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Summary

This paper examines the aerodynamics and power requirements of forward
flight in bumblebees. Measurements were made of the steady-state lift and drag
forces acting on bumblebee wings and bodies. The aerodynamic force and pitching
moment balances for bumblebees previously filmed in free flight were calculated.
A detailed aerodynamic analysis was used to show that quasi-steady aerodynamic
mechanisms are inadequate to explain even fast forward flight. Calculations of the
mechanical power requirements of forward flight show that the power required to
fly is independent of airspeed over a range from hovering flight to an airspeed of
4-5ms™!,

Introduction

A biomechanical analysis of forward flight in insects requires initially a
description of the kinematics of flight, and then proceeds to an understanding of
the aerodynamics and mechanics associated with these kinematics. Wing and body
kinematics of bumblebees in forward flight were given previously (Dudley &
Ellington, 1990); this paper analyzes the ensuing aerodynamic forces and
mechanical power requirements. Results of steady-state lift and drag measure-
ments on bumblebee wings and bodies are first presented. A quasi-steady
aerodynamic analysis is then used to evaluate the likelihood of unsteady
aerodynamic mechanisms operating during forward flight. Finally, estimates are
made of the mechanical power requirements of flight at different airspeeds.

For an aerodynamic analysis of forward flight in insects, it is necessary to
evaluate the overall balance of forces. A vertical force must be produced to
support the body weight. Similarly, a horizontal thrust is required to balance the
drag force acting on the body of the insect. This so-called parasite drag, the
aerodynamic force acting parallel to the airflow on the fuselage of a flying
machine, is, in general, proportional to the square of the forward airspeed and can
be a significant component of the overall force balance. Lift forces on the body,
which act perpendicularly to the drag, may also be of significance for flying insects,
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by reducing the net lift required from the beating wings (Hocking, 1953). If
accurate calculations of power requirements are to be made, it is essential to have
detailed information about the lift and drag forces acting on insect bodies.
Similarly, for an aerodynamic analysis of forward flight, knowledge is required of
the aerodynamic characteristics of wings at the appropriate Reynolds numbers. No
such data are available for bumblebee wings, although the wings of various other
insects have been studied (e.g. Jensen, 1956; Vogel, 1967; Nachtigall, 1977, 1981).
An aerodynamic evaluation of insect wings may also reveal particularly advan-
tageous adaptations or modifications of the insect wing (e.g. Rees, 1975a,b;
Newman et al. 1977). To provide the data necessary for a mechanical analysis of
forward flight, a systematic study of the aerodynamic characteristics of bumblebee
wings and bodies was undertaken.

A fundamental question in insect flight aerodynamics is whether steady-state
aerodynamics are sufficient to provide the horizontal and vertical forces necessary
for flight. One method of evaluating the possible importance of unsteady
aerodynamics is to compare mean lift and mean profile drag coefficients, as
calculated from kinematic data and the overall force balance, with experimental
measurements of steady-state lift and drag on real wings (Osborne, 1951; Weis-
Fogh, 1973). Ellington (1984a) provides a review of the quasi-steady aerodynamic
analysis of animal flight. The flapping wing is conceptually reduced to a series of
aerodynamic sections operating at specific angles of attack and instantaneous
velocities; any effects of wake vorticity, acceleration and deceleration of the wing,
and wing rotation are ignored. Forces on each section are determined according to
conventional aerodynamic theory. In the mean coefficient method of Osborne
(1951), mean values of the lift and drag coefficients of the wing, as averaged along
the wing and through the wingbeat, are determined from the horizontal and
vertical force balance. The mean lift coefficient C,_ represents the minimum value
of the lift coefficient that is compatible with steady-state aerodynamics; if lift
coefficients vary during the wingbeat, then some instantaneous values must exceed
CL. Unsteady aerodynamic effects are therefore implicated if C is greater than
the maximum lift coefficient measured at the appropriate Reynolds numbers on
real wings. There exist relatively few investigations of the mean force coefficients
required for forward flight in animals and, with one exception (Osborne, 1951),
these studies are confined to vertebrate flight (Pennycuick, 1968b; Norberg, 1976).

The mean coefficient method is used here to determine force coefficients for
bumblebees previously filmed in forward flight and for which detailed kinematic
and morphological data are available (Dudley & Ellington, 1990). A modified
version of the force balance method of Norberg (1976) is used to find the mean lift
and drag coefficients necessary to provide the requisite lift and thrust for flight at
each forward airspeed, while lift coefficients for hovering flight are determined
according to the equations derived by Ellington (19844).

Given accurate knowledge of the kinematics of flapping flight, calculations of
the associated energetic costs are possible. In the past, attention has been given to
the variation of mechanical power requirements with forward airspeed, the so-



Aerodynamics of bumblebee flight 55

called power curve. The total mechanical power required for flight can be
determined by summing the individual components of parasite power, induced
power, profile power and inertial power. Aerodynamic theories that predict the
form and characteristics of the power curve have been proposed and applied to the
kinematics of flying birds and bats (e.g. Pennycuick, 1968b, 1975; Tucker, 1973;
Greenewalt, 1975; Rayner, 1979). Variation of mechanical power requirements
with forward airspeed has not been previously examined for free-flying insects.

Mechanical power requirements and metabolic power input are related by the
overall efficiency of the flight muscle. If muscle efficiency does not vary with
airspeed, the form of the curve relating metabolic power input to airspeed will be
the same as that for mechanical power output. Power curves relating metabolic
rates to airspeed have been determined for free-flying birds (e.g. Tucker, 1966,
1972; Bernstein et al. 1973; Torre-Bueno & LaRochelle, 1978; Berger, 1985) and
for free-flying bats (e.g. Thomas, 1975, 1981; Carpenter, 1985). Some of these
curves are similar to those predicted by theory, although they are in general much
shallower than expected and yield minimum power airspeeds different from
theoretical values. For comparative purposes, therefore, it is of particular interest
to determine power curves for insects in flight over a range of airspeeds.

Calculations of the mechanical power output of bumblebees previously filmed in
free flight were made by summing at each flight speed the individual components
of parasite, induced, profile and inertial power. By comparing, for each insect, the
maximum power output of the thoracic muscle with the calculated power output
incorporating inertial power requirements, it was possible to evaluate the
likelihood of elastic energy storage during the wingbeat (when the latter quantity
exceeds the former, some elastic energy storage is necessary). Power curves for
forward flight were determined by calculating mechanical power requirements at
three different forward airspeeds and for hovering flight.

Materials and methods
A list of abbreviations is given in the Appendix of Dudley & Ellington (1990).

Steady-state lift and drag measurements

Force measurements were made with the optoelectronic force transducer shown
in Fig. 1. The test object was attached to an entomological pin 27 mm in length and
0-3mm in diameter. A length of 3-5mm stainless-steel tubing was attached to a
spring element at the top of the transducer, and at the bottom it was connected to
the mounting needle. The angle of attack of the test object was changed by
rotating the mounting needle at this point. The spring elements were made from
stainless-steel tubing of varying diameters according to the desired mechanical
response of the system. Application of a force to the test object resulted in very
small displacements of the central tubing, which were measured with two infrared
LED-photodiode pairs (Texas Instruments TIL31A, TIL81). An arbitrary
displacement of the tubing was resolved into two orthogonal components.
Movement of the central tubing during experiments was very small, of the order of
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Fig. 1. (A) Side-view of the force transducer used in all measurements. (B) Cross-
sectional view of the transducer at the level of the LED-photodiode (PD) pairs.

1 um at the point of measurement. The optical center of each LED-photodiode
pair was offset from the vertical axis of the transducer by a distance equal to the
radius of the central tubing (Fig. 1B). Metal windows were positioned in front of
the photodiodes to block off part of the infrared beam and thereby allow higher
amplification of the photodiode signal. An oil dashpot was mounted below the
level of the photodiodes, and vertical adjustment of a cylindrical drag vane
mounted on the central tubing permitted adjustment of the damping force until
critical damping was achieved. The transducer was constructed of an aluminum
alloy (Dural), and all interior surfaces were painted black to minimize stray
reflectance from the LEDs.

The output of each photodiode was put through a two-stage amplifier with
facilities for d.c. offset and variable gain. Signal output ranged from —13to +13V,
typical peak-to-peak noise averaged less than 30mV, and signal drift with time was
less than 10mV h™'. The signal was either displayed on a chart recorder or
converted into a digital signal by means of a twelve-bit A-D converter (CUBAN-
12, Control Universal Ltd) connected to a Model B BBC microcomputer.

The transducer was mounted rigidly on a heavy Palmer stand, which rested upon
a foam-rubber pad to reduce extraneous vibration. The entire system was levelled
by means of a three-point support at the base of the stand. The transducer was
positioned above the exit of the open-jet tunnel (see below) such that the
mounting needle projected through the sharply defined interface between still air
and the jet of the tunnel. The test object was located in the uniform flow of the
tunnel typically 2cm below this interface. Drag forces on the mounting needle
were therefore minimized and, in general, were less than 5% of the drag force
acting on the test object. Any possible aerodynamic interaction between the test
object and the mounting needle was presumed to be minimal.

The orientation of the transducer relative to the wind tunnel was such that the
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optical axis of one LED-photodiode pair was parallel to the oncoming flow of air,
thereby responding to drag forces acting on the test object; the other LED-
photodiode pair responded to forces acting orthogonal to the drag, i.e. to the lift
force. This orientation was checked by verifying that no lift forces registered by the
transducer were generated by flat plates positioned parallel to the air flow.

The wind tunnel used in all aerodynamic force measurements was the same as
that used by Weis-Fogh (1956), except that the original motor was replaced with a
d.c. motor for better speed control. Tunnel velocity was monitored with a bead
thermistor anemometer (Prosser AVM 502). Average velocity fluctuations in the
region of force measurement were small, typically 3 % of the mean velocity.

The transducer was calibrated independently for lift and drag by applying
known forces horizontally to the mounting needle in the necessary orthogonal
directions. Because displacement of the steel tubing at the level of the LEDs was
dependent upon the point of application of force along the length of the mounting
needle, the transducer was calibrated with forces applied at three points with an
8 mm spacing along the mounting needle. At any particular point, the relationship
between applied force and transducer output was almost exactly linear. For a
particular test object, and therefore a particular point of force application, force
coefficients were determined by interpolation or extrapolation from the cali-
bration curves. For mounted insect bodies, aerodynamic force was presumed to
act at the point of intersection of the mounting needle and the medial plane of the
insect (see below). The aerodynamic force on insect wings was assumed to act
through the radius of the second moment of wing area (Weis-Fogh, 1973).

Specimens of the bumblebee Bombus terrestris (L.) (Hymenoptera: Apidae)
sensu Alford (1975) were collected in the Cambridge University Botanic Garden.
The bumblebee was identified using Alford (1975). Force measurements on wings
and bodies were always made on the day of insect capture. Insects were killed for
use in experiments by exposure to chloroform vapor.

For force measurements on bodies, only those insect bodies which displayed a
posture similar to that in free flight were used. Wings of the insect were removed
by cutting through the wing base articulation. Because of the difficulties involved
in mounting insect legs in an orientation resembling that in free flight, all legs were
cut from the body at the base of the coxae. Concomitant changes in volume and
cross-sectional area of the insect fuselage are small, and should not significantly
affect force measurements. The insect body was then rigidly mounted by inserting
the tip of the mounting needle through one wing base and forcing the needle
through the thoracic musculature until the tip emerged through the opposite wing
base. A measurement with Vernier calipers of the wing base separation was made
at this stage to determine the point of aerodynamic force application upon the
mounting needle.

Measurements of parasite drag and body lift were made over a wide range of
body angles relative to the oncoming wind. When the longitudinal axis of the
insect body was parallel to the axis of the wind tunnel, the body angle was defined
as 0°; positive body angles indicate a ‘nose-up’ attitude, i.e. increased exposure of
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the ventral surface of the insect body to the oncoming airflow. Lift and drag were
determined at 15° intervals, starting at —15° and increasing to 60°. Measurements
were made at five different wind velocities (1, 2, 3,4 and 5m s‘l) to investigate the
dependence of aerodynamic characteristics upon the Reynolds number. The
Reynolds number (Re) is given by Ul/v, where U is the air speed, v the kinematic
viscosity of air (1-46x107>m?s~"), and [ is either the body length, in the case of
insect bodies, or the mean chord, in the case of insect wings. Photographs were
taken of the mounted insect bodies at 0° and 90°, and were used to determine the
maximum projected area at these orientations.

Wings used in force measurements were cut from the insect body just proximal
to the articulation and perpendicular to the wing span. A small drop of melted
beeswax was placed on the base of the cut wing, and the tip of the mounting needle
was then inserted into the hardening wax. For bumblebee wings, fore- and
hindwing bases were stuck together with a small amount of wax, and the mounting
needle was then attached in the region of the forewing base. This mounting of the
fore- and hindwing was carried out very carefully to ensure that the two wings were
realistically coupled together.

Force measurements on wings were made over the same velocity range used for
insect bodies. Angles of attack typically ranged from —40° to +50°, the interval
between measurements being 10°. For some wings, measurements between 0° and
30° were made at 5° intervals. Angle of attack here refers to the geometrical angle
of the wing chord relative to the longitudinal axis of the tunnel. The 0° angle of
attack for bumblebee wings proved to be difficult to define, as the wing is twisted
by 15°-25° along the wing span. The wing chord used to define the angle of attack
was taken at approximately one-third the wing length, as the extent of twisting is
less in proximal regions of the wing. For some bumblebee wings, the angle
between the fore- and hindwing was altered from the standard orientation by
bending the two wings at a point between the two waxed wing bases; the resulting
line of flexion corresponded approximately to the longitudinal flexion line of the
forewing. The angle between the two wings was determined from a 35mm
photograph.

Full-scale models of bumblebee wings were made from 0-02mm flat copper
sheet. The angle between the fore- and hindwing of the bumblebee model, which
was an outline of the overlapped wings, could be changed easily. Mild camber
could also be imparted to the model wings. Force measurements for these copper
models were made at the same wind velocities and angles of attack as for real
insect wings.

Lift and drag coefficients (C_ and Cp, respectively) were determined from force
measurements according to the following formulae:

L=31pCLAU?, (1)
D = $pCpAU? , (2)

where p is the density of air (1-23kgm™>), A is a reference area, U is the wind
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velocity, D is the drag force, and L is the lift. For insect wings, planform area (the
horizontally projected area at 0° angle of attack) was used as the reference area to
calculate force coefficients. For insect bodies, a planform area equal to the product
of the body length and the mean body diameter (see Dudley & Ellington, 1990)
was used as the reference area.

Passive pitching moments

For the three bumblebees filmed for kinematic analysis (Dudley & Ellington,
1989), passive pitching moments generated by the airflow about the bodies were
determined. The insect bodies were pinned through the wing bases, with the pin
mounted on horizontal supports such that there was free rotation of the body
about the wing base axis. The mounted body was placed in the jet of the wind
tunnel, which was operated at speeds of 1, 2-5 and 4-5ms™. At each airspeed, a
35 mm photograph of the insect was taken to determine the body angle relative to
horizontal.

The passive pitching moment M, generated about the wingbase axis by the
moving air is given by:

M, = mghsin(y’ — xo) » 3)

where m is the mass of the insect, g is gravitational acceleration, /; is the distance
from the wingbase axis to the center of mass, x is the free body angle, and y’ is the
body angle resulting from passive pitching moments at a particular airspeed
(Fig. 2). The magnitude and direction of the resultant force F acting on the body
were estimated from force coefficient data at the appropriate body angle x’ and Re
(see Results). The distance from the wing base axis / through which the resultant
force acts on the body was determined by equating the moment of the resultant
force perpendicular to the longitudinal body axis with the actual moment required
to maintain the observed body angle. Values of / were found to be relatively
independent of y' and Re. For each insect, therefore, a mean value was
determined for the ratio of / to /;, the radius of the first moment of body mass
about the wing base axis. Values of I/1; are as follows: BBO1, 4-54, BB02, 4-46;
BBO03, 1-03. Coefficients of variation for these mean values averaged 19 %. Given

11 D

6=tan~' (L/D)

Fig. 2. Body angle x’ resulting from passive pitching moments, with the aerodynamic
force F acting at a distance / from the wing base axis. 8, angle of elevation; D, lift
force; L, drag force; /,, distance from wing base axis to center of mass.
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1, it is then possible to determine, at any body angle x and resultant force F, the
passive pitching moment generated by airflow past the body:

M, = [Fsin(6+ ) , @)
where
6=tan"*(L/D).

Passive pitching moments for bumblebees in free flight were determined from
equation 4.

The quasi-steady aerodynamic analysis

The following equations, taken directly or modified from Norberg (1976),
permit a calculation of the vertical and horizontal components of the wing lift and
drag (equations 8—11). The body weight minus the body lift is balanced by the
vertical components, and the body drag by the horizontal components. It is then
possible to solve for the mean lift and drag coefficients as averaged along the wing
and through the wingbeat (equations 12 and 13).

Relative velocity

To determine the forces acting on a wing section, it is necessary to know the
relative velocity acting on the wing. This quantity is determined from the vector
sum of the flapping velocity, the induced velocity and the forward airspeed.

The flapping velocity v(r,t) of a wing section at distance r from the wing base and
at time ¢ is given by:

v(r,t) = rn®nsin(2ant) , 5)

where @ is the stroke amplitude and n is the wingbeat frequency. It is assumed in
calculations of the flapping velocity that the wing motion follows simple harmonic
motion and is confined to the stroke plane. These are justifiable approximations,
given the observed wingbeat kinematics of bumblebees in free forward flight
(Dudley & Ellington, 1989).

The induced velocity V; is assumed to be constant across the wing and through
the wingbeat. Using the Rankine-Froude momentum theory of propellors, the
induced velocity can be calculated from:

Vi = mg/2pAo(V? + Vi?)1/2 (6)

where p is the density of air, V is the forward airspeed and A, is the area of the
actuator disc, the latter being the surface over which a pressure impulse is applied
to the air (Bramwell, 1976). Although previous authors have generally taken as
the actuator disc a circular disc with radius equal to the wing length (e.g. Weis-
Fogh, 1973; Rayner, 1979), we here follow Ellington (1984c) in using for the
actuator disc the area ®R?cosf, where ® is given in radians. This definition of the
disc area corresponds to the horizontal projection of the wing stroke which,
because V; is assumed to be always directed downwards, ensures that the disc area
corresponds to only that area through which downward momentum is imparted to
the air. A disc area of nR? will seriously underestimate the induced velocity in
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hovering and slow flight (e.g. Ellington, 1984c) and, for the advance ratios typical
of bumblebee flight, use of the horizontal projection of the actual area swept out
by the wings is most appropriate.

The relative velocity Vr(r,t) was then determined from the vector sum of the
flapping velocity, the induced velocity and the forward airspeed. In the quasi-
steady analysis, span-wise components of flow are presumed not to contribute to
aerodynamic force production; the relative velocity was therefore calculated as
that component of the vector sum normal to the longitudinal axis of the wing. The
equations presented by Norberg (1976) fail to determine the component of the
induced velocity normal to the wing span, and take as this quantity simply the
magnitude of the induced velocity. The normal component of the induced velocity,
Vinorm>» Was used in the present calculations of the relative velocity. It is
determined from V; by:

Vinorm = Vicoso, @)

o= tan~ (sinqbsinﬁ)

cosp

where

Force components

The vertical components of the lift and drag forces are given by equations 8 and
9, respectively:

Lyen(r,0) = $pVR2(r,)A(r)CL(r,t)cosW(1 — cos? ¢sin?B) /2 (8)
Dyen(r,t) = 3pVR2(r,) A(r)Cp(r,t)sin®(1 — cos?¢sin?B)V/? | ®
and the horizontal components by equations 10 and 11, respectively:
Lior(r,t) = $pVR2(r,0)A(r)CL(r,1)sinWcose , (10)
Dhoc(r,1) = $pVR2(r,0)A(r) Cp(r,t)cosWcose , (11)

Here, A(r) is the area of a wing section at distance r from the wing base, Vg is the
resultant velocity, and C_(r,) and Cp(r,t) are the instantaneous lift and drag
coefficients. The angle W is the angle between the relative velocity and horizontal,
and the angle € is the arctan of the ratio of the components of the induced velocity
and forward airspeed in planes normal to the longitudinal wing axis (Norberg,
1976).

To determine the direction of forces produced on the wing, it is necessary to
know the sign of the effective angle of incidence of the wing as well as the direction
of the relative velocity vector (given by W); the direction of the lift force on the
wing is reversed when effective angles of incidence are negative. Geometrical
angles of attack, a;, of wing sections through the wingbeat were taken from Dudley
& Ellington (1990), intermediate data points being determined by linear interpola-
tion. The effective angle of attack of a wing section was determined from the
direction of the relative velocity and the geometrical angle of attack. The effective
angle of incidence is then given by the effective angle of attack minus the zero-lift
angle of attack of the wing. As will be seen in the Results, it is difficult to specify
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exactly the zero-lift angle of bumblebee wings: it is negative, as would be expected
from cambered wings, and for the purposes of these calculations is arbitrarily
taken to be —10°. Calculations using zero-lift angles ranging from 0° to —15° did
not significantly affect the results.

Mean force coefficients

The sum of vertical components of lift and drag on the two wings, when
integrated along the wing and over the wingbeat period, equals the weight mg (less
any lift on the body L) integrated over the same time. Similarly, the horizontal
components of the lift and drag on the wings must equal the horizontal drag on the
body. By assuming that the force coefficients are constant (i.e. that the wing is
operating at a constant effective angle of incidence), it is possible to solve for the
mean lift coefficient C; and mean drag coefficient Cp, from equations 12 and 13:

_r TR 2 2 41 2 ml/2
mg— Ly =CpLpn o Jo Vr“(r,t)c(r)cosW(1 — cos* ¢sin“f) / “drdt +
—_ T
Copn f IR VR2(r,0)c(r)sin®(1 — cos?¢sinf)2drdr , (12)
0JO0
— T (R ) .
Dy = Cppn .[0 .[0 Vr“(r,t)c(r)sinWcosedrdr +

— T
Copn f _[R Vr2(r,)c(r)cosWcosedrde , (13)
0Jo

where 7 is the wingbeat frequency, 7 is the wingbeat period, c is the wing chord,
and Dy, is the parasite drag on the body.

A BASIC program encoding the mean coefficients method was written for a
BBC Model B microcomputer. All kinematic and morphological data necessary
for the calculations were taken from Dudley & Ellington (1990). The wing was
conceptually divided into the three span-wise sections for which mean geometrical
angles of attack had previously been determined; the area of each wing had
previously been measured in the analysis of wing morphology. Mean values of the
lift and drag coefficients, averaged along the wing and through the wingbeat, were
determined from equations 12 and 13. Mean lift coefficients of the wings during
hovering flight were calculated according to the equations of Ellington (19844d).

If the wingbeat kinematics determined from short high-speed film sequences
deviate substantially from the mean values measured over a longer period, then
substantial variation may be introduced into calculations of mean lift coefficients.
For the three bumblebees filmed previously in free flight, no systematic variation
with airspeed was observed for the stroke amplitude, mean positional angle or
wingbeat frequency. Mean values for kinematic parameters were therefore
calculated for each individual using the values obtained at each of the forward
airspeeds and for hovering. Lift coefficients were calculated with these mean
kinematic values as well as with the actual values determined at each airspeed, in
order to determine the sensitivity of the results to short-term kinematic vanation.
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Mechanical power output

Mechanical power output of insects filmed in free flight was determined by
summing the parasite, induced, profile and inertial powers. Rather than determin-
ing aerodynamic power requirements through a consideration of the aerodynamic
torque on the wings (e.g. Weis-Fogh, 1973; Norberg, 1976), we calculated the
components separately, because it is doubtful whether the induced drag com-
ponent of the total drag coefficient for wings in steady airflow is appropriate for the
induced drag of flapping wings. Power is simply drag multiplied by speed, so
parasite power Pp,, is given by the product of body drag and forward airspeed.
The induced power P4 is given by the product of the induced velocity V; and the
weight of the insect. The instantaneous profile power P, of the flapping wings is
equal to the product of the profile drag and the resultant velocity, Vg, and is
calculated from:

R
Ppro = pCD,pro fO C(r)VR3dr > (14)

where Cp pro is the profile drag coefficient of the wing. The mean profile power
averaged over the wingbeat was determined.

The choice of an appropriate profile drag coefficient was a somewhat arbitrary
one. Given the effective angles of incidence at which the wings are operating (see
Results), Cp pro is unlikely to exceed 0-3. For the Re of the wings based on the
mean velocity and mean chord (1000-2000), the equation for profile drag
coefficients given by Ellington (1984d) predicts values around 0-2. Profile power
requirements were therefore calculated with profile drag coefficients of 0-1 and 0-3
to cover the range of likely values.

The power P, required to accelerate the mass and virtual mass of the wing pair
during the first half of a half-stroke is given by:

Paee = 2nl(d¢/dt)max2 ’ (15)

where [ is the moment of inertia of the wing and the wing virtual mass (Ellington,
1984d), and (d¢/df)max is the maximum angular velocity. It was assumed that the
wing follows simple harmonic motion and is confined to the stroke plane; the
maximum angular velocity was calculated accordingly. Using the morphological
parameters given in Dudley & Ellington (1990), I is calculated from:

I = poSR3A%,%(m) + apS?RoF2(V) (16)

where p,, is the wing mass density, / is the mean wing thickness divided by wing
length, 7;(m) is the non-dimensional radius of the second moment of wing mass, ¥
is the virtual mass of the wing pair, #5(v) is the non-dimensional radius of the
second moment of wing virtual mass, and S is wing area.

Total power requirements were calculated for the two cases of perfect elastic
energy storage (P, supplied by elastic strain energy) and zero elastic energy
storage. In the latter case, muscles must perform negative work to decelerate the
wings at the end of each half-stroke. For vertebrate striated muscle, the metabolic



64 R. DupLEY AND C. P. ELLINGTON

energy required to perform negative work is much less than that required for an
equivalent amount of positive work (Margaria, 1968), and in previous studies of
animal flight the cost of negative work has been assumed to be negligible (e.g.
Norberg, 1976; Ellington, 1984d). In the present study, negative work was also
neglected, and inertial power requirements averaged over a half-stroke are then
equal to half the value of P,., as given by equation 15.

In addition to the mechanical power requirements described above, there exist
at least two additional avenues of energy expenditure. First, the basal metabolism
must be added to the power requirements of flight. Unlike birds and bats,
however, basal metabolic rates of insects are only 1-2 % of the metabolic rates in
flight (Kammer & Heinrich, 1978), and this contribution to the power curve is
usually ignored. Second, the cost of physiological support systems, such as
increased energy demands of circulation and respiration, must also be included.
These are difficult to evaluate and are generally assumed to be negligible for flying
insects.

Total mechanical power output was divided by the body mass to yield body
mass-specific mechanical power requirements. Calculations of mechanical power
requirements in hovering flight were made using the equations derived by
Ellington (1984d); the profile power requirements in hovering flight, as for
forward flight, were calculated using profile drag coefficients of 0-1 and 0-3.

Results
Body drag and lift

Within each of two groups examined (bumblebee queens and bumblebee
workers), the insects were of sufficiently similar size that no systematic variation of
lift and drag coefficients with body mass was found. Mean values of force
coefficients for five individuals were therefore determined. Because variation in
body length was relatively small within a group, a mean Re based on the mean
body length was also determined. For each group, Table 1 presents mean body
mass, mean body length, mean plan area, and mean frontal area at a body angle of
0°; force coefficients calculated with the planform area based on body length and
mean body diameter can therefore easily be transformed to those based on frontal
area or other reference areas. The variation of mean body drag coefficients with

Table 1. Mean morphological data for bumblebees used in the calculation of mean
force coefficients

m (mg) Ib (mm) Splan (mml) Sfrontal (mmZ)
Bumblebee queens 555-2 (48) 20-4 (0-79) 168 (16-1) 86-6 (24:3)
Bumblebee workers 197-6 (30) 18-6 (0-43) 102 (10-0) 56-5 (12-7)

Each value represents the mean of five individuals, with one standard error given in
parentheses.

Variables as follows: m, body mass; s, body length; S,.,, plan area based on mean body
diameter; Sgonar. frontal area at a body angle of 0°.
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Fig. 3. Mean body drag coefficients Cp based on plan area versus mean Reynolds
number (Re) for (A) five bumblebee queens and (B) five bumblebee workers, at six
different body angles. Standard errors were independent of body angle and Re; the
mean standard error was 0-02 for bumblebee queens and 0-035 for bumblebee workers.

the mean Re and with body angle is given in Fig. 3A (bumblebee queens) and
Fig. 3B (bumblebee workers). Results for mean lift coefficients are presented in
Fig. 4. Lift and drag forces were not, in general, proportional to the square of the
airspeed but to some smaller power. Force coefficients therefore tended to
decrease with increased Re. Lift forces were typically 20-50 % of the drag forces,
even at large body angles. The magnitude of the drag force was, however, always
relatively small in comparison to the weight of the insect. Body force coefficients
were all consistent with quasi-steady aerodynamics (see Discussion).

Aerodynamic forces and pitching moments

Morphological and kinematic data were used in conjunction with force
coefficient data to calculate the lift and drag forces on the bodies of those
bumblebees previously filmed in free forward flight (Dudley & Ellington, 1990).
The body weight (minus the body lift) and the body drag must be balanced by the
mean aerodynamic lift and thrust produced by the beating wings. Any influence of
the induced velocity field on the body is ignored. Body drag and lift coefficients-
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were taken from Figs 3 and 4, respectively; values for intermediate body angles
and flight speeds were determined by linear interpolation. For the same film
sequences analyzed for wing kinematics, body drag and lift as a function of
forward airspeed are given in Fig. 5. As has been previously reported for other
large insects (e.g. Weis-Fogh, 1956; Nachtigall, 1964), the ratio of body drag to

body weight is relatively small even at high airspeeds.
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Fig. 4. Mean body lift coefficients C based on plan area versus mean Reynolds
number (Re) for (A) five bumblebee queens and (B) five bumblebee workers, at six
different body angles. Standard errors were independent of body angle and Re; the
mean standard error was 0-025 for bumblebee queens and 0-021 for bumblebee

workers.
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Fig. 5. The variation with airspeed of the body drag (open symbols) and lift (closed
symbols), expressed as a percentage of body weight. Symbols refer to the insects
described in Dudley & Ellington (1990): squares, BB01; triangles, BB02; circles,

BBO03.
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The net vertical force F\., required from the wings is equal to the weight of the
insect minus the vertical body lift. The net horizontal force Fy,, required is simply
equal to the horizontal body drag. The magnitude F of the resultant force vector is
given by (Fyer+ Fpor2)'/2, and its angular tilt y from the vertical by the arctangent
of Fhor/Fyen- Values of y are typically 1°, 4° and 8° at airspeeds of 1, 2-5 and
4-5ms™!, respectively. At any particular airspeed, therefore, the rotation of the
resultant force vector is much smaller than that of the stroke plane of the wings
(see Dudley & Ellington, 1990).

The variations with forward airspeed of the passive pitching moment M, and the
pitching moment M (the moment required to tilt the body to the body angle x
observed in free flight) are given in Fig. 6. The moment M is determined from:

M = mglisin(y — xo) - a7

Values of M are typically greater than those of M. Assuming in a quasi-steady

analysis that the net aerodynamic force acts through the second radius of wing area

(Weis-Fogh, 1973), the predicted moment M, generated by the wings may be
derived as: _

Mys = Fuer RF(S)singcosp . (18)

Using kinematic data previously given, the pitching moment My, predicted by
equation 18 may be compared with the actual pitching moment M required to
produce the observed body angle; the ratio of these two quantities is given in
Fig. 7. The moment predicted by a quasi-steady analysis is typically twice the
necessary value.

Wing characteristics
Force measurements were made on the wing of one bumblebee queen and one
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Fig. 6. Variation of the passive pitching moment M, (open symbols) and the required
pitching moment M (closed symbols) with airspeed. Both moments are made non-
dimensional by dividing by mg!,. Symbols as follows: squares, BB01; triangles, BB02;
circles, BB03.
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bumblebee worker. Fig. 8 gives polar diagrams for positive angles of attack at
three different airspeeds for the bumblebee worker wing. Lift increases with
increasing angle of attack until a maximum lift coefficient, Cy nay, is reached, and
then gradually decreases. Maximum lift coefficients generally occurred at angles of
attack between 25° and 30°. Lift coefficients of bumblebee wings were lower in
absolute magnitude at negative angles of attack than when arranged at positive
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Fig. 7. Variation with airspeed of the ratio of the pitching moment predicted by a
quasi-steady analysis, M4, to the moment, M, required to maintain the observed body
angle in free flight. Symbols as in Fig. 6.
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Fig. 8. Polar diagrams for a bumblebee wing, 11-2mm in length. Airspeeds of 2 (@),
3 (M), and 5 (A)ms~! correspond to Re based on the mean wing chord of 470, 700 and
1170, respectively. Angles of attack in degrees are indicated parametrically on the
curve.
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Fig. 9. Polar diagrams for a bumblebee queen wing (length 15-4mm) with the
hindwing in the normal position (@), and set at 35° (M) and 54° (A). Airspeed is
5ms~!, Reis 1530. Angles of attack in degrees are indicated parametrically on the
curves.

angles. Both the minimum drag coefficient, Cp min, and the maximum lift
coefficient, C|_ max, tended to decrease with increased Re (see Table 2).

Fig. 9 shows the effects of a variable hindwing angle on the polar diagram of a
queen bumblebee wing. An increased hindwing angle of 35° increased the lift
coefficient of the wing by as much as 50 % at angles of incidence less than 20°. A
concomitant increase in the drag coefficient at any particular angle of attack of the
wing was also observed. Maximum lift coefficients generally declined at greater
hindwing angles; for a hindwing angle of 54°, the wing polar diagram shifts
downwards and even further to the right. In the forward flight of bumblebees,
hindwing deflection of the magnitude considered here is characteristic (Dudley &
Ellington, 1990).

Table 2 presents, for two airspeeds, certain parameters of aerodynamic per-
formance for a bumblebee worker wing and a bumblebee queen wing with the
hindwing arranged at different angles.

Steady-state aerodynamics
Effective angles of incidence

Advance ratios for bumblebees in forward flight were always less than 1 (Dudley
& Ellington, 1990) and even at an airspeed of 4-5ms~' were typically 0-6-0-7,
indicating that the mean flapping velocity was always greater than the flight
velocity. Thus, in a quasi-steady analysis, forces will be largely governed by the



70 R. DupLEY AND C. P. ELLINGTON

Table 2. Aerodynamic characteristics of bumblebee wings at two airspeeds

1 2 3 4
Airspeed of 2ms™!
CL,max 0-77 0-79 0-90 0-81
CD,mm 0-25 0-18 0-21 0-34
L/Dmax 2-26 2-57 2-66 1-75
CL max/ CL 50° 1-13 1-04 1-64 1-50
Cpy 0-124 0-108 0-110 0-112
Re 460 610 580 560
Airspeed of Sms™!
CL max 0-64 0-75 0-80 071
Cb min 0-13 0-12 0-18 0-28
L/Dpmax 2-48 275 2-50 1-89
Cr max/CL 50 1-07 1-13 1-64 1-60
Cp s 0-076 0-068 0-070 0-071
Re 1240 1520 1450 1390

Identification as follows: (1) wing (fore- and hindwing) of bumblebee worker, wing length
12:2mm; (2) wing of bumblebee queen, length 15-4 mm; (3) same wing of bumblebee queen
with hindwing angle of 35°; (4) same wing of bumblebee queen with hindwing angle of 54°.

The Reynolds number Re is based on the mean wing chord.

The friction drag coefficient Cp ¢ is determined from equation 19 in the text. Cp, lift
coefficient; L, lift; D, drag.

flapping velocity during the half-stroke rather than by the forward velocity
predominant at the ends of half-strokes. Mean values for the effective angles of
incidence for the upstroke were therefore calculated ignoring the periods of wing
rotation at the ends of half-strokes. Inclusion of the periods of wing rotation in
calculations of mean effective angles of incidence necessarily increases their
variance, but does not alter the general conclusions presented below.

Mean effective angles of incidence were always positive, which means that air
strikes the ventral surface of the wing on the downstroke and the dorsal surface on
the upstroke. Mean effective angles of incidence for the upstroke and downstroke
typically ranged from 20° to 40°, with 95 % confidence intervals typically +5° to
£10°. In only four of the 23 sequences of forward flight examined did the mean
effective angle of incidence during the upstroke differ significantly from that
during the downstroke, but never by more than 20°. The difference in mean
effective angles of incidence between the downstroke and upstroke was in all other
cases less than 10°. No consistent relationship was found between the mean
effective angle of incidence during a half-stroke and forward airspeed. Addition-
ally, there was no significant span-wise variation in effective angles of incidence.
The high mean effective angles of incidence suggest that in forward flight, as in
hovering flight, the wing is operating near the plateau of the polar diagram. The
polar diagrams in Figs 8 and 9 include the effects of the induced velocity, and
effective angles of incidence of the wings will actually be somewhat less than the
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angles of attack quoted. Given the high and relatively constant mean effective
angles of incidence, and the absence of a difference between the downstroke and
upstroke means, the assumption of a constant lift coefficient (probably near the
maximum lift coefficient) throughout the wingbeat is justified.

Force balance and force coefficients

Because body drag is very small in comparison to body weight, and also in
comparison to the horizontal components of the wing force, small errors in the
calculated direction of these forces can lead to significant problems with the
horizontal force balance. Indeed, solving equations 12 and 13 simultaneously often
resulted in the physical impossibility of negative drag coefficients. Errors in the
magnitude and direction of the forces on the wing can easily arise from
inaccuracies in the estimate of the induced velocity, which is assumed to be
constant along the wing and through the wingbeat. This estimate also ignores
effects of vorticity in the wake, as well as interference at the ends of half-strokes
arising from bound vorticity on the opposite wing. Even small errors in the
calculated relative velocity and effective angles of incidence resulting from these
effects will disturb the delicate horizontal force balance. It was therefore decided
to consider only the vertical force balance, and to investigate, for a range of
realistic values of the mean drag coefficient, the resulting mean lift coefficients and
mechanical power requirements. Assuming a mean drag coefficient different from
that calculated according to equations 12 and 13 means that the horizontal force
balance is not satisfied, but for the drag coefficients used this results in a negligible
change in the magnitude (1 %) and direction (5°) of the resultant force produced
by the beating wings.

Drag coefficients measured on real insect wings reflect a contribution of the
induced drag, and actual profile drag coefficients will be somewhat lower than
those given above. Considering the polar diagrams for bumblebee wings, and the
calculated mean effective angles of incidence, it is unlikely that mean profile drag
coefficients will exceed 0-3. Also, the mean profile drag coefficient cannot be less
than the minimum profile drag coefficient for a flat plate parallel to flow. For the
Reynolds numbers appropriate to forward flight, this value will be near 0-1. Since
profile drag coefficients measured on real wings reflect some additional component
of pressure drag, the minimum profile drag coefficient of real wings will be
somewhat higher. Ellington (1984d) used minimum profile drag coefficients
between 0-1 and 0-3 to estimate profile power requirements in hovering flight. In
the present study, calculations of the mean lift coefficient were made using
equation 12, with mean drag coefficients of 0-1 and 0-3 as likely extremes of the
continuum of possible drag coefficients. The mean drag coefficient of 0-3
corresponds approximately to operation of the wing near the middle of the plateau
of the polar diagram.

Fig. 10 shows the variation with airspeed of mean lift coefficients for the three
bumblebee sequences analyzed in Dudley & Ellington (1990). Mean lift coef-
ficients were always greater than one, and never varied by more than 10 % when
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Fig. 10. Variation with airspeed of the mean lift coefficient C; , calculated according to
quasi-steady aerodynamic theory. The mean profile drag coefficient is equal to 0-1.

the mean drag coefficient increased from 0-1 to 0-3. Excluding the case of hovering
flight, mean lift coefficients showed a general tendency to increase with decreased
airspeed. No significant differences resulted when actual wing kinematic para-
meters at particular airspeeds were used instead of mean values.

Relative contributions of the downstroke and upstroke

The vertical forces produced during the wingbeat were calculated from
equations 8-11 by substituting the mean lift coefficient and the assumed mean drag
coefficient for the instantaneous lift and drag coefficients. Fig. 11 shows the
contribution of the downstroke to the total vertical forces produced during the
wingbeat. Weight support in hovering flight is assumed to be equal for the two
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Fig. 11. Vertical force produced by the wings during the downstroke, Fyeqq, as @
percentage of the total vertical force, F., produced during the wingbeat.



Aerodynamics of bumblebee flight 73

T ~T T T
A
o e BB -
\E/ [
S 1»— BBOZ -1
BBO1
1 { 1
0 1 2 3 4
~ i L ¥ )
g oo’ -
21 ppg i
T -2} BBOIe— .
% _l BBO3 i
>< 1 1 [l | -
0 1 2 3 4

Airspeed (ms™?)

Fig. 12. (A) Induced velocity V; as a function of airspeed. (B) Effective body angle x.s
as a function of airspeed.

half-strokes (see Ellington, 1984d). It can be seen that as airspeed increases the
contribution of the downstroke to vertical force production increases; that of the
upstroke correspondingly decreases.

Induced velocity

Fig. 12A shows the variation with forward airspeed of the induced velocity, V;,
calculated according to equation 6. The induced velocity is typically greater than
1ms™', and is thus comparable to the forward airspeed. Fig. 12B gives as a
function of airspeed the effective body angle, x.¢, the body angle relative to the
resultant of the forward airspeed and the induced velocity. It can be seen that in
most cases effective body angles are negative, indicating that the induced velocity
as calculated above will substantially alter flow in the region of the body. Inclusion
of the induced velocity vector in calculations of body drag has, however, little
effect. Atairspeeds of 2-5and 4-5ms™!, the induced velocity reduces body drag by
about 10 %. Only at an airspeed of 1 ms~"' does body drag increase, by up to 30 %.
At higher airspeeds, body drag is reduced because of a decrease in effective body
angle and an increase in Re, both trends tending to reduce the body drag

coefficient.

Mechanical power output

The variation of the individual power components with airspeed was similar for
all insects, and is illustrated for the insect BBO1 in Fig. 13A (using mean kinematic
parameters) and Fig. 13B (which uses the actual kinematic parameters measured
at particular airspeeds). The contribution of parasite power to the power curve
was usually very small. Induced power requirements decreased and profile power
requirements increased substantially with increased airspeed, the sum of the two
components remaining approximately constant. Inertial power requirements
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Fig. 13. Individual components of the power curve for the insect BB01, calculated
with (A) mean kinematics and (B) actual kinematic values for each airspeed. Pp,,,
parasite power; Ppnq, induced power; P, profile power; Py, power required to
accelerate wing mass and virtual mass over the first half of a half-stroke.

averaged over a half-stroke were, in general, greater than the sum of the other
components averaged over the same time interval. Curves calculated with mean
kinematic values were generally much smoother than those determined with actual
kinematic values at each airspeed. The power curves to follow were all calculated
using mean kinematic parameters.

For all bumblebees, the variation of body mass-specific mechanical power
output, P*, with forward airspeed is given in Fig. 14 for perfect elastic energy
storage and in Fig. 15 for zero elastic energy storage. In general, the mechanical
power curves exhibit very shallow minima, and mechanical power requirements
are approximately independent of forward airspeed.
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Fig. 14. Variation of body mass-specific mechanical power output, P*, with airspeed,
assuming perfect elastic energy storage. (A) Mean profile drag coefficient of 0-1.
(B) Mean profile drag coefficient of 0-3.
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Fig. 15. Variation of body-mass specific mechanical power output P* with airspeed,
assuming zero elastic energy storage. (A) Mean profile drag coefficient of 0-1.
(B) Mean profile drag coefficient of 0-3.

An aerodynamic efficiency 7, may be determined from the ratio of the induced
power to the sum of the profile and induced powers. Values of 7, ranged from 0-3
to 0-6, and tended to decrease with increased airspeed. Values calculated for
hovering flight were comparable to those determined by Ellington (1984d).

Discussion
Body drag

In general, detailed drag coefficient data are not available for the Re range
relevant to insect flight. The body drag coefficients (based on plan area) obtained
in the present study ranged from 0-12 to 0-95, depending upon airspeed and body
angle. Plan area of the body was chosen as the reference area for the calculation of
force coefficients because of the conventional practice of using wing planform area
to calculate force coefficients for wings. This is a somewhat arbitrary decision but
is consistent with an interest in the lift forces produced by the body. By using the
area data presented in Table 1, however, it is possible to calculate drag coefficients
based on frontal area, which can then be compared with other published results.
At an Re of 1000, the mean drag coefficient for bumblebee worker bodies, based
on frontal area at a body angle of 0°, was 1-0, decreasing to 0-63 at an Re of 4000;
all Re values are based on body length. These drag coefficients may be compared
with those for a locust (Weis-Fogh, 1956) and a cockchafer beetle (Nachtigall,
1964); coefficients based on frontal area, with the body arranged approximately
parallel to the air stream, were approximately 1-47 and 0-48 at Re values of 8000
and 4000, respectively (Vogel, 1981). Hocking (1953) determined drag coef-
ficients, based on frontal area at a body angle of approximately 0°, of 1-1 for larger
flies (Tabanidae, Culicidae), and values of up to 2-3 for smaller species. A
Drosophila body at the much lower Re of 300 has a drag coefficient based on
frontal area equal to 1-16 (Vogel, 1981), while for pigeons and vultures the body



76 R. DupLEY AND C. P. ELLINGTON

drag coefficient based on frontal area was found by Pennycuick (1968a, 1971) to be
approximately 0-43 over an Re range from 10° to 10°.

The drag coefficient values for bumblebee queens and workers (Fig. 3A,B and
the results quoted above) may be compared with those of simple geometrical
objects at similar Re values. A sphere has a Cp of 1-0 at Re = 107, decreasing to
0-4 at Re~3x10> and remaining at 0-4 for Re= 10 The infinite cylinder, with
flow normal to its long axis, has a Cp of 1-1 at Re~10%, decreasing to 1-0 at
Re=~10* (Hoerner, 1958). No source could be found for drag coefficients of
streamlined bodies in this Re range. However, Hoerner (1958) presents equations
which yield approximate values based upon considerations of the pressure drag of
spheroids and the additional skin friction drag of a streamlined body. A
streamlined body with a maximum ratio of thickness to length of 37 % is predicted
to have a Cp, based on plan area of 0-24 at an Re of 10°, decreasing to 0-18 at an Re
of 10*. A body with maximum ratio of thickness to length of 25 % is predicted at an
Re of 10° to have a Cp, based on plan area of 0-16, decreasing to 0-1 at an Re of 10*.
The lower ratio of thickness to length is most appropriate for comparison with
bumblebees, given their mean body diameter (Dudley & Ellington, 1989). The
body drag coefficients obtained in the present study are similar to those for the
sphere and are generally greater than those of the aforementioned streamlined
bodies; the values thus fall between the extremes of fully separated and
streamlined flow.

Some indication of the significance of streamlining may be given by considering
the ratio of drag forces on the body facing into the wind to the forces acting on the
body when reversed by 180°. Over the airspeed range of 3-5ms™!, this ratio
averaged 1-53 for a bumblebee queen and 1-45 for a bumblebee worker; these
values are not significantly different. The ratios for bumblebees may, however, be
compared with the results for Drosophila at the much lower Re of 300 (Vogel,
1981); drag on a reversed fuselage increased by only 10 %, at airspeeds between 1
and 2ms~'. Effects of streamlining are more pronounced at higher Re, which
probably accounts for the greater reversed drags of bumblebees in comparison
with Drosophila. Drag forces on the reversed bumblebee fuselages may be
particularly high because of the generally posteriorly pointing hairs on the
abdomen. As has been noted by Vogel (1981), however, the ratio of body drag to
weight is generally small for flying insects, and drag minimization in these cases
may not be particularly important.

The decrease of body drag coefficients with increasing Re (Fig. 3A,B) is of
interest in that parasite drag and concomitant parasite power may not increase as
rapidly at higher flight speeds as had been previously considered, or alternatively
may be higher at lower speeds. Drag coefficients of streamlined bodies, aerofoils
and strut sections generally decrease as Re increases from 10° to 10°, while the
coefficients of spheres and circular cylinders are approximately constant in the Re
range 10°~10° and increase at lower Re values (Hoerner, 1958). Results similar to
those of the current study can be seen in the drag data for insect bodies given by
Hocking (1953), Weis-Fogh (1956), Vogel (1966) and Chance (1975); in none of
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these studies does drag increase directly in proportion with the square of the
airspeed. Lift coefficients also show, in common with drag coefficients, a tendency
to decrease with increased Re over the range tested (Fig. 4A,B).

A decrease in the drag coefficient with decreased body angle was also observed
(Fig. 3A,B) and, since body angle decreases with increased flight speed in
bumblebees (Dudley & Ellington, 1990), parasite drag and power are even further
reduced. Rayner (1979) discusses for avian flight the possible effects of body tilt on
the body drag coefficient, and models these effects by the form of the equation for
the drag of a tilted circular cylinder. Csicsdky (1977) presents drag data for models
of zebra finch bodies which show a dependence of the drag coefficient upon the
body angle similar in form to that of Rayner’s model, although the coefficients are
of a lower absolute magnitude. The construction of power curves relating
mechanical power output to forward velocity of flying animals (e.g. Pennycuick,
1975) will in future need to incorporate the effects of changes in body drag
coefficients resulting from varying body angles and Re over the range of flight
speeds being considered. The power curves presented above for bumblebees in
forward flight include the effects of variable body drag coefficients. Until a more
precise characterization of the flow field around the body is available, it is probably
best not to introduce the induced velocity into such force calculations.

Body lift

Lift forces on insect bodies have been found, with one exception, to be generally
less than 10 % of the body weight for airspeeds and angles of attack representative
of forward flight. Hocking (1953) claimed that, for a honeybee at maximum flight
speed, up to one-third of the body weight could be supported by lift on the
fuselage; however, measurements with the current experimental setup of body lift
on a 157 mg honeybee revealed that only 8 % of the insect’s weight was supported
by body lift at a body angle of 15° and an airspeed of 5ms™!, increasing to 14 % at
a body angle of 45°. Nachtigall (1964) showed that for a cockchafer beetle only 3 %
of the body weight was supported by the body lift, at an airspeed of 2-25ms~* and
a fairly high body angle of 40°. Wood (1970) found that only very small amounts of
lift were produced by dipteran bodies, typically 4% of the body weight at
velocities of 2ms™' and a body angle of 10°. Chance (1975) measured body lift
forces equal to 10% of the body weight for a noctuid moth, at an airspeed of
4ms~! and a body angle of 26°. Csicsdky (1977) has measured lift forces equal to
15% of the body weight on models of zebra finch bodies, at an airspeed of
4-5ms™! and a body angle of 25°. Using the morphological data of Table 1 and the
measured lift coefficients to calculate lift forces, it can be shown that, for
bumblebees, body lift at the body angles typical of forward flight is less than 10 %
of the total weight of the animal, a small but nonetheless significant amount that
should be taken into account in any analysis of the overall force balance.

Wing characteristics

Measurements of drag forces on real insect wings reflect the contribution of both
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profile drag and induced drag, the latter being a consequence of the tip vortices
formed on a wing of finite span. Profile drag is composed of pressure drag and skin
friction, the former resulting from the separation of flow from the wing prior to
reaching the trailing edge, and the latter a consequence of viscous forces in the
boundary layer. For wings of elliptical planform, the induced drag coefficient
Cp.ing is typically estimated from the following formula:

CD,ind = Ci/ﬂfx‘R > (19)

where AR is the aspect ratio of the wing pair. The planform of bumblebee wings is
not elliptical and, moreover, for these wings the relationship between the total
drag coefficient and the square of the lift coefficient is not linear, as has similarly
been reported for a variety of bird wings (Withers, 1981); induced drag
coefficients, and hence profile drag coefficients, cannot therefore be estimated
using equation 19. As noted by Ellington (1984b), the induced drag coefficient is
minimal when lift on the wing is zero, and to estimate the minimum profile drag
coefficient it is sufficient to consider the minimum drag coefficient measured for a
wing. These values typically range from 0-3 to 0-1 for bumblebee wings at Re
between 200 and 1200.

It is useful to compare the minimum drag coefficients measured for bumblebee
wings with theoretical predictions. The theoretical value of the drag coefficient
Cp of a flat plate oriented parallel to flow, with drag forces being solely
attributable to skin friction, is given by (Prandtl & Tietjens, 1957):

Cps=133Re™ /%, (20)

Values of Cp min for real bumblebee wings reflect a small additional component of
pressure drag, and are 2-3 times the theoretical values for flat plates (Table 2); a
similar result was found for Drosophila wings (Vogel, 1967). The variation of
Cp,min With Re for the bumblebee worker of Fig. 8 is very similar to that derived
from the data on Drosophila wings (Ellington, 1984b). For the bumblebee wing,
Cp,min = 4-84Re™ %2 while for Drosophila, Cp min = 4-8Re™ "%,

Lift on insect wings initially increases with increasing angle of attack to some
maximum value. The lift coefficient Cp for a theoretical aerofoil of infinite span
under steady-state conditions can be derived as C|_ = 2na’, where o' is the angle
(in radians) of incidence of the aerofoil measured with respect to the zero-lift
angle. The slope of the lift—incidence curve at small angles of incidence is
therefore 2, and this value decreases with the aspect ratio for wings of finite span.
In the range of a’ from 0° to 5°, dC;/da’ ranges from 2-0 to 0-9 for bumblebee
wings, values which are generally lower than previously published results for insect
wings (Ellington, 1984b). For example, dC; /da' is 2-2 for a flat Drosophila wing
and 4-0 for a Tipula wing.

The three-dimensional, corrugated character of insect wings may result in
bubbles of air being trapped between the veins of the wings, increasing the
effective profile of the wing (Newman et al. 1977). Leading-edge separation
bubbles may have a similar effect (Ellington, 1984b). If the effective profile of the
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wing changes with angle of attack, net air circulation about the wing could also
change and result in lift coefficients different from those of the theoretical
calculation. The slope of the lift—incidence curve is very dependent upon the
circulation distribution, as is clear from considering the effects of wing camber.
Cambering of model Drosophila wings increased the slope of the lift—incidence
curve by about 20 % (Vogel, 1967).

Conventional aerofoils in the Re range 10°-10° have a maximum C;_of about
0-85 (Hacklinger, 1964), while theoretical calculations of maximum lift coefficients
at low Re suggest values of less than 1 (Liebeck & Ormsbee, 1970). For the locust
forewing, Cp_ max is about 1-13 at an Re of 4000 (Jensen, 1956), about 0-90 at an Re
of 1200 for a damselfly wing (Rudolph, 1976), about 0-85 for a Tipula wing at an Re
of 1000 (Nachtigall, 1977) and 0-87 for a Drosophila wing at an Re of 200 (Vogel,
1967). These values of Cy nax are somewhat higher than the values for Bombus
terrestris wings, which range from 0-8 to 0-6 at Re between approximately 500 and
1500. As has been previously reported for insect wings, the abrupt stall after the
attainment of maximum lift, which is typical of aerofoils at higher Re, does not
occur. Instead, the lift coefficient declines after this point only gradually from its
maximum value. Leading-edge separation bubbles apparently increase the effec-
tive camber of the wing and inhibit stalling by causing the reattachment of the
separated boundary layer (Ellington, 1984b).

The decrease of Cp nax With increased Re (see Table 2) is an unexpected
phenomenon of considerable interest. Nachtigall (1981), in a study on models of
locust wings, showed that as the Reynolds number increased from 1-1x10*
(mistakenly given in the original paper as 1-1x10°) to 2:0x 10*, the maximum lift
coefficient of a flat wing model decreased from 0-85 to 0-80, and that of a wing
modelling the downstroke profile decreased from 1-25 to 1-15. Surprisingly, Cy max
of a wing modelling the upstroke profile increased from 1-05 to 1-15 over the same
Reynolds number range. Ellington (1984b) has emphasized the significance of
leading-edge bubbles in changing the effective profile, and hence aerodynamic
characteristics, of aerofoils with thin leading edges in this Re range; it seems likely
that the observed variation in Ci max is a consequence of spatial and temporal
changes in the leading-edge bubble formed on bumblebee wings. For example, an
increase in the frequency of vortex shedding from the wing, as would occur at
higher Re, might result in smaller leading-edge bubbles with lower circulations,
reducing the mean lift of the wing.

Trailing-edge wing flaps are used primarily to increase the lift of a wing (with a
concomitant drag increase) at low airspeeds. Hoerner & Borst (1975) review
experimental results for a wide variety of trailing-edge flaps. The wing profiles
visible in high-speed films (Dudley & Ellington, 1990) at the end of half-strokes
seem most similar to the ordinary or plain type of flap, in which the posterior
region of the wing is set at some angle relative to the anterior region. Significant
flow separation above the plain flap means that lift coefficients are not as high as
they might be otherwise (in cases of slotted or split wing flaps), and that drag
forces on the wing are significantly increased. For a flapped rectangular model
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wing at an Re of 6X 103, lift coefficients increase with increased angle of attack
from @ = —15°to o= +13° or so, and then drop sharply (Hoerner & Borst, 1975).
Increasing flap deflection at a low angle of attack results in higher lift coefficients
up to flap deflections of approximately 70°, after which lift coefficients slowly
decline. The results for bumblebee wings and wing models show that lift
coefficients are increased by a flap-deflected high wing at higher angles of attack
than is the case at higher Re. (Drag forces are also increased, as indicated by the
decrease in lift-to-drag ratios for flapped bumblebee wings; see Table 2.) Jensen
(1956) showed that the flap profile typical of the late downstroke in the locust
increased maximum lift coefficients of the wing. Nachtigall (1981), investigating
similar wing configurations, showed that flapped wing profiles during the down-
stroke generated higher lift forces at small and medium angles of attack than did a
flat wing, but produced less lift at high angles of attack. Although flapped wing
profiles in the forward flight of bumblebees are most pronounced at the end of
half-strokes, when translational velocities are lowest, some increase in lift forces
seems likely.

Force coefficients

The mean coefficient method is a useful technique for estimating the lift and
power requirements of flying animals. In bumblebees, effective angles of incidence
of the wings were demonstrated to be constant from the downstroke to the
upstroke, thereby satisfying the assumptions of the mean coefficient method.
Although it is tempting to solve for unique values of the mean lift and drag
coefficients using the vertical and horizontal force balances, it is probably best not
to use the horizontal force balance for this purpose. Calculated horizontal
components of the wing lift and drag are very dependent upon estimates of the
relative velocity and effective angle of incidence, which for flapping wings are
difficult to specify precisely. The approximation of the induced velocity field by a
constant induced velocity along the wing and through the wingbeat will introduce
an unknown inaccuracy into such estimates. It is, however, sufficient to consider a
range of likely mean drag coefficients to determine lift and power requirements of
forward flight. Fortunately, mean lift coefficients calculated considering only the
vertical force balance are almost independent of the assumed mean drag
coefficient over the likely range of values.

Mean lift coefficients for bumblebees in forward flight, calculated according to
quasi-steady aerodynamic theory, were never less than one, while maximum lift
coefficients measured on bumblebee wings under conditions of steady-state flow
generally did not exceed one. Cambering and flap-deflected hindwings were
demonstrated to improve the lifting performance of wings, but not to the extent
required for maximum lift coefficients to exceed the calculated mean lift
coefficients. Ellington (1984d) demonstrated that, in hovering flight, unsteady
aerodynamic mechanisms are required to generate the requisite forces for weight
support. This finding, in conjunction with the present results, indicates that for
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flying bumblebees unsteady aerodynamic mechanisms are operating at all air-
speeds examined, from hovering to fast forward flight.

Furthermore, lift forces on the wings will be less than those predicted by the
quasi-steady analysis because of the Wagner effect (Ellington, 1984b), the time-
dependent growth of the circulation and lift to steady-state values. For example,
after six chords of travel, lift on a wing section starting from rest is only 90 % of the
quasi-steady value. In hovering flight, when the distance travelled by a wing chord
is least, the Wagner effect should be more prominent than in forward flight. Even
at a flight speed of 4-5ms~!, bumblebee wings travel only about seven chord
lengths during the downstroke and a much smaller distance during the upstroke,
so the Wagner effect is still important. It may therefore be concluded even more
strongly that unsteady effects are acting in the forward flight of bumblebees.

In addition to the quasi-steady analysis, unsteady wing theories have also been
applied to flapping animal flight (e.g. Mollenstadt, 1980; Phlips et al. 1981). In
these theories, the temporal variations in wing motion are assumed to be small,
and the wake does not move under its own velocity field. These approximations
are not realistic for the hovering flight of insects (Ellington, 1984c¢) and, given the
advance ratios typical for bumblebees in forward flight, are also not appropriate
for the present study. Vortex theories have also been developed for forward
animal flight (Cone, 1968; Rayner, 1979). These theories offer refined estimates of
the induced velocity and induced power requirement given a particular aerody-
namic mechanism, but do not evaluate the likelihood of this mechanism actually
operating in flight. Even simplified versions of the vortex theory involve excessive
computation and, because of assumptions concerning the wake geometry, are not
appropriate for the low advance ratios typically found for flying insects.

Possible aerodynamic mechanisms for improving the lift performance of insect
wings have been discussed by Ellington (1984b). Delayed stall, whereby transient
high lift is produced on an aerofoil at angles of attack greater than the stalling
angle, could increase lift. A translating aerofoil with a simultaneously increasing
angle of attack also experiences increase lift (Kramer’s effect). In hovering flight,
effective angles of incidence rule out both these mechanisms as candidates for
producing the lift required for weight support, and a similar argument suggests
that these mechanisms of lift enhancement are also not particularly significant in
forward flight. Wing rotation per se at either end of the wingbeat is, however,
likely to be of greater significance. Circulation is produced by both wing
translation and wing rotation; calculations for hovering flight show that the
circulation associated with rotation at the ends of half-strokes is comparable to the
circulation associated with translation (Ellington, 1984b). Although rotation
decreases, and translation during the downstroke increases, with increased
airspeed, translation during the upstroke is nonetheless approximately equal to or
even less than that in hovering flight, and the circulation resulting from wing
rotation may therefore still be comparable to that of wing translation. Ellington
(1984b) proposed for hovering flight a mechanism based upon the observed wing
flexion during rotation which would allow the circulation associated with wing
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rotation to be used advantageously on the following half-stroke. Wing flexion
similar to that described for hovering flight was a feature of forward flight in
bumblebees (Dudley & Ellington, 1990), although the extent of flexion was
progressively reduced at higher airspeeds. This may be correlated with the
reduction in the mean lift coefficient at higher airspeeds.

The analysis of pitching moments indicated that pitching moments predicted by
a quasi-steady analysis were, in general, well in excess of those required to
produce the body angles observed in free flight. This result suggests that lift
production is not symmetrical about the mean positional angle ¢, as is predicted by
the quasi-steady analysis for a wing in simple harmonic motion. By varying lift
production at the ends of half-strokes, possibly by different angular velocities of
wing rotation or by controlling wing separation, the lift distribution over the
wingbeat could be controlled so as to produce the pitching moments necessary for
forward flight.

The relative contributions to vertical force production of the downstroke and
upstroke were demonstrated to change gradually with airspeed: the downstroke
progressively became more important in the production of vertical force as
airspeed increased. Little, or even negative, vertical force was produced by the
upstroke at the higher airspeeds examined. Since in the downstroke the wings are
moved forwards and downwards, and are moved downwards at a steeper stroke
plane angle as airspeed increases, it is not surprising that the downstroke gradually
assumes a greater importance in weight support with increased airspeed.

A quantitative treatment of the relative contributions to thrust generation of the
downstroke and upstroke was not possible, because of the aforementioned
problems with the horizontal force balance. It is probable, however, that the
upstroke is primarily associated with thrust production and contributes little to
weight support. It is clear that the wing is aerodynamically active during the
upstroke, because effective angles of incidence during the upstroke were positive
and of approximately the same magnitude as those during the downstroke. The
positive effective angles of incidence indicate that, during forward flight, lift on the
wing will be directed forwards and upwards, while wing drag will be directed
forwards and downwards. Vertical components of the wing lift and drag are
therefore of opposite sign, and the net effect of the upstroke will be primarily the
production of a horizontal force. This interpretation is in accord with the finding
that vertical forces produced during the upstroke are small compared to those
produced during the downstroke. The magnitude of the horizontal force produced
during the upstroke will tend to increase with increased airspeed, because the lift
on the wing during the upstroke will point progressively more forward. This
gradual change in the direction of wing lift during the upstroke occurs because of
the constancy in effective angles of incidence coupled with the increase in stroke
plane angle that accompanies an increase in forward airspeed. Fig. 16 summarizes
for different airspeeds the wing orientations and directions of forces produced
during the downstroke and upstroke.

There is unfortunately little information available on the aerodynamic role of
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Fig. 16. Wing tip paths, wing orientation and direction of lift forces (L) during the
downstroke and upstroke for the bumblebee BBO1 in free flight at various flight
speeds. The arrows indicate the direction of flight. Wing motion is sinusoidal. Effective
angles of incidence were calculated using mean kinematic parameters for the airspeed
range, and incorporate effects of the induced velocity. The wing section represented is
the most proximal one-third of the wing (Dudley & Ellington, 1990); qualitatively the
arguments are equivalent for other wing sections. Magnitudes of the lift are not scaled
according to relative velocity of the wing section.

the upstroke in the forward flight of insects. Jensen (1956) concluded for a tethered
desert locust that the downstroke was primarily responsible for lift and thrust
production, with the upstroke contributing only a small amount of thrust to the net
force balance. Jensen’s analysis, as. mentioned previously, relied upon only
approximate calculations of effective angles of incidence, and also probably used
erroneous force coefficients for the wings (Ellington, 1984b); it should therefore
be treated with some caution. Brodskii & Ivanov (1984), using flow visualization,
showed for a tethered skipper (Adopaea lineola Ochs.) that the upstroke is
aerodynamically active and contributes primarily to the production of thrust. This
experimental result is in accord with the above discussion on the role of the
upstroke, although it should be emphasized that skippers have a wing loading and
wingbeat frequency much lower than those of bumblebees.

In contrast to the situation for insects, there now exist considerable data about
the aerodynamic role of the upstroke in the forward flight of bats and birds.
Rayner et al. (1986) demonstrated, using flow visualization, that in the noctule bat
the function of the upstroke changes as forward airspeed changes. Aerodynamic
lift on the wing, resulting primarily in thrust, was generated during the upstroke at
high airspeeds. No significant lift was produced by the wing during the upstroke at
low flight speeds. In the long-eared bat, for which Norberg (1976) had deduced a
weak lift on the wing during the upstroke, producing primarily thrust, Rayner et al.
(1986) could find no evidence that the upstroke is active at any speed, although
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very weak lift may not be visible by flow visualization. Aldridge (1986) investi-
gated the effective angles of incidence and the wing path characterizing the
forward flight of the greater horseshoe bat. He concluded that at low flight speeds
thrust was generated during the upstroke, while at high speeds the upstroke
contributed to weight support and generated a negative thrust. It has been shown
experimentally for the slow flight of the pigeon (Spedding et al. 1984) and of
finches (Kokshaysky, 1979) that the upstroke does not contribute significantly to
the force balance. Diverse aerodynamic functions of the upstroke in the forward
flight of bats and birds have thus been demonstrated. A reconstruction using flow
visualization of the vortex wake of insects in free flight would permit an
experimental evaluation of the roles deduced above for the aerodynamic function
of the downstroke and upstroke in the forward flight of bumblebees.

The widespread belief that bumblebee flight is incompatible with quasi-steady
aerodynamics is well supported here. As best we can determine, the first
quantitative demonstration that mean lift coefficients characterizing bumblebee
flight are in excess of quasi-steady values was that of Osborne (1951). In contrast,
it has generally been assumed by biologists that quasi-steady aerodynamics are
sufficient to produce the forces required in the fast forward flight of insects. This is
based primarily on the results of Jensen (1956) for tethered locusts. It is, however,
unlikely that quasi-steady aerodynamics characterize even fast forward flight in
locusts: Cloupeau et al. (1979) have shown that at high advance ratios the vertical
forces produced by tethered locusts are well in excess of those predicted by quasi-
steady theory. Using free-flying bumblebees as a case study, we have shown that
fast forward flight is incompatible with quasi-steady aerodynamics. The exact
nature of the unsteady aerodynamic mechanisms characterizing insect flight is
clearly of importance in understanding the evolutionary success of the Insecta and,
as such, merits extensive investigation.

Mechanical power output

No consistent trend relating mechanical power output and forward airspeed was
observed for bumblebees in free flight, although in some cases very shallow
U-shaped curves were evident. Parasite power at the airspeeds considered was
always small in magnitude. Therefore, at these airspeeds, calculations of body
drag using variable body drag coefficients will not produce power calculations
substantially different from those assuming a constant value. In contrast to
parasite power, profile power was always a significant component of total power
requirements, and increased markedly from 1 to 4-5ms™!. This increase in profile
power, coupled with a comparable decrease in induced power, resulted in an
approximately constant aerodynamic power requirement over the range of
airspeeds considered, largely accounting for the flatness of the mechanical power
curve. It is noteworthy that straightforward application of a Pennycuick-type
model with the assumption of a constant profile power component would predict
very pronounced U-shaped power curves with deep minima. The general
correspondence between the present calculations of mechanical power output at
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low speeds, and those calculated by Ellington (1984d) using a more detailed
aerodynamic model, suggests that the values of mechanical power requirements
determined in the present study are reliable.

If flight muscle efficiency does not vary with forward airspeed, then metabolic
power input will parallel mechanical power output and similarly remain approxi-
mately constant from hovering to fast forward flight. Changes in muscle efficiency
will most probably be correlated with changes in contraction mechanics of the
muscle. As demonstrated above, the magnitude of the resultant force vector
produced in forward flight by the beating wings is relatively constant over the
range of airspeeds examined. Only the direction of the vector changes, pointing
slightly more forward as airspeed increases. Since muscle strain and strain rate are
also unlikely to change with airspeed, given the generally invanant wing
kinematics, large changes in muscle efficiency over the range of airspeeds
considered would be surprising.

The maximum power output of fibrillar flight muscle is not likely to exceed
200 W kg~ ! of muscle (Ellington, 1984d; Ellington, 1985). Given the total mass of
flight muscle of a flying animal, it is therefore possible to determine its maximum
power output. Thoracic masses for those insects filmed in free flight were given, as
a fraction of body mass, in Dudley & Ellington (1990). J. H. Mayberry (personal
communication) has determined for Bombus pascuorum queens, workers and
drones a mean ratio of flight muscle mass to thoracic mass of 0-87 (N =12,
s.p. = 0-03). Using this ratio for Bombus terrestris, the ratio of flight muscle mass
to body mass is about 30 %, and the mean maximum power output of the
bumblebees filmed in free flight is then approximately 56 W kg™ 'body mass.
Comparing this result to the values of mechanical power output given zero elastic
energy storage (Fig. 15), it can be seen for most of the bumblebee sequences
examined that the maximum power available from the flight muscle exceeds the
mechanical power required when there is no elastic storage of energy. Thus, on the
grounds of power requirements alone, elastic energy storage cannot be deemed
essential in forward flight, as some power supplementary to aerodynamic
requirements is available to oscillate the wings. Ellington (1984d) concluded for
bumblebees that little energy was available for inertial power requirements.
However, his calculations were based on a ratio of flight muscle mass to body mass
of 0-14, as given by Greenewalt (1962), which is about half the actual value for
bumblebees.

Comparing mechanical power outputs with and without elastic energy storage, it
is clear that substantial energy savings can result if the kinetic energy of the
oscillating wing mass and wing virtual mass is stored elastically at the end of a half-
stroke and used to accelerate the wing in the following half-stroke. As identified
principally by Weis-Fogh (1959, 1965, 1972, 1973), likely elastic components of the
flight system are the skeletal cuticle, protein elastomers (e.g. resilin) and the flight
muscle itself. The relative importance of these components is not known, although
Ellington (1984d) concluded that the fibrillar flight muscle of Hymenoptera must
act as a substantial energy store (see also Alexander & Bennet-Clark, 1977).
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Indeed, the flight muscle alone may be capable of storing all the kinetic energy
involved in a half-stroke. Given that the maximum energy that can be stored
elastically in fibrillar muscle is about 1-3Jkg~! muscle (Alexander & Bennet-
Clark, 1977), the total energy that can be stored in the muscles of the bumblebees
filmed in free flight may be calculated. For the three bumblebees, the kinetic
energy of a half-stroke was only about half the maximum that could be stored by
the muscle mass (about 0-76 Jkg™' muscle). Thus, the flight muscles alone could
store all the kinetic energy of the oscillating wings. This conclusion is opposite to
that of Ellington (1984d), who calculated lower values for the maximum kinetic
energy that could be stored in the flight muscle. In the present study, the larger
ratios of flight muscle mass to body mass, as mentioned above, account for the
greater values of energy storage in the flight muscle.
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