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Figure 7. Overall efficiency of the flight muscle, ry' , 
assuming zero elastic energy storage. (a) i1ean profiTe drag 
coefficient assumed to be 0.1. (b) Mean profile drag coefficient 
assumed to be 0.3. Symbols as follows: • , BB01; A, BB02; ., BB03; 
0, HF01; �~�,� HF02; 0, HFIZl3. 
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DISCUSSION 

Values of mechanical power output calculated in the 

present analysis may not be entirely representative of the 

actual values. Profile and inertial power requirements are 

both roughly proportional to the cube of the wingbeat 

frequency. If the values of wingbeat frequency obtained from 

short high-speed film sequences deviate substantially from 

the mean value measured over a longer time period (Chapter 

11), then considerable errors would be introduced into the 

calculations of mechanical power requirements. Indeed, 

calculations of profile and inertial power requirements using 

a constant wingbeat frequency for the different flight speeds 

considerably reduced the variance of the mechanical power 

requirements given in Figs. 3 and 4. Whether or not the 

assumption of invariant wingbeat frequency and other 

kinematic parameters (apart from the stroke plane angle) is 

justified for the airspeed range considered here deserves 

further experimental consideration. 

For both bumblebees and hoverflies, no consistent trend 

relating mechanical power output and airspeed was observed, 

although in some cases 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 (Chapter 11) will not produce power calculations 
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substantially differ~nt from those assuming a constant value. 

In contrast to parasite power, profile power was always a 

significant component of total power requirements, and showed 

a marked increase from 1 m/s to 4.5 m/sa 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 'U-shaped' power curves 

with very deep minimums, which in conjunction with the 

available energetic data would suggest considerable variation 

in muscle efficiency. 

Measured rates of oxygen consumption of hoverflies 

indicated a shallow 'U-shaped' curve relating metabolic power 

input to airspeed, while for bumblebees the rate of oxygen 

consumption during forward flight was independent of airspeed 

over the range examined. Using profile drag coefficients of 

0.1 and 0.3, calculated muscle efficiencies in forward flight 

were generally less than 12%, for perfect elastic storage, 

and between 12% and 20%, for zero elastic storage. Similar 

efficiencies were found by Ellington (1984f) for bumblebees 

and hoverflies in hovering flight. Muscle efficiencies for 

forward flight were in general independent of airspeed. Only 

in a few cases did muscle efficiencies vary by more than 3% 
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in absolute terms over the airspeed range considered, given 

perfect elastic storage. For the case of zero elastic 

storage, systematic variation with airspeed of muscle 

efficiencies was greater, but as will be discussed below at 

least some elastic energy storage is likely. Given the 

variability in the metabolic data, the absence of consistent 

trends for either bumblebees or hoverflies taken together as 

a group, and the approximations in the calculations of 

mechanical power output (e.g. the assumption of a temporally 

and spatially constant induced velocity), muscle efficiencies 

may therefore be considered to be approximately constant over 

the range of flight speeds considered. 

Changes in muscle efficiency would most probably be 

correlated with changes in contraction mechanics of the 

muscle. As was demonstrated in Chapter 11, 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 forwards as airspeed 

increases. Since muscle strain and strain rate are also 

unlikely to change with airspeed given the generally 

invariant wing kinematics, large changes in muscle efficiency 

over the range of airspeeds considered would be surprising. 

The general correspondence between mechanical power output 

calculated at low speeds using a refined Pennycuick-type 

model, and that calculated by Ellington using a much more 
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detailed aerodynamic ~odel, ~uggests that the values of 

muscle efficiency determined in the present study for forward 

flight are reliable. 

The maximum power output of fibrillar flight muscle is 

not likely to exceed about 200 W per kg of muscle (Ellington, 

1984f; 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 Chapter 11. J.H. Mayberry (pers. comm.) has 

determined for Bombus pascuorum queens, workers, and 

drones a mean ratio of flight muscle mass to thorax mass of 

0.87 (N=12, s.d . =0.03). Using this ratio for Bombus 

terrestris and, in the absence of additional data, for 

Eristalis tenax, the mean maximum power output of the 

bumblebees and hoverflies filmed in free flight was 

determined to be approximately 56 W per kg body mass. 

Comparing this to the values of mechanical power output given 

zero elastic energy storage (Fig. 4), it can be seen for most 

of the hoverfly and bumblebee sequences examined that the 

maximum power available 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 (1984f) concluded for 
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drone-flies and 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 

value from Mayberry's new measurements. 

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 (e.g. 1972, 1973), likely elastic components of the 

flight system are the skeletal cuticle, protein elastomers, 

and the flight muscle itself. The relative importance of 

these components is not known, although Ellington (1984f) 

concluded that the fibrillar flight muscle common to both 

Hymenoptera and Diptera must act as a substantial energy 

store (see also Alexander and Bennet-Clark, 1977). Indeed, 

the flight muscle alone may be capable of storing all of the 

kinetic energy involved in a half-stroke. Given that the 

maximum energy that can be stored elastically in fibrillar 

muscle is about 1.3 J per kg muscle (Alexander and 

Bennet-Clark, 1977), the total energy that can be stored in 

the muscles of the insects filmed in free flight may be 

calculated. For all insects, the kinetic energy of a 

half-stroke was only about half the maximum that could be 
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stored by the muscle mass (about fll.76 J per kg muscle for the 

bumblebees and 0.64 for the hoverflies). Thus, the flight 

muscles could store all of the kinetic energy of the 

oscillating wings. This conclusion is opposite to that of 

Ellington (1984f), who calculated lower values for the 

maximum kinetic energy that could be stored in the flight 

muscle. In the current study, the larger ratios of flight 

muscle mass to body mass, as mentioned above, account for the 

greater values of energy storage in the muscle. 
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