the markers at the
endpoints of the bones. The curve for each bone in the wing was defined from the
location of the markers, and the mass of the fourth digit, that we did not track, was
divided equally between the third and fifth digit. Given the tapered shape of bat bones
(Swartz, 1997), the cross-sectional radius of each bone element of the model was defined
by a quadratic function with respect to the length of the bone. We assigned a constant
density to the bones (2x10° kg m™). Using the distribution of bone radii distribution and
the location of the bone elements in space, the line was subdivided into smaller line-
elements, from which discrete mass points were defined. The mass of the wings was
scaled such that the constructed distribution represents the 16% of the total body mass,
according to measurements of bats of similar size (Thollesson and Norberg, 1991). The
mass and moment of inertia of the wing with respect to the shoulder was compared to
measured values (Thollesson and Norberg, 1991) to ensure that the model represents the
physical reality. Finally, the bat’s body was defined as a three-dimesional ellipsoid

divided into discrete mass points.

The discrete mass representation of the membranes, bones and body was
combined with detailed kinematic records of motion of each landmark to determine the

center of mass of each one of the mass elements, m;, using the equation

r m
eom :z' -, 1)
m,

where I, represents the position vector of the CoM, I, represents the position vector of

the i-th discrete point mass and my represents the total mass of the bat.
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Calculation of kinematic parameters
Vel ocity, acceleration, changes in heading, and curvature

Net body velocity (V) and acceleration (Ap) vectors were calculated as the first
and second derivatives of the position vector of the CoM in the global coordinate system.
The global trajectory of the bat (i.e., the flight direction) in the horizontal plane was
defined as the bearing angle (¢) and it was cal culated as the angle between the horizontal
component of the net body velocity vector (Vy,xy) and the Xy axis (Fig. 6). Changesin
heading can be described as arate of turning known as curvature (x). Curvatureis

defined as the inverse of the radius of the curved path and is calculated by the equation

- |Vb|’ZX7—§'”| , @

b.xy

where Vy 5, and Ay xy are the velocity and acceleration of the body in the horizontal plane

Xg—Yy, respectively.

v

" Flight path

Fig. 6: Dorsal view of aflying bat showing
the relationship between bearing angle ()
and heading angle (y) in the global
coordinate system for abat at threetime
points during the turn. Bearing angle is
calculated from the body velocity vector (Vy,
orange arrows) obtained as the derivative of
the position vector of the CoM.



15

Angle of attack and wing surface area

Differencesin the angle of attack of the two wings during a wingbeat cycle could
have aerodynamic influence that resultsin turning. Angle of attack was calculated for
each wing as the angle between the relative incident air velocity of the wrist marker (wst)
and the plane of the hand wing, defined by the markers on the wrist (wst), fifth digit (d5)
and the wingtip (d3). The exact calculation of angle attack requires the estimation of the
induced velocity on the wing (i.e., wake and wing-bound vortex velocities) (Aldridge,
1986b) but we ignored induced velocity, because our analyses focus on comparisons

between left and right wings, and induced velocities are similar for the two wings.

The difference in the surface area between left and right wing was estimated by
calculating the wrist angle, a measure of the flexion/extension of the wing as a proxy.
Wrist angle was defined as the interior angle of the triangle formed by the chest (ch),
wrist (wst) and wingtip (d3) markers for each wing. Thus, when wrist angleis large, wing

surface areais also large.

Downstroke, upstroke, and stroke plane angle

Downstroke and upstroke phases of the wingbeat were defined by positive and
negative velocities of the wrist in the Z, direction, respectively. The vertical (y,) and
horizontal (yn) stroke plane angles were defined as the major axis of the projection of the
wingtip with respect to the body on the X,—Z, and XY}, planes, respectively (Fig. 7).

These major axes were estimated by fitting aleast-square line for each wingbeat.
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Fig. 7: Lateral (A) and dorsal view (B) of
aflapping bat, indicating vertical (y,) and
horizontal (yy) stroke plane anglein the
body coordinate system. Continuous line
corresponds to an actual trace of the right
wingtip (d3 marker) throughout a
representative stroke cycle.

Lateral projection of the wings

Changes in body rotations could be potentially explained by differencesin profile
drag produced between the two wings. A possible mechanism to modulate drag is to alter
the wing area exposed to the airflow. Lateral projection of the wing can be used asa
proxy for wing area exposed, where wings that are more extended should present larger
wing areas. We estimated the lateral projection as the distance of the wingtip marker to

the midline of the body in the global coordinate system.

Wingbeat consolidation and statistical analyses

To avoid the problem of autocorrelation and pseudoreplication among wingbeats,
kinematic parameters were cal culated from one representative wingbeat per trial. We
defined the representative wingbeat as the one with a heading angle the closest to 45
degree from theinitial orientation of the flight. This wingbeat represented a mid-turn
wingbeat and usually presented the maximum rate of change in heading angleand in
body angular velocities. In some cases, these variables peaked +1 wingbeat from the
wingbeat defined by the heading angle criterion and the former was used. For most of the

analyses, asample size of 32 trials was used and values are reported as meants.e.m.
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unless specifically indicated. Statistical analyses were conducted using IMP 6 (SAS
Institute, Cary, NC, USA) and MATLAB R2006a (The Mathworks, Inc., Natick, MA,
USA). Regression analyses were performed with general linear models (GLM) to control

for differences among individuals.

Results
General description of the turn

When turning, bats flew consistently at low forward speeds of 2.0+0.1 ms*
(N=53) and maintained relatively constant speed in the X, direction throughout the
calibrated volume, though for some trials, flight speed decreased at the end of the
sequence. In atypical turn, bats gained altitude during the first half of the turn (0.12+0.04
m, N=53) and then maintained their height after turning, thereby increasing their net

altitude during the turn.

Changesin bearing occurred aimost entirely during the downstroke (Fig. 8), with
an average change of 16.0+0.8 degrees per wingbeat. We captured, depending on the
flight speed, between 2 and 4 wingbeats within the calibrated space. Extrapolating the
mean change in heading during awingbeat cycle to the whole turn, C. brachyotis would
complete a 90-degree turn in about 6-7 wingbeats. Thisis likely to be an overestimation,
as the change in heading tends to peak towards the middle of the turn. From a preliminary
study of C. brachyotis performing the same task, a 90-degree turn was completed in
about 6-9 wingbeats (J. Iriarte-Diaz, unpublished). Bats reached maximum changesin

bearing of 416.9+26.4 degrees s near mid-downstroke, producing turns with a minimum
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turning radius of 0.290+0.031 m (curvature of 5.53+0.62 m'*), about 0.8 wingspans.

Mean curvature during downstroke was 3.36+0.33 m'™.

A elevation

pitch

Angle (degrees)

= Fig. 8: Plot of the orientation angles (A) and

body angles (B) for arepresentative right turn.

roll Bearing angle (orange line) was included to the
Ul kbl e orientation angles plot for comparison of body
20| . _ ‘ attitude with the changes in flight direction.
0 0.1 0.2 0.3 04 Shaded bars correspond to downstroke periods.
Time (s)

Changes in body orientation

Bats consistently changed their body orientation throughout the wingbeat cyclein
asinusoidal fashion with afrequency equal to the wingbeat frequency (Fig. 8). Bats
rolled into a bank at the beginning of the turn. Average bank angle over awing stroke
was 25.8+2.0 degrees with a maximum of 56.3 degrees. Bank angle reached a maximum
at mid-downstroke and a minimum at mid-upstroke with an absolute change of 10.6+1.1
degrees per half-stroke. Despite the apparent variation within a wingstroke, average bank
angle did not change among wingbeats within each trial (paired t-test, t3=0.84, P>0.1;
Fig. 9A). Similarly, elevation angle showed changes within the wingbeat cycle, with an
average difference of 10.6x1.1 degrees per half-stroke, reaching a maximum at mid-
downstroke and a minimum at mid-upstroke, but with no significant changes between
wingbeats (paired t-test, t3;=-1.55, P>0.1; Fig. 9A). Mean elevation angle was 25.7+2.5

degrees. Heading angle, however, showed a significant between-wingbeat component
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(paired t-test, t3;=13.58, P<0.0001), as expected in aturn, as bats have to continuously
change their body orientation to keep it aligned with their bearing (Fig. 9A). During
upstroke, bats increased their heading angle an average of 20.8+1.9 degrees, rotating

towards the direction of the turn.

Angular velocity and angular acceleration profiles were very similar for all three
angles (Fig. 9B,C). During upstroke, angular velocities increased reaching a peak around
the upstroke-downstroke transition of 363.5+23.7, 217.2+20.5 and 104.3+23.3 degrees s™*
for heading, elevation and bank angles, respectively (Fig. 9B). Angular accelerations

showed aclear pattern of positive acceleration for al three angles throughout upstroke

Orientation angles Body angles

40 40

A
30 Bank 30 Pitch
M Fig. 9: Angles, angular
o0 | Elevation 20 Roil vel ociti0§ and angular
accelerations for (A-C) the

10 10 orientation angles (heading,

Heading Yaw elevation and bank) and (D-
F) the body angles (yaw,
pitch and roll). The width of
the traces represents the
meants.e m.. Shaded bars
correspond to downstroke
periods. Because bats
performed both right and
left turns, al turns were
standardized to aright turn,
and both heading and yaw
angles started at zero
degrees. Body angles were
obtained as the cumulative
sum of the body angular
velocities obtained from the
angular velocities of the
Euler angles. For pitch and
roll angles, the cumulative
sum was added to the initial
elevation and bank angle,
0 50 100 0 50 100 respectively, for each trial.
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and a very strong negative acceleration around the middle of the downstroke (Fig. 9C).

Changes in body angles

Pitch angle showed high within-wingbeat variation, reaching a minimum at mid-
upstroke and a maximum at mid-downstroke, with an average change of 12.1+0.9
degrees per half-stroke (Fig. 9D). Y aw angle increased constantly throughout the
wingbeat (Fig. 9D), and showed a difference of 13.7+1.0 degrees between the end and the
beginning of the wingbeat (paired t-test, t3;=12.4, P<0.0001) that resulted from positive
yaw angular velocities throughout the wingbeat (Fig. 9E). In contrast, roll angle
decreased over the wingbeat, decreasing during the upstroke and remaining constant
during downstroke (Fig. 9D). Over awingbeat cycle, roll angle decreased -4.3+1.1
degrees (paired t-test, t3;=-4.0, P<0.0001). Y aw angular velocity was positive throughout

the wingbeat, in contrast to roll angular velocity, which was mostly negative (Fig. 9E).

Pattern of change in heading and flight direction

Heading and bearing angle varied in a similar fashion throughout the wingbeat
cycle, with changes of similar magnitude, but with a clear offset between them (Fig.
8A,10A). Heading angular velocity peaked at the upstroke-downstroke transition,
although bats changed bearing the most at the middle of the downstroke (Fig. 10B),
indicating that changes in heading preceded changes in flight path during the turn. The
difference between heading and bearing angle peaked at the upstroke-downstroke

transition, and reached a minimum at the end of the downstroke (Fig. 10A).
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Wingbeat kinematic parameters

Bats flew using wingbeat frequencies of 9.2+0.1 Hz, with upstrokes comprising
56+2% of the stroke cycle. Wingtip speed with respect to the body showed a sinusoidal
variation with afrequency of nearly half of wingbeat frequency (Fig. 11A). Wingtip
speed reached a minimum of 4 m s* at mid-upstroke and a maximum of about 8 m s™*

WINGTIE WRIST near the end of upstroke and at mid-

8 A £ downstroke (Fig. 11A). Wrist

velocity showed less variation during

Speed (ms™)
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.=

the stroke cycle, with a mean speed

0 50 100 0 50 100 near 3ms* (Fig. 11B). Mean
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Fig. 11: Speed of wrist marker and wingtip marker in downstroke speed was 6.31+0.11 and

the body coordinate system over a standardized

wingstroke. Red, blue and grey traces represent the 2.97+0.10 m 3'1, for the wi ngti p and
inside and the outside wing and the difference between

them, respectively. The width of the traces corresponds . . . _

to the 95% CI. Shaded bars correspond to downstroke wrist, respectively. During a half
periods.
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stroke, angle of attack changed from around 50 degrees at the beginning of downstroke to
about 20 degrees at the end of downstroke, with a mean of 26.7+0.7 degrees. Vertical

stroke plane angle, yy, was 52.7+4.8 degrees.

Wing kinematics in the body coordinate system were very similar for the inside
and outside wings, although small but statistically significant asymmetries were
observed. Mean wingtip speed of the inside wing was 7% faster (a difference of
0.27+0.15 m s*; paired t-test, t3=1.82, P=0.08), particularly during the upstroke (Fig.
11A). No significant differences in speed between the two wings were observed at the
wrist (Fig. 11B). These differences are mostly due to higher wingtip lateral velocities of
the inside wing during the beginning and the end of the upstroke (see supplementary

material Fig. S1F).

The angle of attack of the inside wing during downstroke was 9% larger (a
difference of 2.7+0.9 degrees, paired t-test, t3;=3.15, P<0.01) than the outside wing (Fig.
12A). Also, the wrist angle, a measure of the extension of the hand, and likely of the
surface area of the wing, was larger in theinside wing by 3.3+0.7 degrees (paired t-test,

t3;=4.18, P<0.001; Fig. 12B). Even
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wingbeat (see supplementary material Fig. S1A,E,l). The largest kinematic difference
was found in the horizontal stroke plane angle yn. The asymmetry in y, during turning
was 10.8+2.8 degrees (paired t-test, t33=3.86, P<0.001), indicating that the outside wing
moved more parallel to the body than the inside wing, which had an overall direction

more oriented towards the midline.
Kinematic correlations with changes of direction

In aroll-based maneuver, the centripetal force that produces the turn depends on the roll
angle. The greater theroll, greater the centripetal force and tighter the turn. In such a
case, the rate of change in direction angle is expected to be proportional to theroll angle
(McCay, 2001). On the other hand, in a yaw-based maneuver, the change in direction
should be related to the rate of change in yaw rather than yaw orientation (Warrick et a.,
1998; Hedrick and Biewener, 2007). Both heading angular velocity and mean bank angle
during the downstroke are significantly correlated with the peak rate of changein
direction (GLM, r?x=0.88, F444=92.7, P<0.0001 and GLM, r?=0.72, F,44=32.48,
P<0.0001, respectively; Fig. 13). In amultiple regression model, controlling for

individual effects, only heading

Z B . _—

?E & i .t angular velocity was significant
L‘g‘“, g (GLM, r?,;=0.89 for the whole

g model; heading angular velocity
an]
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effect: 4=0.82, F145=63.5, P<0.0001;

bank angle effect: £=0.13, F143=1.6,
Fig. 13: Relationship between heading angular velocity

(,ZI) and bank angle (B) with the bearing angular P>0.2). The partial correlation
velocity.
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between heading rate and bearing rate while controlling for bank angle was
Meadingloank=0.80 (two-tailed t-test, P<0.0001), while the partial correlation between bank
angle and bearing rate when controlling for heading angular velocity was ryankeading=0.14

(two tailed t-test, P>0.05).

Based on the instantaneous acceleration of the CoM estimated from the mass
model (see Methods, above), it is possible to calculate the total instantaneous centripetal

acceleration (Ac orar) Necessary to produce a turn with a radius 1/« using

A = (Vo) %, 3)
where Vyy is the forward speed of the estimated CoM in the horizontal plane of the lab
Xq—Yq, and x is the curvature of the turn. Given the symmetry in the wing kinematics in
the body coordinate system, we can estimate the centripetal component produced by the
banked orientation of the body, by assuming that the net aerodynamic force is oriented
perpendicular to the bank angle (Fig. 14A). Thus, the bank component of the centripetal

acceleration was estimated as

Ao = (Acom+9)tan dcos(y — ), (4)
where Acom; corresponds to the vertical acceleration calculated from the position of the
CoM, and g corresponds to the acceleration of gravity (Fig. 14A,B). On average,

A roll Ac rotal, the estimated centripetal acceleration produced by the degree of bank
relative to the centripetal acceleration necessary to produce the observed change in flight
direction, accounted for only 74.0+£4.9% of the total acceleration required (Fig. 14C). In

some cases, the bank contribution was as small as 10% of the necessary centripetal
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acceleration, but in afew others, bank angle accounted for amost all of the acceleration

needed to produce the turn.
1 P 4
! _--"  Flight path
' LNV
A ACOM,Z"’Q B ’_?R\ -

I
1
o] tan 6 “(Acoms*a) ;
1
XY L
29[ e tan ¢ *(Agom +9)

Ac.totaI'Ac, bank

Centripetal acceleration (m s2)

0 50 100
Percentage of wingstroke

Fig. 14: Effect of bank angle and heading on the estimation of the expected centripetal accel eration due to
the banked orientation of the body. (A) Posterior view of abat performing aright turn. The net aerodynamic
force (green vector) was estimated based on the bank angle (¢), the total vertical acceleration produced by
the bat (Acom 2), and assuming that the net aerodynamic force is produced perpendicular to the bank angle.
(B) Superior view of abat performing aright turn. Because the heading orientation of the body (blue line)
does not necessarily match the direction of flight (orange vector), the centripetal acceleration dueto the
bank (A k) Must be corrected by the difference between heading and bearing angle (y-¢). (C) Observed
(Actota, red trace) and the estimated centripetal accel eration from bank (A pank, blue trace) throughout a
standardized wingstroke. Grey trace corresponds to the difference Ac tota-Acpank- The width of the traces
represents the mean+95% CI (N=32) and the shaded bar corresponds to the downstroke period.

Lateral projection of the wings

The lateral projection of the wing was maximal during downstroke for both wings
(Fig. 15). The wingtip of the inside wing started to move laterally during the second half

of the downstroke, while the outside wing was extended during downstroke as a
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conseguence of the bank of the body during the turn. During the second half of the
upstroke, the inside wing projected further than the outside wing, which could have
created greater drag on the inside wing due to alarger wing area (Fig. 15). Accordingly,
the difference of the lateral projection of the wingtip between wings significantly predicts
the observed changes in global yaw angular velocity at the upstroke-downstroke

transition (GLM, whole model: r*,;=0.56; distance effect: F12,=12.0, P=0.002).

Fig. 15: Distance of the wingtip to the midline
of the body in the horizontal plane Xg—Y,. Red,
blue and grey traces correspond to the inside
and the outside wing and the difference between
01} out-in them, respectively. The width of the traces
corresponds to the 95% Cl. Shaded bar

02 corresponds to the downstroke period.

0 50 100
Percentage of wingstroke

Distance from body midline (m)

Discussion

Bats carried out low speed 90-degree turns by primarily using a crabbed
mechanism to redirect their net aerodynamic force and thus produce centripetal force
towards the direction of the turn. We found that turns can be divided into two
functionally different components associated with the portions of the wingstroke cycle. In
the first part of the turn, during upstroke, bats rotated their bodies horizontally into the
turn without significant changes in flight direction. As aresult, at the onset of
downstroke, the body was already oriented toward the direction of the turn, so that
forward component of the net aerodynamic force was also oriented towards the center of

the turn. In the second part, which occurred during downstroke, bats changed their flight
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direction. The centripetal force necessary to change the heading of the CoM, however,
was produced by a combination of the forward and the dorsal component of the net
aerodynamic force. The dorsal component, which is parallel to the mid-sagittal plane of
the bat’ s body, arose from the banked attitude of the body through which the vertical
component of the net aerodynamic force was reoriented toward the center of the turn. The
forward component was modulated by the heading rotation of the body that occurred
during the first part of the turn. The analyses presented here do not support our prediction
that bats use a banked turning mechanism, like those described for other flying
organisms. However, they also indicate that turning in bats is aerodynamically and
kinematically complex, and includes a distinctive use of the upstroke phase, usually

ignored in studies of animal flight.

Kinematic mechanisms affecting change in heading

Discussions of turning in flying vertebrates have focused almost exclusively on
the reorientation of the lift vector by rolling the body into a bank as the mechanism for
the generation of the centripetal force (Norberg, 1990; Dudley, 2002). Our results,
however, demonstrate that for C. brachyotis, change in heading was the best predictor of
the change in flight direction. By rotating their bodies horizontally during upstroke, bats
reoriented their major body axisin the direction of the turn. As a consequence, when
aerodynamic force was produced during downstroke, the thrust vector was already
oriented in the direction of the turn (Fig. 1). Although the bank angle did not significantly
explain changes in flight direction when changes in heading are considered, the banked
orientation of bats observed during downstroke will likely produce centripetal forces

nonetheless. Our estimations of the centripetal accelerations produced by the banked
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orientation suggested that bats produced about 70% of the necessary force required to
generate the observed turn. Thisfigure, however, islikely to be an overestimate. We
assumed that the net aerodynamic force was perpendicular to the horizontal plane of the
bat, but the larger angle of attack of the inside wing compared with the outside wing
during the downstroke, would likely displace the net aerodynamic force vertically,
reducing the role of banking with respect to changes in heading. Thus, we hypothesize
that there will be a synergistic effect of the changes in heading during upstroke and the
banked attitude of the body that will increase the amount of centripetal force produced by

either a banked or crabbed turning alone.

Uncoupling of body rotations and generation of aerodynamic forces

It has been suggested that, when a flying organisms does not bank, changesin
bearing in crabbed turns are functionally linked to changes in heading angles such that
flight trgjectory would change only when yaw angles changes (Warrick et al., 1998). This
assumes, however, that the yaw moment is produced by differential generation of thrust
between the left and right wings during downstroke. Thisis clearly not the case for C.
brachyotis. Changes in heading occurred mainly during upstroke, and the aerodynamic
forces that produced changes in bearing occurred mostly during downstroke (Fig. 10A).
We hypothesize that the temporal uncoupling of the rotation of the body and the
generation of aerodynamic force would increase the magnitude of useful aerodynamic
force and thus increasing its contribution to the changesin flight direction. This assumes
that there is a trade-off between generation of asymmetrical forces to produce body
rotation and the generation of lift and thrust. Such uncoupling could be particularly

important for turns during slow flight, in which air flow over the wingsisrelatively
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slower and thus contributes less to lift generation than in high-speed flight. Accordingly,
C. brachyotis produced maximal centripetal forces during mid-downstroke (Fig. 14).
Moreover, downstroke showed little kinematic asymmetry, which was instead
predominantly confined to the upstroke (Fig. 11, and see supplementary material Fig.

sl).

Changesin body orientation prior to changes in heading may also improve the
ability of aflying animal to orient the head to the direction of travel, therefore improving
spatial orientation. Insectivorous bats clearly orient the head toward the insect when
pursuing maneuverable or erratic prey, and change their flight direction accordingly to
keep the body aligned with the head direction (Ghose and Moss, 2006). In this case,
rotating the body before changing heading would facilitate alignment of the head and
body to increase prey location and obstacle avoidance success (Ghose and Moss, 2003;
Ghose et d., 2006). The fact we observe alignment of the body with flight direction on a
non-echolocating, fruit-eating bat suggests that this phenomenon would be important not
only when emitting echolocation calls and listening for returning echoes and when
capturing prey, but simply to maneuver successfully in three-dimensionally complex

environments.

Effect of body-based rotation angles (yaw, pitch and roll) on turning

Because bats adopt a banked attitude during the turn, changes in heading angle
require changes in both pitch and yaw. Our results indicated that pitch is particularly
relevant, showing significant variation throughout the wingbeat cycle, and higher angular

accelerations than yaw. This suggests that a significant portion of the change in heading
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derives from changes in pitch. Thisin turn, informs our understanding of the forces
necessary to rotate the body. A body’ s rotation about its CoM depends on its mass
moments of inertia and on the moments about each axis. In organisms with elongated
bodies, it is assumed that the moment of inertia around the roll axisis smaller than the
moment of inertiaaround yaw and pitch axis (e.g., Dudley, 2002), suggesting a faster
rotational response to roll than to yaw or pitch. Rolling moments in these bats, however,
seem to be mostly compensatory, with changes in the opposite direction to the turn,

resulting in an approximately constant bank angle (Fig. 9A,D).

There are advantages of employing modulation of pitch to perform turns.
Assuming that there is a trade-off between bilateral wing motion asymmetry and the
efficiency of lift and thrust that are produced, pitch can be adjusted by bilaterally
symmetrical changesin wingbeat kinematics that shift the net aerodynamic force vector
either anterior or posterior to the CoM while changes in yaw and roll require bilateral
asymmetries (Dudley, 2002). Furthermore, pitch modulation may also require less force
than to produce rotational changesin yaw. The contribution of the wings to the total mass
and to the moment of inertia can be considerable in bats (Kirkpatrick, 1990; Watts et al.,
2001). For example, in a study of eight bat species, the mass of one wing accounted for
about 8% of the total body mass and contributed to about 93% of theroll inertia
(Thollesson and Norberg, 1991). In such case, yaw inertiais expected to be larger than
pitch moment of inertia assuming that the pitch rotational axis passes through the wings.
It isinteresting to note that flapping fliers, even in straight, level flight at constant
velocity show up and down pitching moments during upstroke and downstroke,

respectively. However, comparison of the effect of these ‘natural’ pitching momentsto
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those observed on turning flight is not straightforward due to the banked orientation of
the bat. Pitching moments are the result of both inertial and aerodynamic effects.
Although changes in pitch due to inertial forces are not expected to change when bats are
in a bank compared to when they arein straight flight, we do expect changes in how
aerodynamic forces would affect pitch due to the differences in orientation of the

gravitational force with respect to the net aerodynamic force.

Mechanisms of heading rotation

Changesin heading are essential to the completion of the turn. However, we
observed that heading rotation in the direction of the turn islimited to the upstroke. This
portion of the wingbeat cycle, at least for slow flight, has been believed to be inactive
aerodynamically (Norberg, 1990; Spedding et a., 2003). How, then, are bats able to
change their heading orientation during the upstroke? One mechanism for producing
changes in heading is to generate more thrust with the outside wing than with the inside
wing, producing atorque in the direction of the turn. This could potentialy be
accomplished by a backward flick with the tip of the wing, which has been reported in
some bats at the beginning of the upstroke, when flying at low speeds (Aldridge, 1986b;
Norberg and Winter, 2006). Such a backward flick is observed in C. brachyotis at the
wingtip (Fig. 16A) but not at the wrist (Fig. 16B) and it is unlikely to produce a global
yaw moment because the backward velocities of the outside and the inside wing do not

differ significantly during the upstroke (Fig. 16A).
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WINGTIP WRIST Fig. 16: Forward velocity profiles for the
= 8 B ==out wingtip (A) and wrist markers (B) in a
e out-in global coordinate system that has been
> 4 rotated in the Z, axis to align the X axis
8 V component to the bearing velocity vector
E and thus, the forward velocity represents
g8 O I<Gaaa 0 [= ===t the marker velocity in the direction of
E flight. This rotation maintains the elevation

4 and bank orientation of the body. The
100 0 50 100 width of the traces represents the
Percentage of wingstroke (%) mean+95% Cl. Shaded bars correspond to

downstroke periods.

Differencesin profile drag between the inside and outside wing could also
potentially produce changes in heading by modulating the drag generated by each wing.
The lateral projection of the wings suggest that differential drag between the inside and
outside wing may act during upstroke, as the inside wing was more laterally projected
than the outside wing during late upstroke. Differences in the lateral projection of the
wings and the heading vel ocity reached at the upstroke-downstroke transition were
significantly correlated, suggesting that differential drag due to differencesin left vs.
right wing area could explain the changes in the global yaw observed for C. brachyotis.
To verify this, calculations of the profile drag generated by each wing will be necessary,
which requires estimates of coefficient of drag during upstroke. Due to the three-
dimensional complexity of the wing shape during upstroke, and the lack of empirical
estimates of the drag coefficients of compliant airfoils, results from steady state

calculations will likely be too unreliable to shed much light on the question.

An aternative means by which to produce changes in heading is the use of
asymmetric movements of the wings during upstroke. Left-right asymmetry could
generate inertial torques that differ between the inside and outside wing. Such a

mechanism is an effective way to produce what is called a zero-angular-momentum
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rotation, a maneuver used by self-righting cats (e.g., Arabyan and Tsai, 1998) and
gymnasts (Y eadon, 1997). In a zero-angular-momentum rotation, body segments are
rotated with respect to each other during the flight, hence the whole body will rotate as a
conseguence to conserve angular momentum. By this mechanism, changes in heading
would arise from differences in the movement of the left and right wingsin the horizontal
Xg—Yg plane. 1t isdifficult to predict the effect of wing and body inertia on the body
rotation without a modeling the time-varying contribution of a morphing wing and
rotating body during the turn but considering that bats' wing masses are about 16% of
body mass (Thollesson and Norberg, 1991) it could be expected that inertia reorientation
of the body may be important. Inertial contributions to body rotations during turning have
been estimated for birds, where asymmetries in the amplitude of the wingbeat were
capable of transient changesin roll of only 6 degrees, with a net change of 1.6 degrees
per wingbeat (Hedrick and Biewener, 2007). Bats are expected to have a smaller moment
of inertiafor roll than for yaw and pitch, hence the magnitude of changes due to inertial
reorientation in yaw are not likely to be great enough to account for the average change
of 20 degreesin yaw observed during upstroke. This issue cannot be resolved, however,

without modeling the inertial effect of the observed wing kinematics.

Bat turning compared to other flying organisms

Experiments on maneuvering in birds show that pigeons and cockatiels use
banked turns (Warrick and Dial, 1998; Hedrick et al., 2002). In pigeons, roll acceleration
increases and decreases during a single wingbeat, and changes in acceleration are
correlated with left-right asymmetry in downstroke wing velocity (Warrick and Dial,

1998). Cockatiels show asimilar roll acceleration profile, with changesin roll orientation
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within each wingbeat correlated with wing motion asymmetries (Hedrick and Biewener,
2007). Thiswithin-wingbest variation, however, is likely the result of inertial forces
produced by wing kinematic asymmetries and therefore tends to cancel out over a
complete stroke cycle (Hedrick and Biewener, 2007). In fact, changes in cockatiel flight
direction were best explained by changesin roll orientation between wingbeats, which
are not correlated with changesin roll within each wingbeat, and that are likely the
combined result of both inertial and aerodynamic effects (Hedrick and Biewener, 2007).
When compared to birds performing similar turns, bats produced tighter maneuvers,
allowing them to complete the turn in a smaller number of wingbeats than pigeons and
cockatiels (Warrick and Dial, 1998; Hedrick and Biewener, 2007). These differences
could be the result of differencesin size. C. brachyotis are about 10 times smaller in
mass than cockatiels, and it has been suggested that maneuverability isinversely related
to body size (Aldridge, 1987; Stockwell, 2001). Whether these differencesin turning
performance are a consequence of differencesin size or due to differencesin turning

mechanisms is not known.

Studies of 180-degree turns in microchiropteran bats have shown that bats initiate
turns by flying upwards and decelerating (Rayner and Aldridge, 1985; Aldridge, 1987).
We observed similar patternsin our experiments, although our bats maintained their net
forward speed throughout the recorded portion of the turn. The curvatures of the turns
observed in our experiment were 3 to 23 times smaller (i.e., greater turning radius) than
those observed for other bat species performing 180-degrees turns (Aldridge, 1987). Such

variation is to be expected, considering the differences in task and body sizes.
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The use of a combination of crabbed and banked mechanismsto produce aturnis
likely to increase the maneuverability of bats compared to a mechanism that employs lift
alone. The net influence of the crabbed component on turning is not readily quantified,
but it is clearly important for insects (Dudley, 2002). For example, in dragonflies capable
of both banked and crabbed turns, the latter strategy produces turns at much higher rates,
with changes in direction of 180 degreesin less than 3 wingbeats (Alexander, 1986). This
degree of maneuverability is similar to that observed in our bats, where 180-degrees turns
can be achieved in 3-4 wingbeats, although no information is available on whether the

turn was banked, crabbed or a combination of both (Tian et al., 2006).

Our findings show that bats use a combination of crabbed and banked
mechanisms to produce centripetal accelerations required to perform aturn. C. brachyotis
changed its heading during upstroke and thus reorienting the body in such away that the
net aerodynamic force produced during downstroke is aligned with the direction of travel.
Therefore, the reorientation of the body and the bank angle of the body will act
synergistically to produce a centripetal force. Bats seemed to actively change their yaw
and pitch, while changesin roll were compensatory to maintain a constant bank attitude.
Reorientation during awingbeat cycle is probably the result of the combination of
aerodynamic and inertial forces and future research should include estimation of how

asymmetries in wingbeat kinematics to estimate the magnitude of inertial reorientation.
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List of symbolsand abbreviations
Ap Acceleration vector of the body in the global coordinate system

Abxy Acceleration vector of the body in the horizontal plane Xg—Yy of the global

coordinate system

Ac pank Estimated centripetal acceleration produced by the roll angle of the body
Aciota Centripetal acceleration necessary to produce aturn with aradius 1/x
Acom z Vertical acceleration of the CoM in the global coordinate system

CoM Center of mass

DLT Direct linear transformation
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Acceleration of gravity

General lineal model

Velocity vector of the body in the global coordinate system

Velocity vector of the body in the horizontal plane X4—Yy of the global

coordinate system

Fixed, global coordinate system

Cartesian coordinates in the global coordinate system

Dynamic, body-based coordinate system (centered on the hip)

Cartesian coordinates in the body-based coordinate system

Curvature in the horizontal plane Xy—Z4

Vertical and horizontal stroke plane angle, respectively

Bearing angle

Heading, elevation and bank angle, respectively, in the global coordinate

system
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Fig. S1: Position and velocity for the wingtip (top six boxes) and wrist marker (bottom six boxes) in the
body coordinate system. The |eft, middle and right columns correspond to values in the X, (forward), Y,
(lateral) and Z, (vertical) axes, respectively. Red, blue and grey traces represent the mean+95% Cl for the
inside and outside wings and the difference between them, respectively. Shaded bars correspond to
downstroke periods. Positive values in the right-side column represent that the position of the marker ison
theipsi-lateral sidein | and K, and that the marker is moving laterally, away from the midlinein Jand L.
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Abstract

Powered, flapping flight has evolved at least three times in the extant animal
groups: in insects, birds, and bats. In the last few years, research on the mechanics,
energetics, and aerodynamics of insects and birds have greatly improved our
understanding of the mechanism employed by flying animals. Although some aspects of
flight mechanics are probably common to all flying lineages, each one represents a
unique solution to the challenges of maneuverable, efficient flapping flight. This might be
particularly true in bats, considering that bats possess wings with many independently
controlled joints, and with flexible bones supporting a highly compliant and anisotropic
membrane. Flight in bats, however, remains the least documented and understood among
flying animals. In this study we investigated the flight kinematics of bats flying at a range
of speeds. Four lesser dog-faced fruit bats (Cynopterus brachyotis) were trained to fly
both in a flight corridor and a wind tunnel and were recorded with three phased-locked
high-speed video cameras at 1000 Hz. Wingbeat kinematics changed gradually with
speed indicating that there is no sudden gait change at any particular, critical speed.
Changes in kinematics with speed, however, showed differences among individuals.
These differences indicate that there are multiple strategies that can be used to modulate
lift and thrust during flight. At speeds below 5 m s™, the observed kinematics suggest that
bats’ wings are affected by unsteady aerodynamic effects and therefore the use of steady-
state flow analyses are likely to produce an inaccurate representation of the fluid

dynamics around the wings.
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Introduction

Bats, birds and insects are the only three extant animal groups that have evolved
powered flight. Research in the last few years on the energetics, biomechanics, and
aerodynamics of insects and birds has provided deep insight on the basic mechanisms of
aerodynamic force generation and flight control, primarily due to advances in high-speed
kinematic and wake visualization technologies (Dickinson et al., 2000; Sane, 2003;
Tobalske, 2007; Lauder and Madden, 2008; Taylor et al., 2008). Bats, however, remain
the least studied group of flying animals despite exhibiting remarkable flight capabilities
that combine a high degree of maneuverability with energetic efficiency. For example,
hovering flight in bats is 40% and 60% less metabolically costly than insects and birds of
similar size, respectively (Winter, 1998; Voigt and Winter, 1999). To explain how bats
achieve such a remarkable level of performance requires the identification of those
aspects of the kinematics of flapping flight in bats that differ from birds and insects, and

an understanding of how these aspects are modulated during normal flight.

In spite of previous work on the kinematics and mechanics of bat flight (Norberg,
1976; Aldridge, 1986, 1987; Watts et al., 2001; Norberg and Winter, 2006), the basic
mechanisms by which bats generate aerodynamic force are still poorly understood, in part
because of the absence of detailed three-dimensional descriptions of the motion of the
body and wings of bats during flight. Such a description is essential when considering the
inherent complexity of motion of bats that involves rapid three-dimensional folding,
bending, and rotational wing movements to generate acrodynamic force which is
evidenced by the highly complex wake structure to the air behind it (Swartz et al., 2005;

Tian et al., 2006; Hedenstrom et al., 2007; Riskin et al., in press). In this study, we
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describe the detailed three-dimensional kinematics of the body and wings of bats flying at
a range of speeds, focusing on those aspects of wing structure that are most likely related

to aerodynamic force generation and how these aspects are modulated with flight speed.

Material and methods
Animals and experimental procedures

Four female lesser short-nosed fruit bats, Cynopterus brachyotis (Muller) (Table
1), loaned by the Lubee Bat Conservancy (Gainesville, FL) were used in this experiment.
They were housed in the animal care facilities of the Harvard-Concord Field Station,
where they were provided with food and water ad libitum. Before each experiment, bats
were anesthetized with isoflurane gas, and key anatomical landmarks were marked with

an array of high-contrast markers on the undersurface of one wing (Fig. 1A).

Table 1. Morphological measurements of the individuals used in this study.

Individual
Variable Batl Bat2 Bat3 Bat4
Mass (kg) 0.0348 0.0371 0.0417 0.0331
Wing span (m) 0.361 0.386 0.411 0.355
Wing area (m”) 0.0197 0.0212 0.0250 0.0188
Aspect ratio 6.6 7 6.8 6.7
Wing loading (N m?) 17.3 17.2 163 17.3

Bats were flown in two sets of experiments: (1) still air/flight corridor
experiments, where bats were allowed to select their flight speed, and (2) wind tunnel

experiments, where flight speed was experimentally controlled. Bats were flown in these
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Fig. 1. Ventra view diagram of abat
indicating (A) the position of the wing and
body markers and (B) the triangular
segmentation used to cal culate surface
area, vertical force coefficient (Cy), and
the angles of attack. The dotted lines
represent the vertices of the 11 segments
used to calculate surface areaand C,; and
the shaded triangles represent the
segmentation used to calculate the
proximal (prox) and distal (dist) angles of
attack.
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two setups to increase the range of speeds
available for analysis, because they fly, on
average, more slowly in the flight corridor than
they would in the wind tunnel. In the flight
corridor experiment, bats were trained to fly
inside a9 m long enclosure (1 mwideand 2 m
high). Batswere hand-released on one end of
the corridor, and allowed to select their flight
speeds, which ranged from 1.8 to 3.3 m s™.
Wind tunnel experiments were conducted at the
Harvard Concord Field Station wind tunnel, an
open-circuit tunnel with aclosed jet in the flight
chamber and a working section of 1.4 m length,
1.2 mwidth and 1.2 m height (Hedrick et al.,
2002). In the wind tunnel, bats flew at speeds

ranging from3.1upto 8 ms™.

All components of this study were approved by the Institutional Animal Care and

Use Committees at Brown University, Harvard University, and the Lubee Bat

Conservancy, and by the United States Air Force Office of the Surgeon General’s

Division of Biomedical Research and Regulatory Compliance.
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Three-dimensional coordinate mapping

Flight corridor trials were recorded at 500 frames per second using three high-
speed Redlake PCI 1000 digital cameras. The volume in which the bats were flown was
calibrated using the Direct Linear Transformation (DLT) method, based on a 25-point
(0.45x0.45x0.55 m) calibration cube, recorded at the beginning of each set of trials
(Hatze, 1988). Wind tunnel flights were recorded at 1000 frames per second using three
high-speed Photron 1024 PCI digital cameras and calibrated by using the DLT method
with 40-point (0.35x0.35x0.30 m) calibration cube, recorded at the beginning of each set

of trials.

For the flight corridor trials, six markers on the bats’ body were digitized in each
video frame (str, pvs, shd, wst, d3 and d5 in Fig. 1A), while for wind tunnel experiments,
eleven markers were digitized (Fig. 1A). The three-dimensional position of each marker
was resolved using the DLT coefficients obtained from the calibration cube (Hatze,
1988). A DLT root mean square (RMS) error was calculated for each point at every
frame. The median RMS error was 0.5 cm for the flight corridor experimental setup and
0.1 cm for the wind tunnel setup. When a marker was not simultaneously visible in at
least two cameras, gaps in the three-dimensional position of the markers occurred. These
gaps were filled by over-constrained polynomial interpolation. For contiguous gaps in the
data, with sufficiently rich data at the end points, a third order, over-constrained
polynomial fit was used. For gaps that included sporadic intermediate points, a sixth
order polynomial was used. After gap-filling, a 50 Hz digital Butterworth low-pass filter
was used to remove high-frequency noise. This cut-off frequency was approximately 5

times higher than the wingbeat frequency recorded in our bats.
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Calculation of kinematic parameters

A wingbeat cycle was defined by the vertical excursion of the wrist in a body
coordinate system. Downstroke and upstroke phases were defined as the portions of the
wingbeat cycle were wrist vertical velocities were negative and positive, respectively.
Because markers along the wing reach their peak vertical position asynchronously, the
wingbeat cycle would be slightly different if another marker were employed. The
wingtip, for example, reaches its peak vertical position, between 6 and 8 ms after the
wrist (Swartz et al., 2007). We chose the wrist because it is the most likely landmark to

accurately reflect patterns of activation of the flight muscles.

Wingbeat frequency was defined as the inverse of the period between two
consecutives downstrokes. The downstroke ratio was defined as the proportion of the
wingbeat cycle occupied by the downstroke. Wingbeat amplitude was defined as the
angle between the straight line connecting the wingtip (d3) and the shoulder (shd)
markers at the beginning of the downstroke and the straight line connecting d3 and shd
markers at the end of the downstroke. To further explore the changes in the motion of the
wing, we also calculated the velocity of the wingtip with respect to the body. These five

variables were calculated from both flight corridor and wind tunnel experiments.

Body pitch was defined as the angle between the major axis of the body, defined
by the line connecting the pelvis (pvs) and the sternum (Str) marker, and the horizontal
plane of the lab (Fig. 3A). Stroke plane angle was defined as the angle between the
horizontal axis and the least-squares regression line through the lateral projection of the

wingtip position during the downstroke (Fig. 2A). The vertical, forward, and lateral
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excursion of the wingtip marker (Dsorw, Dia, @nd Dyert, respectively) was measured as the
maximum distance, with respect to the pelvis marker, between two points within a

wingbeat cycle, inthe X, Y, and the Z axes, respectively (Fig. 2A,B).
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Fig. 2. Lateral (A) and ventral (B) view of abat, indicating body pitch angle (6), stroke angles (y) and
excursion of the wingtip. Stroke angle was estimated by the linear regression of lateral projection of the
wingtip motion during the downstroke, with respect to the pelvis marker (red dotted line). Pitch angle was
defined as the angle between the line connecting the pelvis and sternum marker and the X axis. The
forward, lateral and vertical excursion of the wingtip with respect to the pelvis marker (Dsorw, Diat, @nd Dyert,
respectively) was defined as the maximum distance between two points within awingbeat cycle with
respect to the X, Y, and Z axes, respectively.

The camber of the wing during downstroke was estimated by measuring the
curvature of the digit V. We did so by fitting a parametric quadratic curve to the three-
dimensional position of the four markers along that digit (wst, pip, dip, d5in Fig. 1A).
The fitted quadratic curve was then divided into 50 segments and the curvature of each
segment was calculated as the average rate of change in the tangent to the curve along its
length (Crenshaw et al., 2000). Curvature has units of m™ and in circle, for example, it

represents the inverse of its radius.

We measured the elbow and wrist joint angles to estimate the change in folding of

the wing at different speeds. Elbow joint angle was cal culated as the three-dimensional
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angle between the shoulder, elbow and wrist markers (shd, elb, and wst in Fig. 1A), while
the wrist joint angle as the angle between the elbow, wrist and wingtip markers (elb, wst,

and d3 in Fig. 1A).

To estimate wing surface area, we divided the wing into 11 eleven segments (Fig.
1B) and calculated the area of each one. Total wing area was obtained by multiplying the
obtained area for one wing by two. This value is necessarily smaller than the
conventional value obtained from measurements of bats with completely extended wings
over a flat surface because bats do not completely extend their wings during flight

(Swartz et al., 2005) and because we do not include body area in this estimate.

We also divided the wing into a proximal and a distal triangular segment (Fig.
1B) and estimated angle of attack for each as the angle between the vector of the relative
incident air velocity and a plane formed by the three vertices of each segment. The
incident velocity vector was calculated as the first derivative of the position of the

centroid of each segment.
Vertical force coefficient

The vertical force coefficient (C,¢) can be estimated from the measured vertical
force produced to overcome gravity (Fy), air density (p), and the area (A) and velocity (V)

of the wing (Usherwood and Ellington, 2002) with the equation

F
Cymp—. 1)
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where 2A represents the area of both wings and pis 1.2 kg m™. This coefficient is a
dimensionless number that, among other factors, depends on the angle of attack and
camber of the wing, and that indicates the capacity of the wing to produce vertical force.
Therefore, C,r is a useful measurement of the relative importance of changes of angle of
attack and camber with respect to loading. For example, if the modulation of either wing
velocity or wing area during downstroke is enough to produce the extra lift necessary to
support extra weight, we expect to see no change in C.r. In contrast, if modulation of
angle of attack and/or camber is important to extra vertical force generation, C,¢ will
increase in bats flying with loads. The vertical force (F,) was calculated by multiplying
the body mass by the vector sum of the gravitational acceleration and instantaneous
vertical acceleration of the center of mass (CoM) derived from a mass model (see below).
Because of the flapping motion of the wings, more distal portions of the wings will move
faster than proximal ones. Therefore, we divided the wing into 11 triangular segments
(Fig. 1B), and for each of these segments we calculated surface area and velocity. We
obtained the velocity of a segment by calculating the first derivative of the position vector
of its centroid in the global coordinate system. The contribution of each of these

segments was used to calculate C,r as:

F
C, = # (2)
5,022 AV/?
i=1

where A; and V; are the area and velocity of the i-th segment.
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Determination of the CoM

In a flapping animal, the motion of the wings changes the position of the CoM
with respect of the body throughout the wingbeat cycle. To calculate F, as above requires
the true position of the CoM, which was estimated by building a dynamic mass model of
the bat. This mass model is a time-varying, discrete mass approximation of the bat’s mass
distribution, based on the location of the markers. To develop the discrete mass system
representing the bat, we partitioned total body mass into individual components or
regions. The wing membrane, the wing bones and the trunk were treated as separate
objects, each with its own position and mass, which were combined to form the total

mass model.

To model the distribution of the wing membrane mass, we constructed a
triangulation of the wing geometry at each time step. The large-scale, base triangulation
was developed using the location of the marker positions at any given time, and a
subsequent subdivision of those triangles was performed to give a mesh of fine-scale
triangular elements. Each triangle element on the membrane was assigned a constant
thickness (1x10™* m) and density (1x10° kg m™). A resulting discrete point mass (m;) for
each triangular membrane element was computed based on the volume of that triangular
membrane and assigned a position at the centroid of the triangle element. To model the
distribution of mass among and within each of the wing bones, we constructed a curve
between the markers at the endpoints of the bones. The curve for each bone in the wing
was defined from the location of the markers. Given the tapered shape of bat bones
(Swartz, 1997), the cross-sectional radius of each bone element of the model was defined

by a quadratic function with respect to the length of the bone. We assigned a constant
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density to the bones (2x10° kg m™). Using the distribution of bone radii distribution and
the location of the bone elements in space, the line was subdivided into smaller line-
elements, from which discrete mass points were defined. The mass of the wings was
scaled such that the constructed distribution represents the 16% of the total body mass,
according to measurements of bats of similar size (Thollesson and Norberg, 1991). The
mass and moment of inertia of the wing with respect to the shoulder was compared to
measured values (Thollesson and Norberg, 1991) to ensure that the model represents the
physical reality. Finally, the bat’s body was defined as a 3-dimesional ellipsoid divided

into discrete mass points.

The discrete mass representation of the membranes, bones and body was
combined with detailed kinematic records of motion of each landmark to determine the

center of mass of each one of the mass elements, m;, using the equation

rm
o~ 2 3)
m,

where I, represents the position vector of the CoM, [, represents the position vector of

the i-th discrete point mass and my represents the total mass of the bat.
Reduced frequency and Strouhal number

Reduced frequency (k) represents the ratio between flapping velocity and forward
flight speed at the half chord, and it has been long used as a measure of the importance of
unsteady effects during flight. Values of k<0.4 are typically considered evidence of
significant unsteadiness (Spedding, 1993). Similarly, Strouhal number (St) is a

dimensionless frequency that also describes the relative importance of unsteady effects of
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fluids. St represents a measure of the ratio between the inertial forces due to

unsteadiness of the flow and the inertial forces due to changes in velocity from one point
to another in the flow field (Norberg and Winter, 2006). Although k provides a better
measure of unsteadiness than St by comparing spatial wavelength of the flow disturbance
with the chord length, St is a better parameter for characterizing the dynamics of wake

flow (Triantafyllou et al., 2000).

We calculated reduced frequency (k) as:

k=2">, (4)

where f is the wingbeat frequency, C is the wing cord, calculated as the mean distance
between the wst and d5 markers during downstroke, and V is the flight speed. Strouhal
number (St) was calculated as:

D
St=——er, 5
v ()

where Dy, 1s the vertical excursion of the wingtip (Fig. 2A).

Statistical analyses

For each trial, a mean value was calculated from two to six wingbeats for each
variable. For each bat, the linear relationship between a variable and speed was assessed
by a multiple regression approach. For those variables in which a linear relationship was
observed, the equality of slopes among individuals was determined by an analysis of
covariance, with the interaction between the individual bat factor and the speed covariate.
If inequality of variances was found, a multiple comparison was performed on the slopes

by using a Tukey test (Zar, 1999). All analyses were performed in JMP (version 7; SAS
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Institute, Cary, NC, USA) with asignificance level, a=0.05. Data are presented as

meanzs.e.m.
Results

After combining flights from the flight corridor and the wind tunnel, bats flew at
speeds ranging from 1.8 to 8 m s*. Kinematic parameters changed gradually with speed.

Changes in kinematics with speed, however, varied among individuals.

The lateral projection of the reconstructed path of the wingtip with respect to il
air showed that bats flying at slow speeds moved their wings upward and backward
during upstroke, producing a so-called ‘tip-reversal upstroke’ (Fig. 3A). As speed
increased, the backward movement of the wing gradually disappeared, becoming an
upward and forward motion of the wingtip (Fig. 3A). The trgjectory of the wingtip with
respect to the body changed only subtly with speed, transitioning from afigure-eight

shaped motion at low speed to an elliptical shape at higher speeds (Fig. 3B).

A \ \ 34ms’
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J _/ 59ms’
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\ \ \ \
! \\« \ \ Fig. 3. Lateral projection of the
v 3\ 3 wingtip with respect of still air (A) and
N 3 with respect to the bat’s body (B), for a
A representative bat flying at different
Speeds.
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Table 2. Slopes of the linear relationships between kinematic variables and flight speed.
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Fig. 4. Wingbeat frequency (A), wingbeat amplitude (B), downstroke ratio (C), and stroke plane
angle (D) as afunction of speed, for both flight corridor and wind tunnel flights.

Wingbeat frequency changed with speed differently among individuals (Table 2;

Fig. 4A). In bat2, wingbeat frequency increased approximately 1 Hz over the observed

range of speed, and other bats decreased their wingbeat frequency by a similar amount.

Wingbeat amplitude increased in all individuals to varying degrees, but with only

marginal significance for Bat4 (Table 2; P=0.056) (Fig. 4B). Downstroke ratio increased
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Fig. 5. Body pitch angle as afunction

of flight speed, for wind tunnel

experiments only.

with speed in Bat3 and Bat4, although the magnitude
of change was small. Overall, considering all four
individuals, there was no significant increase with
speed. Stroke plane angle increased with speed for
al individuals (Fig. 4D), while pitch angle decreased
with speed, although marginally significant in Batl

(Table 2; Fig. 5).
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velocity presents alinear relationship
with speed (P<0.05 for all individuals).
Vertical velocity showed a quadratic
relationship with speed for all
individuals but Bat3, while latera
velocity showed a quadratic
relationship with speed for Bat1 and
Bat2.
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The pattern of flight speed dependence of
the velocity of the wingtip with respect to the body
during downstroke is more complex. The average
forward velocity of the wingtip during the
dowsntroke decreased linearly with speed
(ANCOVA, speed effect: F135=67.1,
P<0.0001),along with an interaction
individual xspeed effect (F335=3.22, P=0.03) (Fig.
6A). This effect arises from the behavior of Bat4,
whose forward wingtip showed a slight tendency to

decrease (P=0.27).

In contrast, the average vertical wingtip
velocity during downstroke changed in a
curvilinear, U-shaped fashion (Fig. 6B). Batl and
Bat2 showed a marked increased in vertical wingtip
velocity at both low and high speed flights. Bat4

also showed a significant curvilinear response to

speed, but the increase during slow and fast flight was not as marked as those of the

previous bats. For Bat3, vertical wingtip velocity did not change significantly with speed

(slope=-0.03+0.11, P=0.82). The lateral velocity of the wingtip showed a similar pattern:

Batl and Bat2 showed higher wingtip velocities at low and high speeds compared to

those at intermediate speeds (Fig. 6C). Both Bat3 and Bat4 showed alinear change in
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wingtip velocity with speed, with a significant
decreasein lateral velocity with speed in Bat4

(slope=0.28+0.08, P=0.007).

The excursion of the wingtip during the
wingbeat showed a consistent, complex pattern of
change with speed, with clear differences among
individuals (Fig. 7). In Bat1, vertical excursion
increased significantly and there was atrend to
decrease horizontal excursion. In Bat2, vertical and
lateral excursion increased while horizontal motion
of the wingtip decreased. In Bat3, the excursion of
the wingtip in all directions remained similar across
speds. Finally, Bat4 only horizontal excursion

decreased with speed.

Kinematic parameters that quantify 3D wing shape tended to change with speed in

the same way among al individuals. Mean angle of attack of both proximal and distal

portions of the wing during downstroke decreased with speed, consistently among

individuals, from about 27 deg at 3m s’ to 8 deg at 7.5 ms™* (Table 2; Fig. 8). Wing

camber, measured as the curvature of the wing along the fifth digit, also decreased with

speed in al bats (Table 2; Fig. 9). Individual bats, however, showed different amount of

camber at any given speed; Bat3 and Bat2 possessed the highest and |owest amount of

camber, respectively, and Batl and Bat4 showed an intermediate camber.
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Wing extension varied between the downstroke and the upstroke portion of the wingbeat
cycle (Table 2; Fig. 10). The wing was more folded during the upstroke than during the
downstroke, due to the extension of both elbow and wrist joints. As speed increased,

there was a significant increase in the flexion of the elbow and wrist joints for Bat1l and

Bat2.
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The vertical force coefficient (Cyr), computed from the kinematic parameters

calculated above, decreased curvilinearly with flight speed (Fig. 11).

2.5

1.5

Cy

Fig. 11. Mean coefficient of lift during
downstroke as a function of flight 0.5
speed, for wind tunnel flights only.

Both reduced frequency (k) and Strouhal number (St) decreased non-linearly with
speed (Fig. 12). k was similar for all bats at all speeds, although Bat2 showed a slightly
higher k than the other bats (Fig. 12A). At slow speeds, k ranged between 0.6 and 0.7 and
at higher speeds, k decreased to about 0.3. & was very similar among bats at |ow speeds
(S~0.42). As speed increased, however, S diverged among individuas, with Bat4
showing the lowest &, while Bat4 having the highest S, aresult of theincreased

wingbeat frequency (Fig. 12B).
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Discussion

Virtually, all aspects of flight kinematics in the lesser dog-faced fruit bat changed
gradually with speed. In all subjects, during slow flight, bats showed a marked tip-
reversal upstroke that gradually disappeared as speed increased (the significance of this
reversal upstroke will be discussed Chapter 3). As flight speed increased, bats oriented
their bodies more horizontally and flapped their wings more vertically. It is likely that a
primary function of this postural change is to reduce the parasite drag of the body.
Wingbeat amplitude increased, and wing camber and angle of attack, both decreased with

increasing speed.

Other kinematic parameters, however, changed in different ways among
individuals. The most marked difference was the increase in wingbeat frequency with
speed in Bat2, compared to a decrease in all other bats. More subtle differences were also
observed in the excursion of the wings, where Bat2 showed a decrease in forward motion
of the wingtip and an increase in the vertical and lateral motion, while the other
individuals showed changes in one direction or no significant changes with changes in
speed. Elbow and wrist joint extension during downstroke did not change with speed in

any bat, but during upstroke wing extension decreased in the in Batl and Bat2 only.

As bats flew faster, the vertical force coefficient (C,f) decreased gradually.
Because wing area during downstroke, indicated by the wing joint angles, did not change
with speed, the decrease in C, indicates that, at high flight speeds, the vertical force
necessary to overcome gravity was provided primarily by the forward flight speed. In

slow flights, however, forward flight speed becomes less important, and the increase in
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forward velocity of the wingtip with respect to the body observed during downstroke
probably helps to maintain a minimum flow velocity over the wings. Accordingly, wing
shape parameters, such as angle of attack and wing camber became progressively more
relevant as speed decreased. This was reflected in the higher values of C,y, angle of

attack, and camber during slow flights compared to fast flights.

Overall, the changes in the kinematic adjustments as speed increases were
complex, with clear individual differences. These patterns suggest that there are multiple
alternative that can be employed to fine-tune the generation of lift and thrust during
flight. Physically, the generation of aerodynamic force by flapping wings can be
modulated in multiple ways. Because acrodynamic force is proportional to V? (see eqn.
1), force can readily varied by changes in the flow velocity over the wings. Flapping
fliers can control flow velocity by varying wingbeat frequency, wingbeat amplitude
and/or downstroke ratio. Alternatively, changes in wing shape parameters such as wing
area, camber, or angle of attack, thereby affecting aecrodynamic force coefficients, could
also be employed. These changes do not require changes of the activation patterns of the
muscles that control the flapping movement of the wings, but instead require modulation
of intrinsic muscles of the plagiotagium and/or the muscles of the handwing proper.
Finally, flapping organisms, especially bats, could use a combination of both strategies.
Considering the array of alternatives to produce lift and thrust, it is perhaps not surprising
to find differences among individual in the changes of kinematics with speed. It is
difficult at present to compare our findings to individual variation in kinematic patterns in
other flying animals. Individual variation has received little attention in studies of animal

flight, although several researchers have stressed the importance of such variation in
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physiological, ecological, and evolutionary studies (see Hayes and Jenkins, 1997 for a

review).

Evidence of gait changes?

Pioneering studies of the wakes left by birds and bats flying through neutrally
buoyant helium bubbles led to the view that flying vertebrates employ two basic, distinct
wake structures: at low speeds, a series of discrete vortex rings or loops, each associated
with a single downstroke; and a high speeds, a pair of continuous, undulating vortices
(Spedding et al., 1984; Rayner et al., 1986; Spedding, 1986). As a consequence, it was
hypothesized that flying bats and birds have two distinct gaits, where gait is defined as a
pattern of locomotion described by one or more quantities that change discontinuously at
transitions to other gaits (Alexander, 1989). Therefore, it was predicted that the detailed
analysis of the kinematics and wake structure of flapping vertebrates flying at a range of
speeds would provide evidence of a discontinuous change that would directly reflect the
switch from one gait to another. To date, however, kinematic analyses of bat and bird
flight at different speeds have failed to provide support for this hypothesis (e.g., Aldridge,
1986; Tobalske and Dial, 1996; Tobalske, 2000; Hedrick et al., 2002; Norberg and
Winter, 2006). We too observed no discrete change in any kinematic parameters.
Furthermore, more recent studies of the wake structure left by birds flying at a range of
speeds showed that although wake patterns vary across speeds, the transition among
wake patterns is not abrupt, as expected from the gait hypothesis, but continuous
(Spedding et al., 2003; Rosen et al., 2004; Hedenstrom et al., 2006; Rosen et al., 2007).
Similarly, a study of the wake structure of nectarivorous bats also showed a gradual

change in the wake pattern as speed increased (Hedenstrom et al., 2007).
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We note, however, that although our kinematic analyses show no evidence of the
kind of discontinuity one would expect from a fundamental gait change, the individuals
used in this study likely did not reach their maximum flight speed. Although, to our
knowledge, no accurate measurements of peak natural flight speeds used by C. brachyotis
have been made, it is probable that these bats are capable of faster flight. On the other
hand, estimates based on our bats’ wing morphology give values of 4.59 and 6.09 m s™
for minimal power speed and maximum range speed, respectively (eq. 4 and 5 from
Norberg and Rayner, 1987). Thus, the range of speeds used in this study probably
includes speeds that are ecologically relevant, although these estimates area derived from
general equations for bats, without including differences in ecology and foraging
behavior, so they should be employed with caution. It has been observed that natural
populations of C. brachyotis are able to use both open and forest spaces (Campbell et al.,

2007), which likely implies the use of different speeds in each environment.
Wingbeat kinematics compared to other bats

Numerous aspects of wingbeat kinematics of C. brachyotis measured in this study
differ from those reported for other bat species. For example, wingbeat frequency
decreased with speed for three of four subjects (mean slope=-0.167), a much lower
decrease in frequency than reported for microbats: Plecotus auritus (9 g), decreases
wingbeat frequency with flight speed from 13.5 Hzat 2 m s to about 10Hz at 3 ms™
(slope=-3.0) (Norberg, 1976), Rhinolophus ferrumequinum (22 g) decreases wingbeat
frequency from 14 Hz at 2 m s to about 10 Hz at 5 m s (slope=-0.71) (Aldridge, 1986),
and Glossophaga soricina (10-13 g) decreases wingbeat frequency from 14.7 Hz at 2.4 m

s'to7.5Hzat 7.8 ms™ (slope=-1.2) (Norberg and Winter, 2006). The modulation of
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wingbeat amplitude also differs among bats; amplitude increased with speed in C.
brachyotis, but tended to decrease with speed in R. ferrumequinum (Aldridge, 1986). In
contrast, stroke plane increased with speed in P. auritus and R. ferrumequinum (Norberg,
1976; Aldridge, 1986) and in a similar fashion as in C. brachyotis, although at any given
speed, stroke plane angle was higher in the two microbats with respect to the bats in our

study.

Observations of 23 species of free flying Australian bats, of six families including
pteropodids, have shown that wingbeat frequency varied predictably with body mass and
flight speed, and that wingbeat amplitude changed with wing area and flight speed
(Bullen and McKenzie, 2002). These results suggested a simple empirical relationship
between flight speed, and kinematic variables that reflects common themes underlying
bat aerodynamics. Comparing our results to those predicted from the empirical model for
Australian bats, we found only moderate agreement (Fig. 13). Wingbeat frequency was
within the expected value for Batl and Bat3, but the published relationship
underestimated frequency in Bat4 and even more substantially for Bat2, the subject that
increased rather than decreased wingbeat frequency. Wingbeat amplitude, in contrast,
was expected to increase with speed, a trend that was followed relatively well by Batl
and Bat2, but that overestimated amplitude at low speeds in both individuals, and
underestimated amplitude for Batl at fast flights. Bat3 and Bat4 flew with amplitudes

consistently lower than those observed in Bullen and MacKenzie’s dataset.
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Fig. 13. Comparison between the measured wingbeat frequency (f) and amplitude (¢,) and the predicted
values derived from Bullen and McKenzie (2002) for all C. brachyotis. Measured values are represented by
symbols and expected values by solid lines. Expected frequency was calculated as f=5.54—3.068 10g;o(My)
— 2.857 logyo(V), where My, is body mass and V is flight speed. Expected amplitude was calculated as
$,=56.92+5.18V+16.06 |0g;0(S), where ¢, isthe vertical wingtip amplitude, V isflight speed, and Siswing
area. 6, was obtained by compensating our measurement of wingbeat amplitude for the effect of atilted
stroke plane angle.

Reduced frequency and Strouhal number

The dimensionless Strouhal number, S, has been used to describe oscillating
mechanisms and unsteady flow, and it is useful to describe the propulsive efficiency of
flapping airfoils. Controlled wind tunnel experiments with pitching, heaving and flapping
airfoils have indicated that propulsive efficiency is maximized in the range 0.2<$<0.4

(Triantafyllou et al., 2000; Taylor et a., 2003). It has been shown that flapping birds and
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bats use flight cruise speeds within this range, although bats tend to use higher St than
birds (0.2<St<0.5 and 0.2<St<0.4 for bats and birds, respectively) (Taylor et al., 2003). In
this study, flights at speeds between 3.5 and 8 m s™' are characterized by St in the range of
0.2 and 0.4. At speeds lower than 3.5 ms™', St increases above 0.4, suggesting that that
the resulting vorticity will be insufficient to provide thrust to overcome the drag of the
wings (Norberg and Winter, 2006). At low flight speeds, reduced frequency (k) is also
high. In general, flight conditions of k<0.4 support the assumption of steady flow
(Spedding, 1993). Our data suggest that in bats flying at speeds below 5-6 m s™ k is
higher than 0.4, hence unsteady aerodynamics, such as rotational circulation, wake
recapture or use of leading-edge vortices, mechanisms observed in insect flight at high
reduced frequencies (e.g., Ellington, 1984; Ellington et al., 1996; Dickinson et al., 1999;
Sane, 2003) might be important. Whether or not these bats are able to use similar
unsteady aerodynamic mechanisms remains to be documentes. However, a recent study
found that a nectarivorous bat flying at 1 ms™ (St=1.36), develops a stable leading-edge
vortex which enables it to increase lift by 40% (Muijres et al., 2008), suggesting that this

might be a possibility for other bat species.
Concluding remarks and future studies

Wingbeat kinematics in bats changed gradually with speed, suggesting no abrupt
changes consistent with the existence of distinct gaits during flight, at least over the range
of speeds measured. Overall, kinematics of C. brachyotis differs from patterns previously
reported from smaller microchiropteran, insectivorous bats, primarily due to a strong
decrease in wingbeat frequency and an increase in amplitude. We also observed

significant differences among individuals in kinematic changes with speed, indicating
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that there are multiple strategies that can be used to modulate lift and thrust during flight.
Finally, our kinematics suggest that speeds below 5 m s are affected by unsteady
aerodynamic effects and therefore the use of steady-state approaches (e.g., blade-element
analysis) are likely to produce an inaccurate representation of the fluid dynamics around
the wings. Wake visualization studies such as those that employ PIV are necessary to
increase our understanding of the aerodynamics of bat flight, in particular at low speeds,
where they may help evaluate the importance of unsteady effects. These studies should be
coupled with detailed kinematic analyses that consider the degree of variability among

species and among individuals.

List of symbols

CoM center of mass

Cur vertical force coefficient
DLT direct linear transformation
k reduced frequency

St Strouhal number
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Abstract

During slow flight, some bats species produce a tip-reversal upstroke, where the
distal portion of the wing is moved upward and backward with respect to still air. Tip-
reversal upstroke has been widely hypothesized to produce thrust during upstroke, based
on the observation that bats accelerate their body forward during upstroke in low speed
flights. This forward acceleration, however, can be produced by inertial forces generated
by the flapping motion of the wings with respect to the center of mass (CoM) rather than
from thrust produced by the interaction of the wings with the airflow. To investigate the
instantaneous aerodynamic force production during the upstroke and downstroke portions
of the wingbeat cycle, we developed a model of the mass distribution of the wing and
body of the lesser dog-faced fruit bat, Cynopterus brachyotis during flight, based on
detailed high-speed, three-dimensional kinematics. The mass model allowed us to
determine the position of the CoM and therefore to calculate the accelerations produced
by aerodynamic forces. Our goal was to investigate the wingbeat kinematics and the
variation in aerodynamic and inertial force generation throughout the wingbeat cycle
across a range of speeds (3-8 m s™) in order to answer whether or not thrust is produced
when bats use wingtip-reversal upstrokes. We found that bats used wingtip-reversal
upstroke only during slow flight and that bats accelerated their body forward during
upstroke. This acceleration, however, was the results of the inertial force produced by the
motion of the wings. Inertial forces affected both vertical and forward acceleration
measurements at all speeds, but the horizontal inertial component decreased as speed

increased while the vertical component remained constant across speeds. Our results
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highlight the importance of the incorporation of inertial components to the study of

acceleration in flapping organisms.

Introduction

The flapping flight of animals is complex, and many basic questions about how
bats, birds, and insects fly have yet to be answered. For example, bats change their wing
kinematics in subtle but predictable ways to fly at different speeds (Norberg, 1976;
Aldridge, 1986, 1987; Norberg and Winter, 2006), but the precise aerodynamic
mechanisms of how thrust and lift are produced are poorly understood. In particular,
some bats and birds flying at low speeds use a distinctive, characteristic ‘tip-reversal’
upstroke, in which the distal portion of the wing is moved upwards and backwards with
respect to still air (Brown, 1948; Norberg, 1976; Aldridge, 1986). These tip-reversals are
believed to generate thrust, an aerodynamic force in the direction of flight, during the
upstroke (Brown, 1953; Norberg, 1976; Aldridge, 1987; Norberg, 1990; Norberg and
Winter, 2006). Because tip reversal is not performed at higher speeds, the upstroke is
thought to generate thrust only at low speeds (Norberg, 1990). The objective of this study
is to test the hypothesis that bats use tip-reversal upstroke to produce a forward-oriented

force.

There are several ways to study the aerodynamic forces produced by a flying
organism. One method is to evaluate the structure of the wake left behind by flow
visualization. Some studies have used Particle Image Velocimetry (PIV), a laser-based

technology, to quantify the patterns of motion of fluids produced during flight of birds
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(e.g., Spedding et al., 2003) and bats (Tian et al., 2006; Hedenstrom et al., 2007; Muijres
et al., 2008). This approach, however, requires high-energy, laser pulses that,
unfortunately, can only be produced at relatively low sampling frequencies (f) with
respect to natural wingbeat frequencies (PIV f: 5-10 Hz vs. animal f: 5-500 Hz). As a
consequence, flow patterns over the course of a wingbeat cycle cannot be measured
directly, and must instead be reconstructed based on snapshots from multiple portions of
the wingbeat cycle (Lauder and Madden, 2008). Until laser technology improves, high-
frequency, high-energy pulsed laser, real-time studies of aerodynamic force generation
cannot be achieved. Another method is to use computational fluid dynamic (CFD)
models, where the air flow around a flapping organism is modeled by solving the Navier-
Stokes equation for a particular geometry. However, the Navier-Stokes equations are
computationally intensive and difficult to solve for morphing wing geometries and for
Reynolds number regimes such as that of bats (Shyy and Liu, 2007; Willis et al., in

preparation).

Another way to estimate aerodynamic forces is by recording the instantaneous
accelerations of the body of a flying organism. Indeed, this method has been applied to
determine whether or not net thrust is produced during the upstroke by bats (Aldridge,
1987). The interpretation of accelerations of body landmarks, however, may not be
straightforward. For any flapping organism, the motion of the relatively massive wings
with respect to the body generates inertial forces that can accelerate fixed anatomical
markers, without accelerating the center of mass (CoM) (Fig. 1). As a consequence,
accelerations of body-fixed landmarks will reflect both the net effect of external

(aerodynamic) forces produced by the interaction between the flying organism and the
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DOWNSTROKE

Fig. 1. Effect of the oscillation of the wings on the
position of the CoM and accelerations of the body.
When external forces, such as aerodynamic and
gravitational forces, are absent, the position of the
CoM will remain constant but the body movesin
opposition to the flapping wings to conserve
momentum. Closed and open symbols correspond
to the pelvis and chest markers, and ® corresponds
to the CoM. (A) During upstroke (solid bat), the
upward and backward motion of the wings will
produce in response an inertial force (black arrow)
that will move the body forward and downward
with respect to the downstroke (dashed bat). This
force will produce aforward-oriented component,
or inertial thrust, during upstroke (grey arrow). (B)
During downstroke (solid bat), the downward and
forward motion of the wingswill produce an
inertial force (black arrow) that will move the body
backward and upward while keeping the position of
the CoM constant. The horizontal component of
thisinertial force will produce negative inertial
thrust during downstroke (grey arrow).
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surrounding fluid, and internal (inertial)
forces produced by the motion of the
wings. Inertial forces are likely to be
significant in bats because the mass of
the wings comprise a significant portion
of total body mass, ranging from 11 to
20% (Thollesson and Norberg, 1991;
Watts et al., 2001). Indeed, in birds with
relative wing mass comparable to that of
bats, inertial forces contribute 25-33% of
the total body accelerationsin pigeons
(Bilo et a., 1984) and 50% in cockatiels

(Hedrick et al., 2004).

Horizontal accelerations of the
CoM are not the result of thrust alone.
The net horizontal force (net thrust)

refl ects the imbal ance between thrust

produced by the wings and the drag produced by the whole body. Because drag is present
throughout the wingbeat cycle, no net horizontal acceleration indicates that thrust equals

drag, and positive accel erations that more thrust is produced than drag.

Here, we evaluate the hypothesis that wing-tip reversal in slow flight generates
net horizontal force during upstroke. We employ a model of the dynamically changing

mass distribution of the bat’ s body and wings, coupled with kinematic records of high
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temporal and spatial resolution to independently estimate the inertial and aerodynamic

components of body markers accelerations.

We predict that the wings contribute thrust during the upstroke at low speed, and
that this upstroke contribution should decrease with increased speed. By applying
analysis of theinertial contribution to the forces of flight, we hope to obtain new insight

into the mechanics of bat flight.

Materials and methods
Animals and experimental procedures.

Four femal e lesser short-nosed fruit bats (Cynopterus brachyotis), on loan from
the Lubee Bat Conservancy (Gainesville, FL), were used in this experiment. They were
housed in the animal care facilities of the Harvard-Concord Field Station, where they
were provided with food and water ad libitum. Bats were anesthetized with isoflurane gas
prior to each experimental session and key anatomical landmarks were marked with high-
contrast markers on the undersurface of onewing (Fig. 2A). Batsweretrained to fly in a
wind tunnel over arange of speeds from 2 ms™ to 8 ms™*. The Harvard-Concord Field
Station wind tunnel is an open-circuit tunnel with aclosed jet in the flight chamber and a
working section of 1.4 m length, 1.2 m width and 1.2 m height (Fig. 2B). Technical
details and aerodynamic characteristics of the wind tunnel were described by Hedrick et

al. (2002).
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Fig. 2. Schematic of the experimental setup of the wind tunnel (A) and the dorsal view of a bat indicating
the position of the body and wing markers used to cal culate kinematic parameters (B). Three high-speed
digital cameras were positioned outside of the working section of the wind tunnel as shown. Not to scale.

All components of this study were approved by the Institutional Animal Care and
Use Committees at Brown University, Harvard University, and the Lubee Bat
Conservancy, and by the Division of Biomedical Research and Regulatory Compliance of

the Office of the Surgeon General, United States Air Force.
Three-dimensional coordinate mapping.

Flights were recorded using three phase-locked high-speed Photron 1024 PCI
digital cameras (Photron, 1000 fps, 1024x1024 pixels). The volume of the wind tunnel in
which the bat was flown was calibrated by using the Direct Linear Transformation (DLT)
method, based on a 40-point calibration cube (035x0.35%0.29 m) recorded at the
beginning of each set of trials (Hatze, 1988). From each video frame, 11 anatomical

markers were digitized (Fig. 2A). The three-dimensional position of each marker was
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resolved by the DLT coefficients obtained from the calibration cube (Hatze, 1988). Gaps
in the three-dimensional position occurred when a marker was not visible in at least two
cameras. These were filled by interpolation, using an over-constrained polynomial fitting
algorithm. For contiguous gaps in the data, with sufficiently rich data at the end points, a
third order, over-constrained polynomial fit was used. For gaps that included sporadic
intermediate points, a sixth order polynomial was used. After gap-filling, a 50 Hz digital
Butterworth low-pass filter was used to remove high-frequency noise. This cut-off
frequency was approximately 5 times higher than the wingbeat frequency recorded in our

bats.

Body Accelerations

Total body accelerations (i.e., aerodynamic + inertial accelerations) were
calculated as the second derivatives of both the sternum and pelvis marker positions over
time; both markers reflect the location of the relatively rigid axial skeleton, but provide
slightly different information, depending on body pitch. To analytically uncouple
aerodynamic from inertial accelerations, the true position of the CoM was estimated for
each time step, using the mass model described below. The second derivative of the CoM
true position with respect to time corresponds to the aerodynamic acceleration. Inertial
acceleration of the body was calculated by subtracting the aerodynamic accelerations
from the total acceleration. We defined downstroke and upstroke phases of the wingbeat
cycle by the downward vs. upward movement of the wrist marker relative to the body,

and calculated accelerations for the downstroke and upstroke separately.
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Mass model

The mass model of dynamic change in location of the CoM is atime-varying,
discrete mass approximation of the bat’ s mass distribution, based on the location of the
markers. To develop the discrete mass system representing the bat, we partitioned total
body mass into individual components or regions. The wing membrane, the wing bones,
and the trunk were treated as separate objects, each with its own position and mass,
which were combined to form the total mass model. To model the distribution of the
wing membrane mass, we constructed a triangulation of the wing geometry at each time
step. The large-scal e, base triangul ation was devel oped using the location of the marker
positions at any given time, and a subsequent subdivision of those triangles was
performed to give amesh of fine-scale triangular elements (Fig. 3). Each triangle element
(T) on the membrane was assigned a constant thickness (1x10™ m) and density (1x10° kg

m®), based on measured

characteristics of bat wing
membrane skin (Swartz et a.,
1996). A resulting discrete point
mass (m) for each triangular

membrane element was computed

base triangle

based on the volume of that

Fig. 3. Schematic of the mass distribution model used to triangular membrane and assigned

calculate the CoM of the bat. The blue lines represent the . .

wing bones, each of which is assigned agiven massbased @ position at the centroid of the
on dimensions and bone density. The colored triangle

patches represent the base triangles of the skin mass triangle element. To model the
model, and insets show detailed subdivisions of bone and

skin masses and individual triangular elements (T;) of _ .
the model. ™ d (%) distribution of mass among and
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within each of the wing bones, we constructed a curve between the markers at the
endpoints of the bones. The curve for each bone in the wing was defined from the
location of the markers. Given the tapered shape of bat bones (Swartz, 1997), the cross-
sectional radius of each bone element of the model was defined by a quadratic function
with respect to the length of the bone. We assigned a constant density to the bones (2x10°
kg m™). Using the distribution of bone radii distribution and the location of the bone
elements in space, the line was subdivided into smaller line-elements, from which
discrete mass points were defined. The mass of the wings was scaled such that the
constructed distribution represents the 16% of the total body mass, according to
measurements of bats of similar size (Thollesson and Norberg, 1991). The mass and
moment of inertia of the wing with respect to the shoulder was compared to measured
values (Thollesson and Norberg, 1991) to ensure that the model represents the physical
reality. Finally, the bat’s body was defined as a 3-dimesional ellipsoid divided into

discrete mass points.

The discrete mass representation of the membranes, bones and body was
combined with detailed kinematic records of motion of each landmark to determine the

center of mass of each one of the mass elements, m;, using the equation

1
m (1)

IFCoM

where I, represents the position vector of the CoM, . represents the position vector of

the i-th discrete point mass and my represents the total mass of the bat.
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Results

The lateral and horizontal projection of the reconstructed path of the wingtip with
respect to still air showed that the bats flying at slow speeds moved their wings upward
and backward during upstroke, producing atip-reversal upstroke (Fig. 4A). As speed
increased, the backward movement of the wing gradually disappeared, becoming an
upward and forward motion of the wingtip (Fig. 4A). The tip-reversal upstroke
diminishes with increasing speed, even though the trgjectory of the wing tip with respect

to the body does not change considerably with speed (Fig. 4B).
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Fig. 4. Lateral projection of the trace of the

=

wingtip over two wingbeats for a bat flying
at different speeds, with respect to still air
(A) and with respect to its own body (B).

"-.,i Grey traces correspond to the downstroke
k : \ portion of the wingbeat. Note in (A) that at
: the slowest speed (3.4 m s™), the wingtip

moves posteriorly during part of the

} upstroke, but this pattern diminishes with

\ increases in speed.
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Horizontal and vertical accelerations of both body markers and the CoM changed
cyclically through the wingbeat cycle. Body markers decelerated in the horizontal plane
mostly during the downstroke and then accelerated during upstroke (Fig. 5). In contrast,
the CoM, at the slowest speed, accelerated during the late downstroke and part of the

upstroke, and decel erated during mid-upstroke and part of downstroke (Fig. 5). As speed
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increased, the CoM accelerated during downstroke and decelerated during upstroke, and
reaching a maximum earlier in the wingbeat cycle (Fig. 5). The magnitude of markers
horizontal accelerations decreased with increased speed for both upstroke and

downstroke, while the CoM did not show such a decrease (Fig. 5 and 6A,B).

Both body marker and CoM vertical accelerations reached a maximum during
downstroke and a minimum during upstroke, but the magnitude of the CoM accelerations
were again consistently smaller than body marker accelerations. The pelvis marker
experienced higher peak vertical accelerations than the sternum marker, particularly

during slow flight (Fig. 5). This difference in accel erations reflects the body pitching

down around the CoM during downstroke.

33ms’ 53ms’ 68ms’ Fig. 5. Acceleration profiles over a

standardized wingbeat cycle for the CoM
™ (black trace), estimated from the mass-
wa = model, and for the body-fixed sternum and
- CoM pelvis markers (blue and red traces,

= sternum respectively) at three speeds representing

= pelvis dow, intermediate and fast flights for a
representative individual. The width of the
-\~ y - 4 tracesrepresent themean+ 1 S.D. (n=3,3

and 4 wingbeats for each speed,
respectively). The vertical shadow bar
20 60 100 20 60 100 20 60 100 representsthe downstroke portion of the
wingbeat.

Horizontal
acceleration

Vertical
acceleration

Percentage of wingstroke

These temporal and magnitude differences in accelerations were reflected in the
average accelerations at each speed. Horizontal accelerations calculated from body
markers (i.e., with no correction for inertial effects) suggest that negative net horizontal
acceleration was produced during downstroke and positive net horizontal acceleration
during upstroke (Fig. 6A,B). Net horizontal accelerations derived from the motion of the

CoM indicate the opposite: positive acceleration was produced during downstroke and
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negative during upstroke (Fig. 6A,B). Vertical accelerations of the body markers and the
CoM were similar, with positive accel erations during downstroke and negative
accelerations during upstroke, and the magnitude of those accelerations smaller for the

CoM than for the body markers (Fig. 6C,D).
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. Fig. 6. Horizontal and vertical
T 127 C D S ggm”m accelerations during downstroke and
£ upstroke for the sternum marker (open
S 6 ] symbol) and the CoM (closed symbol).
g Each point corresponds to the mean value
e ol | of the four individuals used in this study.
© At each speed, the individual values were
3 m:% calculated as the mean of all wingbeats (3-
E 6 ] 7 wingbeats) for aparticular trial. Error
3 5 7 9 3 5 7 9 bars correspondto + 1 S.D.

Speed (ms™)

Discussion

Our results demonstrate that C. brachyotis do not produce net thrust during the
upstroke, and that the positive horizontal accelerations of the body markers that occur
during the upstroke result from the inertial forces produced by the backward motion of
the wings. We conclude, therefore, that horizontal accelerations calculated from the
motion of body markers lead to the incorrect conclusion that positive net thrust is
produced during the upstroke at almost every speed. When accelerations of the CoM are

calculated, accounting for the contribution from inertial forces, positive net horizontal
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acceleration is observed exclusively during downstroke, and net negative horizontal

accelerations are observed during upstroke.

Our observation that net thrust does not occur during the upstroke is supported by
previous studies on the wake patterns behind flying bats. It has been hypothesized that
the structure of the wake behind a bat flying slowly, based on the idea that thrust is
generated during the upstroke, should be a series of linked vortex rings but of opposite
circulation (Norberg, 1976; Aldridge, 1986, 1987). However, flow visualizations
suggested that slow-flying Plecotus auritus produce discrete vortex rings, wake structures
found in organisms where lift and thrust generation are restricted to the downstroke phase
(Rayner et al., 1986). This result contrasts with the prediction for an active force-
generating upstroke. The basis of this discrepancy has eluded researchers. Some have
hypothesized that the observed wake structure might be explained by variations in flight
style, or that the circulation produced during upstroke might have been too small to detect
among the larger circulation patterns that resulted from the downstroke (Rayner et al.,
1986; Aldridge, 1987). In light of our results, we suggest a different alternative: we
propose that the tip-reversal upstroke observed in P. auritus produces little or no thrust,
but instead, the observed forward acceleration of the body during upstroke at slow flights
was the result of inertial effects of forward movement of the wings, and therefore, the
discrete vortex wake structure reflects the fact that most of thrust and lift were produced

during downstroke.

The vertical accelerations of body markers and the CoM are qualitatively similar,
but during downstroke, the downward movement of the wing moved the CoM upwards

and during upstroke, the opposite motion of the wing translated the CoM downwards
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(Fig. 1). The net result is that body markers exaggerate the magnitude of vertical
accelerations compared to that of the CoM. Moreover, the inertial contribution to vertical
body acceleration does not depend strongly on speed, in contrast to the substantial speed
effect on the inertial contribution of horizontal accelerations (Fig. 6). The smaller inertial
contribution to horizontal body accelerations at higher speeds vs. low speeds probably
reflects the decrease in horizontal excursion of the wingtip as speed increased
(ANCOVA, speed effect: slope = -0.015, F; 19 = 37.6, P < 0.0001). Although the vertical
excursion of the wingtip also varied with speed (ANCOVA, speed effect: slope = 0.013,
F119=20.0, P <0.001), the lack of noticeable change in the inertial contribution to the
vertical acceleration component, could be explained by the magnitude of the vertical
excursion compared to the horizontal excursion. Vertical excursion is almost twice as
large as the horizontal excursion, so the changes observed in excursion of the wingtip
will have a smaller effect on the vertical component of the inertial forces than for the

horizontal component.

For almost thirty years, studies of bat kinematics have led to the common
conclusion that net thrust is generated on the upstroke. For example, Norberg’s (1976)
classic study of the kinematics of the bat Plecotus auritus in forward flight estimated the
coefficients of lift and drag of the wings using steady-state aerodynamic theory, and
estimated that 86% of thrust is provided during upstroke while most of weight support is
provided during downstroke. In other studies, accelerations of body-fixed markers were
taken to directly reflect the pattern of acceleration of the CoM, assuming that the inertial

component was negligible compared with aerodynamic forces (e.g., Thomas et al., 1990).
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Were we to base our analyses based on body markers, we would reach similar

conclusions.

Our study is not the first of bat flight to acknowledge the potential effect of
inertial forces produced by the motion of the wings. Aldridge (1987) studied the wing
kinematics and body accelerations of six species of bats, and also concluded that net
thrust occurs during tip-reversal upstrokes. In this case, wing inertia was computed from
the angular acceleration of the wingtip and the wing length. During upstroke, however,
the three-dimensional configuration of the wing differs substantially from the downstroke
condition, as the wings are brought close to the body by significant flexion of the elbow
and wrist (Norberg, 1976; Aldridge, 1986; Norberg and Winter, 2006; Tian et al., 2006;
Riskin et al., in press). If the wings are folded during upstroke, estimates of the wing
moment of inertia with respect to the body that are based on the angular acceleration of
the wingtip will be highly unreliable. To adequately assess upstroke function, a more
detailed model that combines accurate kinematics and morphological description is

required.

One potential source of error in our study is inaccurate reconstruction of the mass
distribution in the head, thorax and abdomen. We estimated the body’s mass as uniformly
distributed throughout an ellipsoid, the position of which was based on the position of the
pelvis, sternum and shoulder markers. Due to the smaller horizontal than vertical
excursion of the wing, errors in body mass distribution estimates will have a larger effect
on the estimated horizontal position of the CoM. Thus, pitching moments of the body
might have an important effect on horizontal accelerations. However, pitching effects are

more clearly visible for vertical accelerations, as noted in the differences between the
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accelerations of the sternum and pelvis markers (Fig. 5). We also estimated the body
mass as the point-mass located between the sternum and the pelvis marker; this
alternative model did not significantly change the results presented here (data not shown).
Thus, although there is potential for error in the estimations of horizontal accelerations,
our data is consistent with the idea that no positive net horizontal acceleration is present

during upstroke at any speed.

We conclude that the forward accelerations of body markers observed during the
upstroke of slow flights by C. brachyotis are the result of inertial accelerations generated
by the forward movement of the wings, and not the aerodynamic forces produced during
flight. Wing kinematics and body accelerations of these fruit bats are similar to those
reported for other species, hence it is likely that the upstroke of most bats is similar to
that reported here, and generates no or little thrust. However, there may be exceptions,
especially among bats that hover, such as Glossophaga soricina. Indeed, a recent study
on the wake structure of that species found evidence of active upstroke function
(Hedenstrém et al., 2007). We hypothesize that this is likely the result of kinematic and
perhaps morphological characteristics of hovering species that allow them to strongly
supinate the distal portion of the wing and to produce a stroke reversal, similar to that
used by hummingbirds during hovering. Hovering species, however, do not characterize
the full diversity present among the >1,200 species of bats found worldwide. The species
used in this study is less specialized, and thus likely to represent a trend common to
larger numbers of species. We predict that when the inertial effects are accounted for in a

manner analogous to the methods we used in this study, measurements of accelerations of



the CoM of bats generally will fail to show net positive horizontal acceleration during

upstroke.
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Abstract

All bats experience daily and seasonal fluctuation in body mass. Presumably, an
increase in mass requires changes in flight kinematics to produce the extra lift necessary
to compensate for the increased weight. How bats modify their kinematics to increase lift,
however, is not well understood. In this study we investigated the effect of added mass on
flight kinematics for bats flying between 1.8 and 8.0 m s™*. Three lesser dog-faced fruit
bats (Cynopterus brachyotis) were trained to fly both in a flight corridor and in a wind
tunnel, with and without a load of ca. 20% of original body mass. Reflective markers
were placed on the body and wings and flights were recorded with three synchronized,
high-speed digital video cameras. Data from the three cameras were combined to
reconstruct the 3D motion of each marker, from which we calculated wing shape and
motion parameters. Bats showed a marked change in wingbeat kinematics in response to
loading, but changes were non-uniform among individuals. Each bat adjusted a different
combination of kinematic parameters to increase lift, indicating that aerodynamic force
generation can be modulated in multiple ways. Two main kinematic strategies were
distinguished: bats either changed the motion of the wings by increasing primarily
wingbeat frequency, or changed the shape of the wings by increasing wing area and wing
camber. Interestingly, wingbeat amplitude tended to decreased with loading, in contrast
to kinematic responses observed in other flying vertebrates. The complex, individual-
dependent response to increased loading suggest that caution should be applied when
using aerodynamic models to predict flight characteristics of bats. Where possible, we
recommend that variation among individuals should be measured when analyzing

complex locomotion, such as the flight of bats.
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Introduction

Bats, like most mammals, experience both seasonal and daily changes in body
mass. For example, during pregnancy, a female bat’s body mass can be normally 20-30%
up to 40% higher than during non-reproductive periods (Funakoshi and Uchida, 1981;
Kurta and Kunz, 1987), and even higher during lactation (Speakman and Racey, 1987).
Similarly, both males and females of hibernating species experience changes in body
mass as large as those observed in pregnant females (Beasley et al., 1984; Kunz et al.,
1998; Barclay and Harder, 2003). On a daily scale, significant variation in mass is
associated with foraging, with changes of mass as large as 20-30% for insectivorous bats,
15-30% for nectarivorous bats (Winter and von Helversen, 1998; Winter, 1999), and just
over 50% for sanguivorous bats (Wimsatt, 1969). Also frugivorous bats often carry fruits
as large as 40.5% of body mass to feeding roosts (Jones, 1972). How these large changes

in body mass affect flight performance, however, is still poorly understood.

Over a wingbeat of level flight at constant speed, a flying animal produces enough
lift to counteract body weight and enough thrust to overcome drag. Thus, any increase in
body mass requires a proportional increase in lift to maintain level flight. Since the
increased mass comes without increased surface area of the wings, classic aerodynamic
theory suggests that weighted flying organisms, with increased wing loading, should
increase their flight speed to produce enough lift (e.g., Norberg and Rayner, 1987). It has
also been predicted that flying organisms will increase wingbeat frequency to increase

mechanical power output of the wings (Hughes and Rayner, 1991).
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Experimental studies where body mass has been manipulated show no clear,
consistent pattern. For example, kestrels carrying loads of up 30% body mass (Videler et
al., 1988a; Videler et al., 1988b) and insectivorous bats carrying loads up to 46% body
mass (Hughes and Rayner, 1991) decrease flight speed and increase wingbeat frequency.
In contrast, nectarivorous bats increase flight speeds in response to loading (Winter,
1999). In other cases, response can be complex, and animals may adopt different
strategies depending on the amount of load. With loads smaller than 15% body mass,
cockatiels decrease their flight speed with no changes in wingbeat frequency, but at
higher loads (i.e., 20% body mass), they increase both flight speed and wingbeat
frequency (Hambly et al., 2004). These results suggest that the kinematic response to
loading may not be straightforward, and that an individual may be able to select among
multiple strategies for accommodating increased loading, depending on the magnitude of

load and others factors, such as flight speed.

One challenge inherent in interpreting the results of studies carried out to date is
that the effect of changes in flight speed cannot be decoupled from other changes in
wingbeat kinematics, as kinematics change with speed as well as with loading (e.g.,
Norberg, 1976; Aldridge, 1986). For example, it has been noted that wingbeat frequency
tends to increase as speed decreases (Bullen and McKenzie, 2002). Thus, if a weighted
bat decreases flight speed and increases frequency, the frequency increase could be the
result of the increase in loading, the decrease in speed, or both. Furthermore, bats are also
able to modulate their aerodynamic force generation by relatively subtle changes of their
morphology and kinematics such as angle of attack, camber, wing area, among others

(Swartz et al., 2005). As a consequence, the three-dimensional kinematics of the body
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and wings are necessary to get a complete view of how changes in mass affect flight in

bats.

The aim of this study is to evaluate the effect of a substantial, transient increase in
body mass on the three-dimensional kinematics of the lesser dog-faced fruit bat,
Cynopterus brachyotis (Muller) across a range of speeds. We assessed detailed
kinematics by employing animals trained to fly both in a wind tunnel, where speed was
controlled, and in a flight corridor, where bats were free to select their flight speeds.
Increased aerodynamic force can be achieved by changing the force coefficient of the
wings, which is a function of wing shape; by changing the wing surface area, a function
of wing folding; or by increasing the flow velocity over the wing surface, a function of
flight speed, wingbeat frequency and wingbeat amplitude. We measured several wing
shape and motion parameters, and predict that bats will employ some repeatable

combination of these alternatives to increase aerodynamic forces in response to loading.

Material and methods

Animals and loading protocol

Three female lesser dog-faced fruit bats (Cynopterus brachyotis) (Table 1),
loaned by the Lubee Bat Conservancy (Gainesville, FL) were subjects in this experiment.
They were housed in the animal care facilities of the Harvard-Concord Field Station

(Bedford, MA), where they were provided with food and water ad libitum.
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Table 1. Morphological measurements of the three individuals used in this study. Measurements were
performed following Norberg and Rayner (1987).

Individual
Variable Bat| Bat2 Bat3
Mass (kg) 0.0348 0.0371 0.0417
Wing span (m) 0.361 0.386 0.411
Wing area (mz) 0.0197 0.0212 0.0250
Aspect ratio 6.6 7.0 6.8
Wing loading (N m'z) 17.3 172 16.3

Table 2. Body mass of experimental subjects for wind tunnel and flight corridor experiments, prior to
the experiment, immediately injection and approximately one hour subsequent to the experiment.

Body mass (g)

Batl Bat2 Bat3

Flight corridor

original 35.53 36.62 42.36

after injection 42.49 (19.6%) 44,12 (20.4%) 51.06 (20.5%)

after experiment 42.01 (18.2%) 43.73 (19.4%) 50.67 (19.6%)
Wind tunnel

original 34.87 37.42 41.10

after injection 41.82 (19.9%) 45.00 (20.2%) 49.29 (19.9%)

after experiment  41.65 (19.4%) 4437 (18.6%)  48.96 (19.1%)

Percentage of increase with respect to original mass appears in parenthesis

Before experiments, bats were anesthetized with isoflurane gas and key
anatomical landmarks were marked with an array of high-contrast markers on the
undersurface of onewing (Fig. 1A). All individuals experienced two treatments: control,
in which there was no body mass modification, and loaded, in which body mass was
increased by 20% (Table 2). Body mass was modified by injecting 0.9% saline solution
into the peritoneal cavity, atechnique that has been previously used to increase body
mass in birds (Jones, 1986) and small terrestrial mammals (Iriarte-Diaz et al., 2006). We

chose this method for three reasons. First, it alows us to precisely control the amount of
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Fig. 1. Ventral view diagram of a bat
indicating (A) the position of the wing and
body markers and (B) the triangular
segmentation used to calculate surface area,
vertical force coefficient (Cy), and the angles
of attack. The dotted lines indicate the 11
segments used to calculate surface area and
C.,s and the grey-shaded triangles represent
the segmentation used to calculate the
proximal (prox) and distal (dist) angles of
attack.
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added weight. Second, the injection of saline
solution has avery transient effect, with the
bats returning to their original body massin 4-
5 hours. Third, intraperitoneal injection more
closely reflects the mass distribution of a bat
during pregnancy or after ameal than does
other loading methods such as external
backpacks, which shift the center of massin
an artificial and potentially anomalous

manner.

Saline injection was performed while
the bats were anesthetized, with no apparent
discomfort. Subjects began to urinate
immediately after awaking from anesthesia,

so we provided fruit juice between trials to

maintain body mass. Bats were weighed before and after every experimental session,

which lasted <1 hr, to ensure that no substantial changes in mass had occurred.

Flight experimental setups: flight corridor and wind tunnel

The flight response of bats to increased loading was tested in two sets of

experiments. onein till air (aflight enclosure), where bats were allowed to select their

flight speed, and onein awind tunnel, where flight speed could be experimentally

controlled. In the flight corridor experiment, bats were trained to fly inside a enclosure (9
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m long x 1 m wide x 2 m high). Bats were hand-released to fly from one side of the
corridor to the opposite end and allowed to select their flight speeds, which ranged from
1.8t0 3.3 ms™. They also flew in the Harvard-Concord Field Station wind tunnel, an
open-circuit tunnel with a closed jet in the flight chamber and a working section 1.4 m
long x 1.2 m wide x 1.2 m high (for technical details and aerodynamic characteristics see

Hedrick et al., 2002). In the wind tunnel, bats flew at speeds ranging from 3.1 to 8 m s™.

All components of this study were approved by the Institutional Animal Care and
Use Committees at Brown University, Harvard University, and the Lubee Bat
Conservancy, and by the United States Air Force Office of the Surgeon General’s

Division of Biomedical Research and Regulatory Compliance.
Three-dimensional coordinate mapping

Flight corridor trials were recorded at 500 frames per second using three high-
speed Redlake PCI 1000 digital video cameras. The volume in which the bats were flown
was calibrated using the Direct Linear Transformation (DLT) method, based on a 25-
point (0.45 x 0.45 x 0.55 m) calibration cube recorded at the beginning of each set of
trials (Hatze, 1988). Wind tunnel flights were recorded at 1000 frames per second using
three high-speed Photron 1024 PCI digital cameras and calibrated by using the DLT
method with a 40-point (0.35 x 0.35 x 0.30 m) calibration cube, recorded at the

beginning of each set of trials.

For the flight corridor trials, six markers on the bats’ bodies and wings were
digitized from each video frame (str, pvs, shd, wst, d3 and d5 in Fig. 1A); for wind tunnel

experiments, eleven markers were digitized (Fig. 1A). The three-dimensional position of
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each marker was resolved using the DLT coefficients obtained from the calibration cube
(Hatze, 1988). When a marker was not simultaneously visible in at least two cameras,
gaps in the three-dimensional position of the markers occurred. These gaps were filled by
over-constrained polynomial interpolation. For contiguous gaps in the data with
sufficiently rich data at the end points, a third order, over-constrained polynomial fit was
used. For gaps that included sporadic intermediate points, a sixth order polynomial was
used. After gap-filling, a 50 Hz digital Butterworth low-pass filter was used to remove
high-frequency noise. This cut-off frequency was approximately 5 times higher than the

wingbeat frequency recorded in our bats.

Kinematic variables

A wingbeat cycle was defined by the vertical excursion of the wrist in a body
coordinate system. Downstroke and upstroke phases were defined as the portions of the

wingbeat cycle where wrist vertical velocities were negative and positive, respectively.

Wing motion descriptors

Wingbeat frequency was defined as the inverse of the period between two
consecutive downstrokes. The downstroke ratio was defined as the proportion of the
wingbeat cycle occupied by the downstroke. Wingbeat amplitude was defined as the
angle between the straight line connecting the wingtip (d3) and the shoulder (shd)
markers at the beginning of the downstroke and the straight line connecting d3 and shd
markers at the end of the downstroke. We note that the amplitude values reported depend
on this definition, and somewhat different values are obtained when other anatomical

landmarks define this parameter. Overall results do not, however, depend strongly on the
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definition of amplitude employed. Stroke plane angle was defined as the angle between
the horizontal axis and the least-squares regression line to the lateral projection of the
wingtip during the downstroke. Again, a somewhat different stroke plane is defined by

the wrist or other landmarks on the wing, but results are qualitatively similar.

To further explore the changes in the motion of the wing, we also calculated the
average velocity of the wingtip with respect to the body during downstroke. Wingbeat
frequency, downstroke ratio, wingbeat amplitude, stroke plane angle, and wingtip

velocity were calculated from both flight corridor and wind tunnel experiments.

Wing shape descriptors

Wing shape descriptors were calculated only for the wind tunnel experiments. The
camber of the wing during downstroke was estimated by measuring the curvature of the
digit V, by fitting a parametric quadratic curve to the three-dimensional position of the
four markers along that digit (wst, pip, dip, d5 in Fig. 1A). The fitted quadratic curve was
then divided into 50 segments and the curvature of each segment was calculated as the

average rate of change in the tangent to the curve along its length (Crenshaw et al., 2000).

We measured the elbow and wrist joint angles to estimate the change in folding of
the wing at different speeds. Elbow joint angle was calculated as the three-dimensional
angle between the shoulder, elbow and wrist markers (shd, elb, and wst in Fig. 1A), and
the wrist joint angle as the three-dimensional angle between the elbow, wrist and wingtip

markers (elb, wst, and d3 in Fig. 1A).

To estimate wing surface area, we divided the wing into 11 eleven triangular

elements (Fig. 1B) and calculated the area of each. Total wing area was obtained by
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multiplying the obtained area for one wing by two. This value is necessarily smaller than
the conventional value obtained from measurements of bats with wings completely
extended over a flat surface because bats do not completely extend their wings during

flight (Swartz et al., 2005) and because we do not include body area in this estimate.

We also divided the wing into a proximal and a distal triangular element (Fig. 1B)
and estimated angle of attack was independently for each; a single angle of attack is not
appropriate for the complex three-dimensional geometry of the bat wing. Angle of attack
was calculated as the angle between the vector of the relative incident air velocity and a
plane formed by the three vertices of each segment. The incident velocity vector was

calculated as the first derivative of the position of the centroid of each segment.

Vertical force coefficient

The vertical force coefficient (Cys) can be estimated from the measured vertical
force produced to overcome gravity plus the area and velocity of the wing. This
coefficient is a dimensionless number that depends, among other factors, on the angle of
attack and camber of the wing, and that indicates the shape and surface characteristic-
related capacity of the wing to produce vertical force. Therefore, Cys is a useful
measurement of the relative importance of changes of angle of attack and camber with
respect to loading. For example, if the modulation of wing velocity during downstroke is
enough to produce the extra lift necessary to support extra weight, we expect to see no
change in C,; with external loading. In contrast, if modulation of angle of attack and/or
camber is important to extra vertical force generation, Cys will increase with respect to the

control condition in bats flying with loads. Vertical force (F,) was calculated by
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multiplying the body mass by the vector sum of the gravitational acceleration and
instantaneous vertical acceleration of the center of mass (CoM) derived from a mass
model (see below). Cys was then calculated from a modification of an standard formula
as:

Co=g—— €
EpZAV
where p is the air density, taken to be 1.2 kg m™; 2A is the area of both wings and V is the
velocity of the wing (Usherwood and Ellington, 2002). Because of the flapping motion of
the wings, more distal portions will move faster than proximal ones. Therefore, we
divided one wing into 11 triangular elements (Fig. 1B), and for each of these segments
we calculated surface area and velocity. We obtained the velocity of a segment by
calculating the first derivative of the position vector of its centroid in the global
coordinate system. The contribution of each of these segments was used to calculate Cy¢

as:

F
= @
EPZZ AV;*
i1

where A; and V; are the area and velocity of the i-th segment.

Determination of the CoM

In a flapping organism, the motion of the wings changes the position of the CoM
with respect to the body over the wingbeat cycle. To calculate F, as described above

requires the actual position of the CoM. We therefore computed the cyclically changing
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location of the CoM by building a dynamic mass distribution model of the bat. This mass
model is a time-varying, discrete mass approximation of the bat’s mass distribution,
computed from the changing spatial locations of the anatomical markers. To develop the
discrete mass system representing the bat, we partitioned total body mass into individual
components or regions. The wing membrane, the wing bones and the trunk were treated
as separate objects, each with its own position and mass, which were combined to form

the total mass model.

To model the distribution of the wing membrane mass, we constructed a
triangulation of the wing geometry at each time step. The large-scale base triangulation
was developed using the location of the marker positions at any given time, and a
subsequent subdivision of those triangles was performed to give a mesh of finer-scale
triangular elements. Each triangle element on the membrane was assigned a constant
thickness (1x10™ m) and density (1x10° kg m™). A resulting discrete point mass (m;) for
each triangular membrane element was computed based on the volume of that triangular
membrane and assigned a position at the centroid of the triangle element. To model the
distribution of mass among and within each of the wing bones, we constructed a curve
between the markers at the endpoints of the bones. The curve for each bone in the wing
was defined from the location of the markers. Given the tapered shape of bat bones
(Swartz, 1997), the cross-sectional radius of each bone element of the model was defined
by a quadratic function with respect to the length of the bone. We assigned a constant
density to the bones (2x10° kg m™®). Using the distribution of bone radii distribution and
the location of the bone elements in space, the line was subdivided into smaller line-

elements, from which discrete mass points were defined. The mass of the wings was
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scaled such that the constructed distribution represents the 16% of the total body mass,
consistent with the measurements of bats of similar size (Thollesson and Norberg, 1991).
The mass and moment of inertia of the wing with respect to the shoulder was compared
to measured values (Thollesson and Norberg, 1991) to ensure that the model represents
the physical reality. Finally, the bat’s body was defined as a 3-dimesional ellipsoid

divided into discrete mass points.

The discrete mass representation of the membranes, bones and body was
combined with detailed kinematic records of motion of each landmark to determine the

center of mass of each one of the mass elements, m;, using the equation

I'-CoM

I ‘)
m

T

where I, represents the position vector of the CoM, F, represents the position vector of

the i-th discrete point mass and my represents the total mass of the bat.
Statistical analysis

The effect of loading on wingbeat kinematics was estimated using analysis of
covariance (ANCOVA), with loading as treatment and speed as a covariate. The linearity
of the relationship with speed was estimated using a multiple regression approach with a
quadratic component of speed. If a variable did not change linearly with speed or if the
slope significantly differed between the unloaded and loaded treatments, the effect of
loading was estimated by Tsutakawa’s Quick test (Tsutakawa and Hewett, 1977). All

analyses were performed with JMP v.7, with a significance level of 0.05.
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Wingbeat kinematics changed significantly in response to loading (Table 3).
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However, each individual responded by modulating a different combination kinematic

parameters. With increased loading, Batl increased wingbeat frequency (Fig. 2A),

dlightly decreased wingbeat amplitude (Fig. 2D), and increased downstroke ratio, but

only at high flight speeds (Fig. 2G). Similarly, Bat3 increased wingbeat frequency (Fig.

2C) and downstroke ratio (Fig. 21), but also decreased stroke plane angle (Fig. 2L). In

contrast, Bat2 decreased both wingbeat frequency and wingbeat amplitude, in particular

at high speeds (Fig. 2B,E).
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Fig. 2. Wing motion parameters of bats in unloaded (closed triangles) and loaded (open circles) treatments.
Relationship between wingbeat frequency (A-C), wingbeat amplitude (D-F), downstroke ratio (G-1) and
stroke plane angle (J-L) with flight speed. Each point represents the mean value for a particular trial, using

both wind tunnel and flight corridor flights.
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covariate.
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Changes in wingtip velocity with respect to the body in response to speed and
loading aso differed among individuals. Forward velocity of the wingbeat decreased
linearly with speed for all individuals (Fig. 3A-C). Also, forward velocity significantly
increased with loading only in Batl (ANCOVA, slope effect: F110=34.3, P<0.00001;
loading effect, TQT: P=0.0006) and Bat3 (ANCOVA, slope effect: F1 23=2.38, P=0.14;
loading effect: F;23=6.89, P=0.02). The vertical velocity of the wingtip presented a more
complex response. For Batl and Bat2, wingtip vertical velocity showed a quadratic
response to speed with low vertical wingtip velocity at intermediate flight speeds (Fig.
3D,E), while for Bat3 did not change with speed (Fig. 3F). In loading flight, the vertical
velocity decreased dightly in all individuals (all P<0.04). Lateral wingtip velocity tended

also to be higher at slow speeds, due to the non-linear relationship with speed (Fig. 3G-1).
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Fig. 3. Relationship between forward (A-C), vertical (D-F), and lateral (G-1) wingtip velocity with respect
to the body with flight speed for unloaded (closed triangles) and |oaded (open circles) flights. Each point
represents the mean value for a particular trial, using both wind tunnel and flight corridor flights.
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Individual bats varied in their manner of wing shape modulation in response to

loading. Bat1showed an small increase in camber, and elbow and wrist extension (Fig.

4A,JM). Bat3 aso dightly increased elbow and wrist extension (Fig. 4L,0) but showed

no significant changein wing area (Fig. 4R). Bat2, however, showed a very substantial

increase in camber (Fig. 4B), elbow and wrist extension (Fig. 4J,N), and wing area (Fig.

4Q).
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Fig. 4. Wing shape parameters of batsin unloaded (closed triangles) and loaded (open circles) treatments.
Relationship between camber (A-C), proximal (D-F) and distal (G-1) angle of attack, elbow (J-L) and wrist
(M-0) extension, and wing area (P-R) with flight speed. Each point represents the mean value for a

particular trial, using only wind tunnel flights.



112

Vertical force coefficient (Cs) decreased curvilinearly with speed (Fig. 5), and

increased with loading only for Bat2 (TQT, P=0.041; Fig. 5B).
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Fig. 5. Relationship between the vertical force coefficient, Cs, and flight speed for unloaded (closed
triangles) and loaded (open circles) flights. Each point represents the mean value for a particular trial, using
only wind tunnel flights.

Discussion

Cynopterus brachyotis showed a marked change in wingbeat kinematicsin
response to a 20% increase in body mass. The response, however, was non-uniform
among individuals; each bat used a different kinematic strategy, modulating different

combinations of kinematic parameters to increase vertical force generation.

Individual strategiesin response to loading

Although marginally significant for Bat3, wingbeat amplitude decreased with
increased load in al bats. Similarly, major joints in the wing were more extended in the
loaded flightsin al bats. Outside of these consistent patterns, no two individuals
responded to loading in exactly the same way. The variation we observed, however, can
be summarized as two main strategies to increase vertical force generation. Both Batl
and Bat3 increased the flow over the wings by increasing wing speed, without significant

changesin C. In contrast, Bat2 modul ated the shape aspect of the wing, primarily
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camber and wing area, and accordingly employed an increase in Cy to increase vertical
force. The first strategy, henceforth called the “motion’ strategy, requires that the
wingbeat kinematics changes in a manner that results in greater airflow per unit time over
the wings. In bats that used this strategy, we observed an increased forward velocity of
the wingtip during downstroke, due to an increase in wingbeat frequency and an

increased downstroke ratio.

The second strategy, henceforth called the ‘shape’ strategy, involved the
modulation of shape aspects of the wing. Bat2 showed strong modulation of camber and
wing area, and a marginally significant increase in the angle of attack of proximal portion
of the wing. The combined effect of the modulation of angle of attack and camber was
reflected in the higher Cyswhen loaded (Fig. 5B). Bat2 also modulated the motion of the
wing, but did so in the opposite direction of predictions and of the behavior of the other

subjects, by decreasing both wingbeat frequency and amplitude (Fig. 2B,E, respectively).

Why might a flying animal adopt a reduced *motion’/increased ‘shape’ response
to generating larger aerodynamic forces? One possibility is that this strategy could
minimize mechanical power and metabolic costs. Muscle metabolism and mechanical
power tend to increase with frequency of contraction (Hill, 1950; Harrison and Roberts,
2000) and aerodynamic models predict that the mechanical power output the flight
muscles must generate to support the weight of a flying organism increases with body
mass (Pennycuick, 1989; Norberg, 1995). Therefore, a reduction in wingbeat frequency
and/or amplitude might be an appropriate response to increase force generation without
unnecessary increases in mechanical power or metabolic cost. This may be particularly

critical if an animal’s flight repertoire requires a substantial power margin, the relative
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excess power available for flight tasks other than straight flight at constant speed (Hughes

and Rayner, 1991).

If reducing wingbeat frequency to decrease metabolic costs and mechanical power
output is important for bats, why do Batl and Bat3 increase their wingbeat frequency?
One possibility is that when a flier increases wing area, camber or angle of attack, profile
drag also increases, and this component of the energetic cost of flight can be particularly
high in fast flight (Norberg, 1990). Another possibility is that increased wingbeat
frequency does not entail increased metabolic cost in a simple fashion, and may not,
therefore, be as metabolically expensive as one might predict. The mechanical power and
metabolic costs associated with load carrying in birds increases less than predicted, due to
behavioral modifications of kinematics and increased muscle efficiency (Dial and
Biewener, 1993; Biewener and Dial, 1995; Kvist et al., 2001; Nudds and Bryant, 2002;
Altshuler et al., 2004; Hambly et al., 2004). Alternatively, mechanical power output
might not constrain flight kinematics at all. If that is the case, changes in frequency might
be a more effective way to maintain enough vertical force. Aerodynamic force generation
in steady-state flow is proportional to wing area, to the force coefficient (i.e, angle of
attack and camber), and to the flow velocity squared. Thus, any increase in wing velocity
(e.g, wingbeat frequency) would produce a larger increase in aerodynamic force than

would changes in wing area or the force coefficient.

Comparison with other flying vertebrates

The responses to increased load that we observed in bats were complex, involving

the modulation of both wing shape and wing motion. Wingbeat amplitude changed in a
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very similar fashion among all individuals, tending to decrease with loading. This stands
in direct contrast to observation for other flying vertebrates. For example, loading
experiments in hummingbirds have shown that wingbeat amplitude increases with
loading, along with minor changes in wingbeat frequency (Chai et al., 1997; Altshuler
and Dudley, 2003; Altshuler, 2006). Similarly, when hummingbirds are flown in low air
density, a task that is functionally and mechanically similar to flying while carrying
loads, they increase wingbeat amplitude to increase their lift generation, thereby
effectively counteracting the effect of diminished air density (Chai and Dudley, 1996;
Dudley and Chai, 1996; Chai and Millard, 1997; Chai and Dudley, 1999; Altshuler and
Dudley, 2003; Altshuler et al., 2004). Interestingly, bats hovering in low-density
conditions show a similar response, with an increase in wingbeat amplitude, but no
significant changes in wingbeat frequency (Dudley and Winter, 2002). This trend
suggests that the modulation of the wingbeat frequency in hovering vertebrates is
somehow constrained and therefore, changes in amplitude must supply the necessary

extra mechanical power.

Implications for the use of aerodynamic theory

A primary thrust in the study of animal flight has been to develop aerodynamic
models based on the aerodynamics of human-engineered aircraft, and to use these models
to predict the relationship between morphology and flight performances in flying
organisms (e.g., Norberg, 1995). However, experimental support for these predictions has
been limited, and several studies have suggested that flying animals may respond to
changes in morphology or other flight parameters in a complex manner (e.g., Hambly et

al., 2004). This might be particularly true for bats because of the unique features of the
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complex structural design of their wings, such as more than two dozen joints which can
be controlled independently to some degree, a highly anisotropic, non-linearly elastic
wing membrane with adjustable stiffness (Swartz et al., 1996; Swartz, 1998), and with an
array of sensory organs believed to provide local flow information during flight (Zook
and Fowler, 1986; Zook, 2007). Because there are multiple mechanisms a flapping flier
can use to modulate the generation of aerodynamic forces, deviations from predictions
derived from aerodynamic theory could be explained by recourse to this redundancy. To
date, many studies have assumed that flying organisms will modulate a few specific
variables, usually flight speed, wingbeat frequency and/or wingbeat amplitude. However,
even under assumptions of purely steady-state aerodynamics, many more aspects of wing
form or kinematics can influence flight performance, beginning with such logical
candidates as stroke angle, wing surface area, angle of attack and camber. How these
kinematic variables are modulated to generate aerodynamic forces under different
conditions is still poorly studied, and the manipulation of unsteady effects for flight

control has rarely been considered.

This study, combined with others that have experimentally manipulated body
mass and flight performance, suggests that predicting the effect of loading on a flying
animal using models derived from fixed-wing aerodynamics requires considerable
caution. Different taxa vary considerably in their responses to increased loads (Videler et
al., 1988a; Hughes and Rayner, 1991; Winter, 1999; Hambly et al., 2004). Moreover, to
add a layer of complexity, our results point to individual differences within a species in
the kinematic strategies used to respond to loading. Although few studies have been

specifically designed to measure individual differences flight mechanics, the use of
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different strategies among individuals of a species, as shown in this study, is not a
phenomenon restricted to bats. Measurement of mechanical power output of pigeons
carrying loads have shown large variations in the mechanical forces recorded for
individual birds, indicating that response strategies to loading may differ among
individuals (Biewener and Dial, 1995). Evidence of individual-specific flight strategies
can also be found outside of experimental manipulation of loads. For example, there are
individual differences in the control of body stabilization in sugar gliders (Bishop, 2007)
and also in the mechanisms of turning in Southern flying squirrels (Bishop and Brim-
DeForest, 2008). Although biologists have acknowledged the importance of individual
variation on physiological, ecological, and evolutionary studies (see Hayes and Jenkins,

1997 for a review), it remains largely neglected in the study of flight biomechanics.

The use of individual strategies by bats in our study resembles the concept of
functionally equivalent systems (Koehl, 1996). Functionally equivalent systems are, in
essence, redundant systems that exhibit a pattern in which multiple combinations of
underlying parts can give rise to emergent traits with similar mechanical, physiological,
or performance values. Redundancy is widespread in biological systems. For example,
almost any genotype-phenotype relationship implies a redundant (or many-to-one)
mapping of genotype to phenotype (Stadler et al., 2001). Such redundancy has been
described in biomechanical systems as well. At the muscle level, similar performance can
be produced by diverse muscle architectures, with different combinations of muscle fiber
lengths, fiber orientations, and specific tensions (Powell et al., 1984). At the whole-
organism level, morphologically different species can produce similar levels of

biomechanical performance (e.g., Toro et al., 2004; Alfaro et al., 2005; Wainwright et al.,
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2005; Collar and Wainwright, 2006; Wainwright, 2007). Similarly, our results suggest
that the mechanisms of generation of aerodynamic force can also be considered
redundant and therefore subject to many-to-one-mapping. Such redundancy allows
structural changes to be functionally neutral and therefore can potentially generate a non-
linear response between a functional response and the underlying structural changes
(Alfaro et al., 2005). If individual differences in kinematic strategies, such as those we
observed in bats experiencing naturalistic loading, were found to be widespread in flying
animals, studies of individual variability and how differences in kinematics map onto a
kinematic-performance relationship might shed light on the underlying mechanisms and
level of control involved in aerodynamic force generation and control of flight

performance.

List of symbols

ANCOVA  analysis of covariance

CoM center of mass

Cut vertical force coefficient

DLT direct linear transformation

Fv vertical component of aerodynamic force

TQT Tsutakawa’s quick test
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Introduction

The relationship between form and function is one of the oldest and most
thoroughly investigated areas in biology. In the last 20 years, research in morphology,
physiology, and behavior of organisms has produced a significant change in the way we
understand organismal design, in terms of its influence on the relationship of an organism
and its environment and in the processes that originated such a design. The inherent
complexity of this topic has led to an integration of biological disciplines such as
biomechanics, physiology, genetics, and ecology that were viewed for a long time as
completely independent (Reilly and Wainwright, 1994). In the last few years, a new
integration has emerged between biology and engineering, generating an incredibly
productive field related to modeling aspects that sometimes are too difficult to measure
and/or estimate on real organisms.

The aim of this work is to examine recent advances in the study of the
relationship between morphology, behavior, performance, and ecology of bats, focusing
on the morphology of the wing with relation to flight performance. We give a general
view of ecomorphology as a discipline, and we focus on how researchers have
approached the study of bat flight and its relation to bat ecology. In particular, we
emphasize topics such as the effect of size on aerodynamics and ecological
characteristics; we review some recent advances in compliant wing aerodynamics and
their effect on the study of flight in bats; the importance of variation in body mass on
flight performance, and in general a call of caution in assuming wing morphology-flight
performance connections, recognizing the effect of behavior in modulating this

relationship.
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What is ecomorphology?

Ecomorphology studies the relationship between functional design of an organism
and its environment (Wainwright, 1991, 1994). In particular, it investigates how
functional morphology shapes ecological attributes of organisms. Several studies have
documented correlations between morphological and ecological patterns (e.g., Karr and
James, 1973; Gatz, 1979; Findley and Black, 1983; Miles et al., 1987; Crome and
Richards, 1988) but no causal connection of how functional morphology determines
aspects of an organism's ecology was made. In the early 80s, Arnold (1983) proposed a
method to study the effect of morphology on fitness. A similar approach can be used to
study the link between morphology and aspects of an individual's ecology. The main idea
is that morphology influences patterns of resource use by setting limits to the
performance of key tasks relevant to obtaining resources from the environment. Thus, the
process of relating morphology and ecology can be separated in two steps. The first step
is the determination of the effect of morphological variation on performance of an
ecologically relevant task. This is usually performed through laboratory studies, under
controlled conditions, where biomechanical analysis can lead to testable predictions on
the performance of a system. As pointed out by Wainwright (1991, p. 681), “the strength
of the functional approach lies in the ability to assign causation to otherwise correlative
relationships between specific design features and observed performance, based on
independent functional analyses”.

The second step is to determine what has been called ‘ecological performance’
(Irschick and Garland, 2001), which is the actual performance employed by organisms in

natural conditions from field studies on natural populations. Several studies have
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emphasized the importance of measuring ecological performance when inferring the
ecological consequences of morphological variability (Garland and Carter, 1994; Garland
and Losos, 1994; Reilly and Wainwright, 1994; Irschick and Garland, 2001; Irschick,
2002; Irschick et al., 2005; Irschick et al., 2006; Irschick et al., 2007; Irschick et al.,
2008) but there has been remarkably little work done on this topic nonetheless. In part,
this is due to the common assumption that behavior is not a substantial confounding
factor when relating morphology and performance (Irschick, 2002). A growing body of
evidence, however, suggests that behavioral modification of the morphology-
performance axis may be substantial, with many organisms exhibiting behaviors in
natural conditions that are not observed in the laboratory, and therefore giving different

levels of performance (see Irschick and Garland, 2001 for a review).

Ecomorphology of the flight of bats:
wing shape, flight performance and ecology

Powered flight and echolocation are the most characteristic features of bats and
they have been considered major drivers of the ecological success of this group. As of
2005, with 1116 species in 202 genera, bats are the most taxonomically diverse mammal
group after rodents comprising more than 20% of extant mammals, and with worldwide
distribution, covering all continents except Antarctica (Simmons, 2005b, a).

The first studies that focused on the relationship between morphology and
ecological aspects of bats were comparisons of the diversity of external morphological
characters of bat species among communities (e.g., McNab, 1971; Fenton, 1972; Findley,

1976; Findley and Black, 1983; McKenzie and Rolfe, 1986). These studies were
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correlational in essence, looking for patterns of interrelationship between morphology
and ecology. The idea behind these studies was that morphological diversity would
define the use of resources and therefore would be reflected in their ecological diversity.
Thus, the link between these aspects corresponds to the performance of a particular
morphology in a particular environment. Several performance aspects have been
evaluated, in particular foraging and flight abilities. Here, we will focus on the
relationship between external morphology, in particular, wing morphology of bats, and
flight abilities.

Many early authors have studied wing morphology of bat species with intention to
find a relation with their flight characteristics (e.g., Poole, 1936; Struhsaker, 1961;
Hayward and Davis, 1964; Vaughan, 1966; Fenton, 1972; Findley et al., 1972; Lawlor,
1973; Strickler, 1978; Norberg, 1981; Norberg and Rayner, 1987). The development of
mathematical and aerodynamic models of animal flight that explored the relationship
between wing shape, aerodynamics, and flight patterns (Pennycuick, 1968, 1971a, 1975;
Rayner, 1979a, b, c) gave the study of the relationship of wing morphology and ecology a
strong starting point by providing a mechanistic relationship between wing morphology
and flight performance. These articles highlighted the importance of the shape, measured
by the aspect ratio (4R) and relative size of the wing, measure by the wing loading (WL),
on flight performance. 4R is defined as the ratio between half wingspan and mean cord of
the wing and describes the slenderness of the wing. Thus, low AR wings correspond to
broad wings. In aircraft engineering, AR is usually considered a measure of flight
efficiency. During flight, circulation is produced around the wing producing lift. At the

wingtip, this circulation is shed as a wingtip vortex that generates induced drag. An
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efficient wing (i.e., high AR), is capable of producing high amount of lift with respect to
the amount of induced drag generated by the wingtip vortex. Wing loading, defined as the
ratio between the surface area of the wing and the weight of the organism, is a measure of
the relative size of the wing and represents the amount of weight that an airfoil has to
support in air. During flight, aerodynamic pressure over the wing must equal WL, and
because aerodynamic pressure varies as 72, then ¥ is proportional to WL . Therefore,
low WL would allow slower flights than wings with higher WL. This provided researchers
with a tool to make testable predictions about flight behavior and its effect on habitat use
and foraging behavior.

During the 80’s, a series of articles defined the growing discipline of
ecomorphological studies of bats by summarizing the results derived from aerodynamic
models and the observed differences in habitat use and foraging behavior in bats
(Norberg, 1981; Norberg, 1986; Norberg and Rayner, 1987). In a seminal paper, Norberg
and Rayner (1987) employed a principal component analysis approach to investigate
wing shapes of 215 bat species from 16 families to obtain mass-independent indices for
wing loading (second component) and aspect ratio (third component) to clarify the
functional basis of the ecomorphological correlations in bats. Based on the idea that flight
is an energetically expensive mode of locomotion (e.g., Norberg, 1990), Norberg and
Rayner assume that there must be a strong selection for minimizing theses costs.
Therefore, natural selection would favor wing designs that minimize the work needed for
flight in the manner and at the speeds optimal for the animal’s ecology (Norberg and
Rayner, 1987; Norberg, 1994). A bat occupying a certain ecological ‘space’ is expected

to have a wing design adapted for that particular role. Thus, the variation in wings
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morphology is expected to be correlated with different flight modes and speeds (Norberg,

1994). In the analysis, species for which flight and/or behavior patterns had been

documented were placed into four quadrants that characterized wing shape whose

aerodynamic properties could be predicted based on fixed-wing aerodynamic theory (Fig.

1). For example, speciesin the low wing loading/low aspect ratio quadrant would be

characterized as species with slow, maneuverable flight able to navigate within clutter,

while species inside the high wing loading/high aspect ratio quadrant would be
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characterized as fast fliers in open areas (Norberg and Rayner, 1987). This study
(Norberg and Rayner, 1987), in concert with similar studies (Norberg, 1987, 1990, 1994),
provided bat researchers with an ecomorphological framework, based on predictions
from fixed-wing aerodynamic analyses, in which to analyze and interpret differences in
wing morphology and behavior among bats species observed in the field. “From this
analysis, flight style hypotheses have been generated assuming that if only wing
parameters are known for a bat (i.e., body mass, wing span, and wing area), the
predominant flight performance can usually be predicted” (Norberg, 1994, p. 216).

We believe it is important to highlight some critical points with respect the use of
ecomorphological predictions on the ecology of bats, in particular related to use of space

and species distribution in natural communities.

The effect of body size

The second and third component used to describe species’ wing shape and size in
Norberg and Rayner’s (1987) analysis explained 1.8 and 0.8% of the overall variation,
respectively. The authors argued that even though the wing loading and aspect ratio
component were statistically unimportant, they reflect morphological deviations from the
average bat wing shape that will be subjected to strong selective pressures. The first
component, interpreted as a measure of overall body size, accounted for 97.4% of the
total variation indicating that wing morphology has a very strong dependence on body
mass. Thus, any analysis based on size-corrected wing shape parameters is going to

ignore a huge portion of the variability present in bat communities.
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Size is probably the most important factor that determines the morphology and
physiology of organisms, and therefore, it will likely have a strong influence in the way
organisms interact with their environment. Although the original correlations reported
wing morphology and ecological characteristics in bats were conducted on mass-
corrected wing shape parameters, several studies have studied the effect of wing
morphology using uncorrected measurements (Crome and Richards, 1988; Hodgkison et
al., 2004; Moreno et al., 2006; Thabah et al., 2007; Zhang et al., 2007). Therefore,
differences in community structuring found in these studies cannot be explained solely by
differences in wing morphology but in combination with differences in overall body size.
The relative importance of body size and wing shape in determining flight performance

and in shaping bats’ ecological niches is still poorly understood.

Aerodynamic of compliant membranes

The functional relationship between wing morphology and flight abilities
described above relies heavily on aerodynamic models of fixed wings (e.g., Norberg,
1990). For example, quoting from a introductory chapter about the history of
ecomorphology and methodological approaches: “Thus, our belief that long, slender
wings of some bats species cause their relatively poor hovering performance is rooted in
our confidence in the aerodynamic theory that underlies the interpretation of wing
design.” (Wainwright, 1994, p. 45). Although aerodynamic models are at the core of the
ecomorphological approach to bat flight, providing the functional link between wing
morphology and flight abilities, little work has been done to test how well fixed-wing

aerodynamics describes the aerodynamic of bats during flight.
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The aerodynamics and mechanics of flight of bats has received far less attention
than they have for insects and birds. Advances in bird and insect aerodynamics, however,
cannot necessarily be extrapolated to bats, as bats present unique morphological and
flight characteristics that most likely will influence the way that wing shape will affect
their aerodynamic performance. For example, recent studies investigating the wake left
by flying bats have found that they produce complex wake structures, different from birds
(Tian et al., 2006; Hedenstrom et al., 2007), and that some species employ leading-edge
vortex mechanisms to increase lift generation, producing up to 40% of the necessary lift
during slow flight (Muijres et al., 2008). Bats fly at Reynolds numbers (Re) ranging
approximately from 8x10° for small bats to 10° in large bats. Re is a measure of the ratio
of inertial forces to viscous forces, and the Re employed by bats is considered to be a
transitional physics range, between the viscous-dominated, low Re (typical of insects)
and the inertia-dominated, high Re, typical of large birds and airplanes (Shyy et al.,
1999). At this range of Re, flow over the wings is characterized by laminar boundary
layer separation, transition, and low lift-to-drag ratio, and basic parameters such as wing
loading, aspect ratio, camber, and angle of attack can influence aerodynamic force
production in dramatically different ways than in high Re flows (Shyy et al., 1999; Lian
et al., 2003). Despite this, bats show energetically efficient flight performance with
respect to insects and birds of similar size (Winter et al., 1993; Winter, 1998; Voigt and
Winter, 1999) and high levels of maneuverability (Aldridge, 1987; Tian et al., 2006;
Iriarte-Diaz and Swartz, in review). The successful flight performance of bats in such
challenging flight regime is partly due to significant structural differences to insects and

birds, such as more than a dozen partially independently controlled joints in the wing,
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bones that deform adaptively during different portions of the wingbeat cycle (Swartz et
al., 2005; Swartz et al., 2007), a compliant wing membrane which is highly anisotropic
with adjustable stiffness (Swartz et al., 1996; Swartz, 1998), and sensory organs
distributed along the wing believed to provide information about flow over the wing
membrane surface (Zook and Fowler, 1986; Zook, 2007).

The membranous nature of the wings of bats is a feature likely to have major
effect on the aerodynamic performance. Although virtually unexplored in the animal
flight literature (but see Swartz et al., 2007), there has been a growing interest in
engineering and fluid dynamics circles on the aerodynamic properties of compliant
membranes at the range of Re at which bats perform (e.g., Shyy et al., 1999; Ho et al.,
2003; Lian et al., 2003; Song et al., in press). Both experimental and theoretical
approaches indicate that flexible airfoils, such as those observed in bat wings, facilitate
passive shape adaptation to flow unsteadiness, which results in delayed stall, higher lift
coefficients, and less severe decrease in lift at the onset of stall with respect to rigid
airfoils (Shyy et al., 1999; Ho et al., 2003; Song et al., in press). However, the improved
aerodynamic properties of compliant wings in comparison to rigid ones will depend on
the flow characteristics. The deformation of a wing, and consequently, its aerodynamic
performance will depend on time-varying variables such as dynamic pressure and local
airflow velocities. An experimental study of the aerodynamic properties of airfoils with
different levels of flexibility at different flow conditions suggests that modulation of the
flexibility could improve the aeroelastic characteristics of the wing and ultimately flight
performance (Shyy et al., 1997). Bat wings structural design may be ideally suited in this

respect. Wing membrane tension can be controlled by the flexion/extension of the elbow
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and wrist joints and the abduction/adduction of the digits. In addition, bats have intrinsic
chordwise wing muscles, the plagiopatagiales mm., which have long been assumed to
have a role in the regulating the stiffness of the membrane (Strickler, 1978; Norberg,
1990; Swartz et al., 2005; Swartz et al., 2007). The relative importance of wing bone
configuration and the intrinsic muscles in the control of the mechanical properties of the
wing membrane during flight is still poorly understood and remain challenges for future

investigations.

The effect of behavior on flight performance

Traditional ecomorphological analyses of bat flight do not address the fact that
flight performance is, per se, a behavioral trait. In the original definition of the
ecomorphological approach, performance represents the mechanistic link between
organismal design and the ecological and evolutionary consequences of design.
Performance can be divided in two levels: ‘potential’ and ‘realized’ performance (Reilly
and Wainwright, 1994). Potential performance represents the maximum measured range
of performance of an organisms and it can be used to predict potential limitations of the
organisms in a particular environment. Alternatively, realized performance corresponds
to the ecological performance previously mentioned, i.e., the performance that an
organism actually uses in natural conditions, which at the end determines the interaction
of an organism with its environment. As a consequence, our ability to link the structural
design and the ecological characteristics of an organism will depend of how well
potential and realized performance reflect each other. While potential performance is

determined by the structural design of an organism, realized or ecological performance is
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a behavioral function and it will vary depending of ecological circumstances such as
presence of predators, prey availability, environment structural complexity among others.
The effect of the behavioral factors can significantly influence the relationship between
morphology and performance (Lauder and Reilly, 1996), and may also determine levels
of performance used by animals (Losos et al., 2002). For example, studies of locomotor
performance in lizards have demonstrated ‘locomotor compensation’, where species with
low intrinsic performance capacities compensate in nature by moving close to their
maximal capacities, while species with high performing capacities use consistently sub-
maximal speeds (Irschick et al., 2005). Assuming that aerodynamic theory can accurately
predict the aerodynamics of the flight of bats, the predictions derived from these models
can be considered as bats’ potential performance. To date, no information exists on the
how much of this potential performance bats actually use in nature, or the effect of
differences across species (or individuals) in behavioral performance when comparing
flight abilities. It has been well documented, however, that bats are often opportunistic in
their feeding behavior and habitat use (e.g., Fenton, 1982; Norberg and Rayner, 1987,
Altringham, 1996; Campbell et al., 2007), suggesting a degree of flexibility in their

ecological performance.

Case studies
Maneuverability and turning abilities
For any flying animal, turns are produced by the generation of a centripetal force
that will move the body through the turn. From physical principles, the centripetal force

(F¢) produced by a body in motion of mass My, in a turn of radius r is
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Frontal view

Superior view

Fig. 2. Schematic of a typical banked turn. By rolling the body into a bank, the lift vector (L) is
oriented toward to the turn generating a centripetal force, F, = L sin(a), that, for a given flight
speed V, will produce a turn of radius 7.

F = (1)

where V is forward speed (Fig. 2). Therefore, the turning radius of an organism will be

jdez
r= . 2
F @
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Thus, the more maneuverable bats would have smaller » values that can be produced by
reducing speed, having low body mass, or increasing the centripetal force. The theory of
turning flight has been extensively discussed in the literature (e.g., Pennycuick, 1971b;
Norberg, 1990; Thollesson and Norberg, 1991; Norberg, 1994) based on the assumption
that organisms turn by rolling their bodies into a bank, which is similar to what airplanes
do. By banking through an angle o, a bat reorients its lift (L) toward the center of the
turn, so that now the centripetal force is given by Lsin(a) (Fig. 2). The turning radius ()
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where Ay, is the wing area, g is the acceleration of gravity, pis the air density, and C,_ is
the lift coefficient. Thus, at any given lift coefficient and bank angle, the turning radius
will be smaller in animals with lower wing loading. This equation predicts the
performance during gliding turns but that might be not the standard way of turning. For
example, among six species of British bats, all but one species employed powered turns
(Aldridge, 1987). Furthermore, one species, Rhinolophus ferrumequinum employed a
different method of turning, achieving much tighter turns than predicted based on
morphology alone (Aldridge, 1987). Recent findings have shown that predictions might
not be completely accurate even during gliding flight as well. Swifts can morph their
wings during different task to improve performance by effectively modifying wing area
and lift coefficient (Lentink et al., 2007). It is increasingly evident that both wing
morphology and flight kinematics are important determinants of maneuverability,
although, to date, we have little information of their relative importance. The only study
that evaluated wing kinematics and body rotations during turns in bats suggests, however,
that turning performance is highly dependent on flight kinematics (Chapter 1, this thesis).
Fruit bats performing 90-degree turns in laboratory conditions showed yaw, pitch, and
roll rotations during upstroke that orient the body towards the turn in such a way that
during downstroke, the centripetal have both lift and thrust components, allowing bats to
perform tighter turns than predicted by morphology alone (Chapter 1, this thesis). In fact,
based on morphological characteristics, C. brachyotis would be considered to have poor
maneuvering abilities (Norberg and Rayner, 1987), but they can actually perform a 180-

degree turn on the spot in just three wingbeats (Tian et al., 2006).
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Turning performance and maneuvering abilities should be studied experimentally
by designing measurable tasks. Flight performance through an obstacle course is one
useful experimental metric of maneuverability that can be performed in the laboratory or
in enclosures in the field, and that does not require sophisticated of equipment such as
high speed cameras. Among several species of insectivorous British bats, those able to
negotiate the most tightly arranged array of obstacles also foraged in the most cluttered
areas (Aldridge, 1986b). Similarly, in several species of African microchiropterans, wing
loading and body mass were negatively correlated with maneuverability measured in an
obstacle course, and foraging in densely cluttered patches of vegetation was positively
related to maneuverability (Aldridge and Rautenbach, 1987). Additionally, Neotropical
phyllostomids showed that morphological variables associated to body size, such as
mass, forearm length, and wing span, where negatively correlated with obstacle course
maneuverability, while variables associated to the ability to camber the wings were
positively correlated with maneuverability (Stockwell, 2001).

An alternative setup to measure maneuvering performance is to train bats to fly
through a flight corridor and to suddenly place a barrier to make them perform a 180-
degree turn (e.g., Aldridge, 1987). This kind of setup allows the investigator to control
the place where the maneuver will occur and permits to zoom in with cameras and to
measure wing and body kinematic parameters.

In these experimental designs, however, motivation can be a significant factor,
and may profoundly influence level of performance. Food rewards can be used to elicit
better performance. For example, in a study of echolocation behavior in three-

dimensionally complex environments, the microbat Eptesicus fuscus, was trained to
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capture a mealworm tethered at a variable distance from background vegetation (Moss et
al., 2006). High speed video cameras synchronized with echolocation call recordings
allowed evaluation of changes in echolocation parameters with respect to distance to prey
and to clutter. A simple modification of this experimental setup could be employed to
assess, in laboratory or semi-natural conditions, flight maneuvers employed by bats while
capturing prey under controlled levels of clutter. Similar designs, such as an array of
strings that bats must traverse to reach food, have been used in field experiments to
estimate the effect of different amount of clutter on bat flight activity (Mackey and

Barclay, 1989; Brigham et al., 1997; Sleep and Brigham, 2003).

Natural and experimental variation in body mass

A fruitful way to probe the limits of flight performance is to evaluate the effect of
variation in body mass, and hence wing loading, on the flight kinematics and
performance capabilities of bats. Body mass changes substantially on a daily and
seasonal basis due to fluctuations in stomach contents, transport of food and young, and
percentage of body fat due to hibernation or lactation. The magnitude of the changes in
mass observed in nature suggests that bats have a great capacity to carry loads. For
example, the maximum amount of loads that bats can carry while taking off from the
ground varies from 9.5% of body mass in Tadarida brasiliensis to 73% of body mass in
Plecotus townsendi (Davis and Cockrum, 1964). For a any flapping flier, during level
flight at constant speed, any increase in body mass will require some change in wing

kinematics to generate lift to compensate for the added weight. In classic aerodynamic
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theory, lift, L, produced by a wing is going to be a function of wing area, Ay, coefficient

of lift, C,, and the speed of airflow over the wing, V:
1 2
L=>PALCV? (4)

To increase lift in response to added load, a bat can adopt one or more of several
strategies. It can increase Ay, by extending the elbow and/or wrist joints, increase C, by
changing wing shape parameters such as angle of attack or wing camber, or increase the
airflow speed over the wing by either flying faster or by flapping the wings faster, or a
combination of these strategies. Even though lift can be modulated in multiple ways in
response to loading, predictions based on aerodynamic theory have focused solely on
changes in wingbeat frequency and flight speed (e.g., Norberg and Rayner, 1987,
Norberg, 1995).

The strength of this hypothesis has been tested in several microchiropteran bat
species. In both Plecotus auritus carrying artificial loads of up 46% of body mass, and
Pipistrellus pipistrellus during pregnancy and lactation, in agreement with aerodynamic
theory predictions, wingbeat frequency increased with respect to the unloaded condition,
but contrary to expectations, flight speed also decreased (Hughes and Rayner, 1991,
1993). In contrast, several species of nectarivorous glossophagine bats flying in large
flight corridors, have shown an increase in flight speed with an increase in body mass,
although wingbeat frequency was not measured (Winter, 1999). These bats also showed
great variability among individuals in preferred flight speeds, and in their response to
loading (Winter, 1999), suggesting a degree of flexibility in flight kinematics and

modulation of aerodynamic force.
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Flying in conditions of reduced air density is similar to flying carrying loads. In
an experiment in which air density was gradually reduced while maintaining oxygen
availability, Dudley and Winter (2002) investigated hovering kinematics of the
glossophagine phyllostomid Leptonycteris curasoae. In contrast to observations from
loading experiments in other species, wingbeat frequency changed little, but wingbeat
amplitude increased significantly as air density decreased (Dudley and Winter, 2002).
This response is similar to that observed in hovering birds during both load carrying and
reduced air density experiments (Chai and Dudley, 1995, 1996; Chai et al., 1996; Dudley
and Chai, 1996; Chai et al., 1997; Chai and Dudley, 1999; Altshuler and Dudley, 2003;
Altshuler et al., 2004). Constancy in wingbeat frequency in hovering vertebrates might
indicate some kind of physiological constraints, or might indicate that flight muscles are
tuned to perform at or near a frequency that provides maximum efficiency.

In contrast to results from microchiropteran bats in previous studies, fruit bats
flying at a range of speeds respond to increase loading in a complex manner with clear
variation in kinematic strategies among individuals (Chapter 4, this thesis). For example,
some bats increased lift by increasing wingbeat frequency and the length of the
downstroke, with minor changes of the shape of the wings. In contrast, another bat
showed a very different response, decreasing wingbeat frequency but increasing wing
area and the camber of the wing (Chapter 4, this thesis). This variability in response to
loading indicates that there is redundancy in kinematic and aerodynamic mechanisms of
aerodynamic force generation, and as a consequence, demonstrates that individual bats
employ different mechanisms to produce the same aerodynamic results. Kinematic

flexibility was also observed in the kinematic modulation in response to speed, where lift
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remains constant to balance weight, but thrust varies as a function of speed (Chapter 3,
this thesis). In this case, individual bats also employed different combination of kinematic
changes as speed increased but the individual differences were not as marked as during
load carrying.

Birds also modulate wing kinematics in response to loading, and show some
patterns in variation among species and individuals that are reminiscent of the patterns
found in bats. Some studies have found that an increase in body mass produced
detectable changes in flight performance during escape (Witter et al., 1994; Metcalfe and
Ure, 1995; Kullberg et al., 1996; Lee et al., 1996) but in others, no changes have been
observed (Kullberg, 1998; Kullberg et al., 1998; Veasey et al., 1998; van der Veen and
Lindstrém, 2000; Macleod, 2006). Interestingly, changes in kinematic strategies with
different amount of loading have been described in cockatiels, in which at low levels of
loading birds flew slowly without changing wingbeat frequency, but at higher loads
(>20% of body mass) birds flew faster and also increased wingbeat frequency (Hambly et
al., 2004).

Increased loading is also expected to influence maneuvering abilities. In a simple,
glided turn, minimum turning radius is a function of WL (see egn. 3).Thus, animals
carrying loads are expected to decreased maneuverability with respect to unloaded flight
because of the increased WL. Despite the theoretical effect of WL on maneuvering
capabilities has been extensively discussed in the literature (e.g., Hedenstrom, 1992;
Webb et al., 1992; Norberg, 1995; Stern et al., 1997; McLean and Speakman, 2000), few
empirical tests have evaluated how WL affects maneuvering performance. To date,

experimental work has found a negative relationship between WL and the ability to
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navigate an obstacle course (Aldridge, 1986a, b; Aldridge and Rautenbach, 1987;
Aldridge and Brigham, 1988; Stockwell, 2001). This correlation is believed to reflect
differences in habitat use among and within species (e.g., McKenzie and Rolfe, 1986;
Norberg and Rayner, 1987; Crome and Richards, 1988; Norberg, 1994; Kalcounis and
Brigham, 1995; McKenzie et al., 2002), but only few studies have correlated
experimentally correlated maneuvering performance and the ability to use cluttered
environments (Aldridge, 1986b; Aldridge and Rautenbach, 1987). Differences in
maneuverability among species, however, cannot be uncoupled from differences in
turning styles, and different turning mechanisms employ wings in different ways, hence it
may prove difficult to adequately predict maneuvering performance from morphology
alone (Aldridge, 1987; Iriarte-Diaz and Swartz, in review). It is possible or even likely
that the performance burden produced by temporary, large-scale external or internal
loading may be alleviated by fine-scale adjustments in wing kinematics to enable a
species to maintain a necessary level of maneuvering performance. Further study in
laboratory-controlled conditions combined with field observations of natural flight

performance will be necessary to successfully answer this question.

Conclusions
Studies associating wing morphology with flight patterns, foraging habits, and
habitat use (e.g., Aldridge and Rautenbach, 1987; Norberg and Rayner, 1987) have
provided researchers with a broad view of the ecomorphology of flight in bats. These

studies are extremely useful to generate testable new hypothesis about the function of
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morphological traits, about the structuring of communities, and about the evolution of
bats. There is much to do yet. New findings on the aerodynamics of bat wings and the
effect of behavioral compensation on flight performance indicate that the relationship
between wing morphology, flight performance, and ecology of bats is more complex than
previously thought. Future studies must expand our understanding of the relative
importance of unsteady aerodynamics on flight performance during different locomotory
tasks. In the same vein, we expect that integration of laboratory and field studies will be
required to be able to answer questions about aerodynamic mechanisms used during
natural activities. In the meantime, we hope that new information drawn from detailed
kinematic and aerodynamic studies of the flight of bats will help ecologists to consider
functionally relevant aspects of bats’ morphology and thereby to further improve our
knowledge of the use of the natural environment by bats. Conversely, we envision that
future studies of bat ecology can help guide functional morphologists to focus on
ecologically relevant morphological traits to be studied in detail in the lab.

Many studies have emphasized the importance of interpreting interspecific
variation in morphology in the context of well-defined phylogenies (reviewed in Losos
and Miles, 1994). Although Norberg and Rayner (1987) cautioned about adaptive
interpretations of differences in wing morphology among bats, in practice, many
researchers have assumed that observed wing morphologies are adaptations to the
environment bats inhabit. Some authors have suggested that is not always necessary to
have a phylogeny to produce significant ecomorphological conclusions, and that might be
the case with the study of flight in bats, where “interpretations [of the aerodynamic

consequences of wing morphology] and their implications for flight performance and
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possible habitat and food use can be expected to hold true regardless of the specific
evolutionary history of wing design in bats. Physics offers an absolute scale with which
to gauge the consequences of wing design.” (Wainwright and Reilly, 1994, p. 7). Even if
this were true, the development of new, comprehensive phylogenies (e.g., Teeling et al.,
2000; Springer et al., 2001; Jones et al., 2002; Teeling et al., 2002; Teeling et al., 2005)
now allows to test hypotheses about the adaptive nature of wing morphology of bats that
inhabit different environments.

We believe that advances in kinematics, aerodynamics, phylogenetic history, and
ecology of bats are going to produce new insights into the relationship between

morphology, behavior, flight performance, and ecology in bats.
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