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Summary

Maximum isometric force output by single muscles has
long been known to be proportional to muscle ma8$7, i.e
to muscle cross-sectional area. However, locomotion often
requires a different muscle contraction regime than
that used under isometric conditions. Moreover, lever
mechanisms generally affect the force outputs of
muscle-limb linkages, which is one reason why the scaling
of net force output by intact musculoskeletal systems
can differ from mas<-67. Indeed, several studies have
demonstrated that force output by intact musculoskeletal
systems and non-biological systems is proportional to
motor mass-0. Here we trace the mechanisms that cause
dragonflies to achieve a change from muscle m&ss
scaling of maximum force output by single flight muscles
to mas$-0 scaling of dynamic force output by the intact
dragonfly flight motor. In eight species of dragonflies,
tetanic force output by the basalar muscle during
isometric contraction scaled as muscle ma%. Mean
force output by the basalar muscle under dynamic
conditions (workloops) that simulatedin vivo maximum
musculoskeletal performance was proportional to muscle
mas$-83 a significant increase in the scaling exponent over
that of maximum isometric force output. The dynamic
performance of the basalar muscle and the anatomy of its
lever, consisting of the second moment of area of the

forewing (d2) and the distance between the muscle
apodeme and the wing fulcrum ¢1), were used to analyze
net force output by the integrated muscle-lever system
(Find). The scaling ofd> conformed closely to the expected
value from geometic similarity (proportional to muscle
mas$-3), whereas di scaled as muscle ma%84 a
significant increase over the expected value from
geometric similarity. Find scaled as muscle mas83¢ and
this scaling exponent was not significantly different from
unity or from the scaling exponent relating maximum
load-lifting by flying dragonflies to their thorax mass.
Thus, the combined effect of a change in the scaling of
force output by the muscle during dynamic contraction
compared to that during isometric contraction and the
departure from geometric similarity of one of the two
lever arm lengths provides an explanation for how mad¢
scaling of force output by the intact musculoskeletal
system is accomplished. We also show that maximum
muscle mass-specific net work and power output available
scale as ma$s*3and mas$§-24 respectively.

Key words: force, work, power, scaling, allometry, dynamic force
output, dragonfly, flight motor, lever arm, basalar muscle, work loop,
load lifting.

Introduction

One of the most clearly established and widely known facts Data from swimming fish (Webb, 1978), running and

in locomotor physiology is that the maximum force exerted byhopping animals (Full et al., 1991; Blob and Biewener, 2001,
a muscle is determined by its cross-sectional area, i.e. tligéewener et al., 1988; Ritter et al., 2001) and flying animals
number of actomyosin cross-bridges working in parallel (Hill,(Marden, 1987) indicate that maximum force output of intact
1950). Because of this relationship and the general shapeusculoskeletal systems scales very nearly aslfias®ore
similarity of most muscles, muscle force output scalesecently, Marden and Allen (2002) have shown that maximum
consistently as muscle ma§& However, muscles rarely exert force output by all types of rotary motors (musculoskeletal
their forces directly on the external environment without somseystems and man-made machines such as piston engines, jets,
form of mechanical linkage in which lever arms and theirand electric motors that use rotary or oscillatory motion to
associated mechanical advantage either enhance or reduce dbeomplish more than simple translational motion of a load)
forces generated by muscles (e.g. Biewener, 1989). Thus, forseales as motor mdgs and can be described by a single
output by intact musculoskeletal systems can be quite differestaling equation in which the motor mass-specific force is
than that of individual muscles, and the scaling of this forc&7+14N kg~ (mean +s.0.).

output can differ markedly from m&<%. The question ofvhy different types of motors show such
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similarity in both the magnitude and scaling of maximal forcemusculoskeletal systems could compensate for the loss of force
output is a complex question that is beyond the scope of thigith increasing size (i.e. the m8$$ scaling of maximum
study. Here, we focus dmow motor mask? scaling of force  force output) in order to achieve mh8scaling of dynamic
output by a biological motor is achieved by examining theforce output by the intact musculoskeletal system.
morphology and mechanics of dragonfly musculoskeletal We examine the possibility that dragonflies depart from
systems in a hierachical fashion, from the static force outpgeometrical similarity in the scaling of lever arm lengths within
of single muscles to the dynamic force output of the intactheir thorax. Insect wing lengths have previously (Greenewalt,
animal. Maximum force output by dragonfly flight muscle 1962, 1975) been shown to scale with r&d&s.e. conform to
mass has previously be shown to scale isometrically with flighkdeometric similarity (lengtiimas8-33, but the scaling of
muscle mass (Marden, 1987). Our objective is to identify hovinternal lever arms used in insect thoracic musculoskeletal
an intact musculoskeletal system changes the scaling of forsgstems is unknown.
output from muscle ma%8’to muscle mas<. Our hierarchical approach started by measuring the
The dragonfly flight motor consists mainly of synchronousmaximum force outputHstap of the basalar muscle while it
muscles that act directly on the wings. Up- and downstrokesas held at constant length (i.e. an isometric contraction). We
muscles insert on opposite sides of an internal pivot or fulcruthen determined mean force output generated by muscles
(Simmons, 1977). As such, the wings combined with fulcraguring oscillatory contraction regimes (i.e. workloops;
and either up- or downstroke muscles act as first and third ordéosephson, 1985) that approximatedivoworking conditions
levers, respectively. We have chosen a downstroke muscle addring maximally loaded flight. This force output will be
its lever system as the focus of our analyses. All references teferred to a$dyn.
force output will refer to maximal force output, unless stated Through its lever systenkayn produced by the muscle is
otherwise. utilized to satisfy inertial and aerodynamic force requirements,
At least two potential mechanisms could account for theéhe latter of which can be further divided into induced, parasite
difference in scaling between isometric force output byand profile force requirements. The mean inertial and
individual muscles and dynamic force output by intactaerodynamic forces act at different distances along the wing.
musculoskeletal systems. First, although maximum isometri€o make our analysis tractable, we chose a single external lever
force output of muscles scales as rf&§sdynamic force arm length @y), the distance along the wing at which the mean
output by the muscle might scale with a higher exponent dueduced aerodynamic force acts (the radius of the second
to differences in mechanics of isometnversusdynamic  moment of wing area; Ellington 1984a).
oscillatory contraction. Small muscles tend to operate at We defined the internal lever arm length as the distance
higher contraction frequencies (Medler, 2002). At highetbetween the muscle apodeme and the forewing fulcdajn (
frequencies, transitions from an inactive (relaxation) to aifhen, assuming that moments are balanced about the wing
active (contraction) state andce versawill constitute a  fulcrum (Fig.1), we calculated the induced force produced by
relatively greater portion of the total contraction cycle of the
muscle, assuming that calcium release and uptake by tl
sarcoplasmic reticulum occurs at a rate that scale | FW .
independently of mass. This would allow relatively less time
for complete cross-bridge activation and relaxation an FWE Ba
therefore a lower proportion of attached crossbridges durin \ d / Find
each cycle (i.e. Rome and Lindstedt, 1998; Rome et al., 199¢ (_A fl‘ T
I

Dynamic force output by small muscles could therefore b
relatively low compared to force output by larger muscles, an
an increase in the scaling exponent that relates force output
muscle mass is expected.

Secondly, the scaling of force output of a musculoskelete
system is a function of the scaling of the dynamic force outpt
and the geometry of lever arms present in the musculoskele: Fayn
system. Biewener (1989) showed that allometry of lever arm
can compensate for unequal scaling of skeletal cross-sectior A/ N,
area and body mass in terrestrial vertebrates. Changes in lir.: _ _ ) )
posture (and associated changes in mechanical advanta!F'g'l' Schematic represgntgtlon of a bagglar muscle .and its third
toward a more upright position of the supporting leg bcmeorder lever system. FWf indicates the position of the wing fulcrum,

| imals f . | fotv f FW represents forewing length and Ba indicates the position of the
prevent large animals from operating at very low safety aCtorapodeme of the basalar muscle. The basalar muscle (yellow)

for stresses acting on the skeleton. produces forceFayn, which is then transmitted througth, the

Departures from geometric similarity in mechanisms thagistance between the basalar apodeme and wing fulcrunaathe
affect force output need not be restricted to terrestricssecond moment of wing area where the mean aerodynamic force
vertebrate locomotion. Geometrical changes withiracts.

d2
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this muscle-lever systenkifd) during maximum performance the flight muscles to an appropriately high temperature.
conditions. Finally, we compared the scaling exponeiiifaf  Dragonflies were then placed on a white floor and stimulated
to that of the induced force output by the intact dragonflyo attempt take-off. They cooled quickly when removed
thoracic musculature during maximum load liftirkgi(). from the incubator and were probably flying at a thoracic
In addition to analyzing the scaling of maximum forcetemperature of approximately 33-34°C. Added loads were
output by the musculoskeletal system, we present scalirigcreased until the specimen was just able to take off from the
relationships for both muscle mass-specific work and poweground. Take-off attempts were recorded using a high-speed
output during maximum load lifting conditions. video camera (Redlake Imaging, San Diego, CA, USA) at
500framess with the camera situated at an angle that
allowed an approximate head-on view of the body & is.
was calculated as maximum load lifted (body mass + added
Animals mass). Mean mass-specifigr was obtained by dividingiitt
Adult male dragonflies (Odonata; Anisoptera) wereby total thoracic muscle mass. Video records of flight attempts
collected with insect nets at several ponds in Centre Countywere analysed using iMovie and NIH imagél software.
Pennsylvania, USA. After capture, dragonflies were placet@lVingbeat frequency and amplitude were calculated over three
into plastic containers containing moistened paper towels armbnsecutive wingbeat cycles and were used with estimates of
transported to the laboratory in a cooler. Containers werte internal lever arm length to calculate the basalar muscle
stored in a refrigerator at°@. Specimens were used in length changes and muscle contraction frequencies during
experiments within 1B of capture. We used eight species inmaximum load-lifting performance. These values were then
total, varying in mean body mass from Ih@ to 1.06g used as input values for the workloop experiments.
(Tablel). Aeshna u. umbrosapecimens were not tested for their
load lifting capability. Consequently, no dynamic force
Muscle measurements (workloops) were performed on these
We studied the performance of the basalar muscle of thepecimens and no values foFing were obtained.
mesothorax (terminology according to Marden et al., 2001)Morphological data and-stat measurements were obtained
which functions as the main depressor of the leading edge &bm Aeshna u. umbrosapecimens, as these data did not
the forewing. It inserts directly on the humeral plate of thedlepend on input values obtained from load lifting experiments.
wing base by means of a tendinous connection to an apodeme
(Snodgrass, 1935). The basalar muscle is not the only muscle Mechanical isolation of the basalar muscle
that contributes to the depression of the forewing. The first Dragonflies were decapitated and their legs and wings
subalar depressor assists the basalar in depression, and troiggped. The abdomen was left intact so that it continued to
smaller muscles (first basalar, second subalar depressor amthmically ventilate the thorax. Using an epoxy resin, thoraces
third subalar depressor) are partly responsible for depressiovith the abdomen still attached were glued into a temperature-

Materials and methods

and supination of the wing (Simmons, 1977). controlled aluminum test chamber. The thorax was set into a
. _ position in which the basalar muscle fibres were running
Load lifting experiments vertically. In order to keep the surrounding air moist and

In order to obtainFijft, we incrementally increased a prevent dessication, a wetted tissue was placed within the
dragonfly’s body mass and examined its capability to lift thichamber. The cuticle surrounding the basalar muscle apodeme
additional mass (Marden, 1987). Lead weights were glued twas cut free, thus mechanically isolating the basalar muscle
the abdomen, after which the dragonfly was placed fofrom the rest of the thorax. A fine suture was tied around the
approximately Imin in an incubator set to 36 to warm apodeme and glued to a modified insect pin suspended from

the lever arm of a lever system (Cambridge Technology 300B,
Table1. Species used in this study and their body mass Cambridge, MA, USA). Before the onsetfatameasurements
and workloop experiments, a micromanipulator controlling the

, ) Body position of the lever arm was used to carefully stretch the
Family Species mass (g) N basalar muscle to its original position, which was determined
Aeshnidae  Anax juniugDrury) 1.06+0.12 10 by comparing it to the position of the neighbouring muscles
Aeshna umbrosa umbrog§é&/alker) 0.62+0.06 3 and wingbase.

Libellulidae Plathemis lydigDrury) 0.45+0.04 9 . .
Tramea laceratfHagen) 0.44+0.05 6 Isometric tetanus experiments
Libellula luctuosa(Burmeister) 0.35+0.04 11 The stimulation frequency used to prod&egiwas 285Hz,
Erythemis simplicicolligSay) 0.23+0.03 8 which yielded maximum static tension for all species
Sympetrum janagCarle) 0.124#0.02 6 in preliminary experiments. An S48 stimulator (Grass
Sympetrum vicinurtHagen) 0.11£0.007 2 Instruments, Quincy, MA, USA) produced trains of On2§

pulses to the basalar muscle through two fine-gauge electrodes

Values are meanssip. for N measurements. inserted on each side of the mesothorax. The intensity of the
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0.5+ phase; Marden et.aR001). Net work produced by the basalar
muscle was measured from the workloop area during the fourth
049 (03 length cycle. Mean force produced during a length cyedg)
E 0.3 Z  was calculated as net work produced divided by the muscle
= 0.2 §  strain during the loop.
9 0.2- [ Stimulation magnitude and duration settings were identical
G 2 tothose described above for the isometric force measurements.
0.11 r0.1 Thoracic temperature was monitored using a fine-gauge
thermocouple that was inserted into the metathorax and
01 | | ) connected to a TC-1000 thermometer (Sable Systems, Las
0 005 010 015 020 025 Vegas, NV, USA). Thoracic temperature during workloop
Time (s) experiments was regulated between 32-34°C.
Fig. 2. Example of raw data obtained during a workloop experiment. Anatomical measurements

The sinusoidal length cycles are shown in red, the timing of 5 thorax and basalar muscle wet mass of dragonflies
stimulation is shown in blue, and resulting tension developed by the . .
ere measured to the nearest g using an analytical

basalar muscle is shown in green. Tension data from the fourth cycﬁé | Th di . | radi f th d ¢
were used for further analyses. alance. The non-dimensional radius of the second momen

of forewing area was calculated according to Ellington

(1984a) and multiplied by forewing length in order to obtain
stimuli was set to a level that produced maximal twitch tensiordz. To measurely, the internal lever arm length, a section of
this level was generally about M0 The maximum force the dorsal thorax containing a forewing fulcrum and basalar
produced during a period of Os5of complete tetanus was apodeme was cut out of the thorax, after which all muscle
recorded. Isometric tetanus experiments were performeahd soft tissue except for the apodeme of the basalar muscle
approximately 10nin after workloop experiments (see below); was removed (Fig3). Micrographs were taken using a
we chose this order of experiments because our muscl2C200 digital camera (Leica, Cambridge, UK) attached to a
preparations frequently performed poorly after being subjecteldeica MZ 125 microscope and analysed using NIH irfage
to isometric tetanus. software.

Workloop experiments Calculation of motor force output

The basalar muscle was driven through a series of five Fing was calculated according to the following equation for
sinusoidal length cycles (Fi8). For each species, the amountbalanced moments over the wing fulcrum, using measured
of imposed length change during these cycles was calculatedlues ofFgyn, d1 anddz for each individual:
using species-specific lever arm length measurements and the e
wingbeat amplitudes obtained from the load-lifting Fayndy = Findd . 1)
experiments. Similarly, the muscle contraction frequency usedhis use of the lever model neglects the fact that the effective
for workloop analyses was the mean wingbeat frequency uséelver arm lengths change as a result of the changing wing
by that species during maximum load lifting. The phaseosition during a wingstroke. However, both effectikeand
relationship between electrical stimulation and muscle straidy values will always change to the same extent, because
was set at a value previously determined to bentkivophase  effective lever arms during a wingstroke are equal to
relationship for basalar activation in one species of dragonflgosxxlever arm length, where is the wing angle, hence not
(activation at 44% of maximum length during the lengtheninghanging the ratio of the two used to calculatg.

Fig.3. Detailed ventral view of the
internal surface of th&nax juniusdorsal
thorax at the base of the forewing,
showing the location of the basalar
muscle apodeme (Ba) and the wing
fulcrum (Wf) of the forewing (FW). The
distance between these two structures is
the muscle apodeme-to-wing fulcrum
lever arm lengthdy). All muscle tissue
has been removed. Scale bamt. A
portion of the wing is drawn to orient the
reader; this wing is not to scale.

(Wing not to scale)
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Scaling and statistical analyses muscle mass®3>(Fig. 4A). A two-tailedt-test showed that this

The scaling analyses performed on the variathee,, Fayn scaling exponent did not differ statistically from 1cG=0.05,
andFing were done with respect to the wet mass of the basal&=0.338,N=10). This result agrees with earlier findings for
muscle. FoFit, total thoracic muscle mass was used. Data werfying insects (Marden, 1987) and for a large sample and variety
log-transformed and each of the variables measured were fittefl animate and inanimate motors (Marden and Allen, 2002).
using a least-squares linear regression model. The scaliMgan mass-specifiir was 40.0+3.0N kg1 (mean #sp.).
exponent foFind was obtained by first calculating valuesFo _
according to Equatich, after which calculateing values were Isometric force output
regressed with respect to muscle mass. Scaling exponents werésometric force outputRsta) was proportional to muscle
tested against hypothesized exponents usiests (Draper and mMas$-¢70 (Fig.4B). A two-tailed t-test confirmed that the
Smith, 1981; Zar, 1984). Statistical analyses were conduct&faling exponent was not statistically differert=Q.05,

using JMP software (SAS Institute Inc., Cary, NC, USA). P=0.948,N=10) from 0.667, indicating that dragonfly basalar
muscles behave similarly to most other muscles, i.e. maximum

isometric force production is proportional to cross-sectional

Results area.

Maximum force output by intact flight motors
Maximum force output by intact flight motorgFiif) Lever arms
produced by a range of species was proportional to thorax Lever armd; for this group of dragonflies was proportional
to muscle mads! (Fig.5A). A two-tailed t-test could not
distinguish thed, scaling exponent from 0.33, the expected

54A scaling of length with mass for similarly shaped bodies
i =48 Lo 0%5 (a=0.05, P=0.173,N=51). In contrast, lever armh did not
E — p—
L —20- A
—
< _ 02=0.72mpad-307
- A S. pnae _16-
e E. simplicicallis '
O P. lydia
_2.5- m | luctuosa s
' ¢ T. lacerata S —17-
¥ A junius g
1 1 1
-4.0 -35 3.0 —18-
logiomthor
~02-|B L L | |
Fstat=729.5mpad670
B
04 —3.2~{ th=0.19m5a>%
B |
LL
8 o
2 0.6 . simplicicollis g 34— Dg A S.janae
g .
o) ° A S. vicinumn
. o e E. simplicicollis
0.8 Teneral T. lacerata &° o P.lydia
v A junius 3.6 d m L. [uctuosa
O A. u. umbrosa ¢ T lacerata
T T T v A. junius
-5.5 -50 4.5 3.8 O A. u. umbrosa
log10Mbas e T T T
5.5 -5.0 4.5
Fig. 4. (A) Maximum lifting force Fiit) as a function of thorax mass log10Mbas

(Mthor).  logroFiit=1.682+1.035logMinor (r2=0.99; S.E.slope=0.036;

N=10). (B) Maximum isometric forceé§ta) as a function of basalar Fig.5. (A) Effective lever arm lengthdf) as a function of basalar
muscle mass Nfpag. |0gioFstaE2.863+0.670l0ghmpas (r2=0.96;  muscle mass nfpad. l0g1002=—0.143+0.307logMpas (r2=0.72;
S.E.slope=0.050; N=10). The datapoint markedéneral’ indicates a  s.E.slops=0.027;N=51). Symbols are as in B. (B) Internal lever arm
newly emerged and therefore physiologically immafliréacerata length @1) as a function offmyas logi0d1=—0.710+0.540logMpas
This point was excluded from the regression analysis. (r?=0.77;S.E.slope=0.042;N=52).
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A. junius L. luctuosa
=29 Hz =33 Hz
1=7.5 mm T. lacerata 1=5.4 mm
0.3N m=22.5 mg =33 Hz m=11.4 mg
[=5.2 mm

m=12.3 mg

P. lydia E. simplicicollis S. janae S. vicinum
Fig.6. Examples of workloops for each f=45 Hz f=45 Hz f=45 Hz f=45 Hz
. 1=5.9 mm [=5.2 mm [=4.2 mm [=3.8 mm
species. Basalar muscle length (nass i) m=16.1 mg m=8.7 mg m=3.2 mg m=4.4 mg
and contraction frequency) (are given for
each specimen. W

scale according to the expectations of geometrical similarity
as di was proportional to muscle m&$4° (Fig.5B). This
scaling exponent was significantly higher than the expecte

. —0.6 —
value of 0.33 (two-tailedttest;0=0.05,P<<0.001,N=52). A

, —0.8 { Fayr=1047.1mp 0834
Dynamic muscle force output

Fig. 6 shows examples of typical workloops for each specie
used in this study. Mean dynamic muscle force output durin
workloops Fdyn) was proportional to muscle m&ass
(Fig. 7A). A one-tailed t-test indicated that this scaling
exponent was significantly higher than 0.66d=@.05,
P=0.029,N=33), but significantly lower than 1.0 (one-tailed t-
test; 0=0.05,P=0.027,N=33). This result shows that during
realistic dynamic contraction, the scaling of muscle force
output was different from that during static isometric
conditions Fsta) and from the scaling of intact flight motor
force output Eiitt).

logioFdyn

| | | | |
fo) o ~ N o
| | | | |

Muscle-lever system force output

The calculated force outpufigd) produced by the muscle-
lever system during maximum performance scaled as musc
mas3-04(Fig. 7B). This scaling exponent was not statistically
different from 1.0 (two-tailed-test;a=0.05,P=0.670,N=33)
or from the scaling exponent (1.035) that we foundHar
production by intact dragonflies (two-tailaeest; a=0.05,
P=0.982, N=33). Mean muscle mass-specifi€ing was
138.3+38.2N kg1 (mean #s.p.).

log10Find

| | |
-55 -5.0 -45
logi0mbas

Discussion Fig.7. (A) Mean d ic f UEdyn) function of basal
; ; ig. 7. ean dynamic force outpuEdyn) as a function of basalar
. Scall.ng of maximum force outp.ut . muscle mass Nay. logioFdyr=3.020+0.834logmpas (r2=0.76;
The aim of this study was to determine how animagg .,,=0.086;N=33). (B) Force output during one maximal-effort
musculoskeletal systems achieve mésgaling of maximum  muscle contraction cycle at the output end of the lever sy$taa) (
induced force production (Marden, 1987; Marden and Allenas a function ofmpas 1010 Find=2.304+1.036l0gimbas (r2=0.83;
2002). To do this, we studied the performance and design 0is.E.siope=0.086;N=33). Symbols are as in FigB.
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6 an]at=729.5TbasO'67o
BFgyn=1047 1mpas283*
®Find=201.4Mpas" 0%
9P £=48. 1mnor - 0%
4 -
5
o
5
o
8 2
)
g Flving inseet Fig.8. Maximum force output as a
g © 7INg INSELS function of motor mass for ‘Group 2
i @ Flying bats ) :
§ 0+ . . motors’ and single muscles (Marden and
< v Flying birds Allen, 2002). The upper and lower (grey)
S + Runninganimals . ' " pper grey
2 x Swimming animals linear regression equations are lgdax.
o % Electric motors force output=2.95+0.667lagMuscle
a Linear induction motors mass and logMax. force output=
+ Piston engines 1.74+0.999logoMotor mass, respectively.
?Jl\?ltjsécles Blue graphs a, b, ¢ and d represent data
—4 - and scaling equations obtained in this
study. ‘Motor mass’ is synonymous to
thorax massnfnor) for Fiit data. Basalar

_23 _|4 _|2 6 2' 4 6 muscle massnfpay is used forFstay Fdyn

andFing data.

logioMotor mass

dragonfly musculoskeletal system and determined how thenother system should scale with an exponent other than 0.83,
scaling of force output varies across levels of biologicathen we expect a compensating difference in the scaling of at
organization. least one of the lever arms, in order to maintain Fssaling

Like other animal muscles, dragonfly basalar muscles heldf total system force output. It remains to be seen how general
at constant length produce maximum forces that arthe value of 0.83 is foFayn in other taxa, but if differences
proportional to muscle mas%’ (Fig. 8). However, the average between the scaling of isometric and dynamic force output are
force produced by the basalar muscle during realistic dynamm@ommon, then scaling models that assume a value of 0.67 (e.g.
working conditions (i.e. during workloops) is proportional to Wakeling et al., 1999; Hutchinson and Garcia, 2000) should
muscle mag$s83(Fig. 8), a significant increase from the scaling be used with caution.
of muscle force during isometric tetanus. The difference in Our analyses treated all data points as independent;
scaling between isometric and dynamic force production is blgowever, the phylogenetic relatedness within and between
itself insufficient to explain the mas$scaling of maximum species makes this assumption worth examining (Pagel and
force production by an intact dragonfly flight musculoskeletaHarvey, 1988; Felsenstein, 1985). We repeated the regression
system, since the scaling exponent 0.83 was significantly lowanalyses using mean values calculated for each species. No
than 1.0. substantial change in the scaling exponents was detected [for

Our data show that there is a departure from geometricalxample, the scaling exponent f&ing became 1.058 for
similarity in one of the lever arms within the musculoskeletabpecies meansNE8) instead of 1.036 for all individuals],
system, agh scaled as muscle mas$4 This departure was indicating that the use of individual datapoints in the regression
specific to the small internal lever arm becadsethe larger analyses did not bias our results. Similarly, when the data set
external lever arm, scaled as muscle M&ssvhich was not was collapsed to mean values for genbir]) or family (N=2)
significantly different from ma883 The departure from there was no substantial change in the estimated scaling
geometric similarity ford: indicates allometry for a skeletal exponent ofFind (Table2 shows a full list of scaling exponents
element rather than adjustments in posture or alignment &r di, do, Fayn andFing generated by these different analyses).
motor parts as has been reported for terrestrial mammalsOur focus in this study was to examine the scaling of force
(Biewener, 1989). It is the combination of the allometrgof output; however, it is also interesting to compare the
and the scaling dfqynthat causes the scalingfehd to be very  magnitude of the forces we measured and calculated with
close to muscle mak8(Fig. 8). measures from previous studies. Although the scaling exponent

It should be noted that the particular combination of scalinfor maximum load lifting force output agrees with the scaling
parameters for dragonfly flight musculoskeletal systems islopes found by a previous survey of load lifting by flying
probably idiosyncratic to this system and that othemanimals (Marden, 1987) and a broader survey of net force
combinations of scaling relationships could also result iroutput by nearly all types of motors used for animal and
masd-0 scaling of force output. If dynamic force output in mechanized transportation (F&j. Marden and Allen, 2002),
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our measure of mean mass-spedifig is low compared to the requirements at these low speeds are negligible in comparison
mean mass-specific maximum force output (57MI4y 1)  with induced force requirements. However, wing kinematics
found in those studies. In our calculationd-gf, we used the are different during maximum load lifting compared to those
maximum weight carried by dragonflies, whereas previouduring free gliding flight, and mean parasite and profile drag
studies used the midway point between the maximum weighalues could therefore be different.
carried and the next incremental load that could not be carried Mean mass-specifiing was calculated to be 138\8kg,
(Marden, 1987). This difference is at least partly responsibleshich is higher than the mean value fBir for loaded
for the somewhat lower mean mass-speéificdata presented dragonflies and the mass-specific force output by motors in
in this study. general (Marden and Allen, 2002). At least part of this
Our loaded dragonflies flew forward at velocities betweemnifference is due to the fact our calculated value F@ag
1 and 1.8n s™1. This implies that whole motor force output is assumes that all of the force output is used to create induced
higher than the maximum weight carried, by an amount equéft. However, this simplification ignores the fact that force
to the force necessary to overcome parasite drag and profoetput by the flight motor must also meet inertial, parasite and
drag at such speed. We used published values for mearofile force requirements.
parasite and profile drag forces @ympetrum sanguineum Inertial force requirements especially are known to be
dragonflies that were gliding at s (Wakeling and substantial during dragonfly flight. Work needed to accelerate
Ellington, 1997a) to estimate this additional force. Thewings and virtual masses during hovering flight can be between
adjusted force output was not substantially different from thé.4 and 5.9 times the work done against aerodynamic forces
value for mass-specificFit (40.2N kgl instead of (Ellington, 1984b). During forward flight, however, inertial
40N kg™, indicating that average parasite and profile forcdorce requirements have been shown to be lower than
aerodynamic requirements (Wakeling and Ellington, 1997b).

Table2. T f fit for the least i . TAlthough we did not measure inertial requirements
ablec. ferms o it for the least-squares linear regression Oquantitatively in this study, they are particularly interesting
mean logo-transformed values @, dz, FaynandFing for

data set taini | for individual | ‘ with regard to the results of our scaling analysis. If we assume
ata sets containing values for individuals or mean values 1og, average parasite and profile force requirements are

species, genera and family negligible (see above), then the total moment required from the

Data set muscle and lever arms can be described as:

Variable Individuals ~ Species Genera Family Miotal = (Findd2) + (Finertiad3) , 2)

dlSlOpe 0.54 0.55 0.57 0.65 whereMtota! is the prodgct ofdyn and the internal lever arm
o 004 007 0.08 a di, andds is the effective lever arm length through which
Intercept 071 —0.64 _056 _o017 Finertimacts, i.e. the centre of forewing mass (Ellington, 1984a).
r2 0.77 0.92 0.90 _ Previously published equations for the radii of moments of
N 52 ) 7 2 wing mass and wing area (equations 23 and 29 in Ellington,

” 1984.3:) were used to calculate valuesdfoThe muscle mass-
Slope 031 034 0.34 0.42 specific scaling exponent o was found to be the same as
SE 003 0.06 0.08 a that ofdy, i.e. scaling as muscle m&s& Because the scaling
Intercept _0.14 0.002 0.008 017 exponent oMtal is approximately 1.35, and the two external
r2 0.72 0.83 0.77 _ lever arm lengths for the mean distance of action of induced
N 51 8 7 2 and inertial forces both scale as nfadsit follows that the

Fayn sum ofFind and Finertial Must scale as gpproximately ma%s
Slope 0.83 0.86 0.84 0ga Induced forcg outp.u.t should scale with the same gxponent as
SE. 0.09 0.15 0.09 _ does load lifting ability (masd$39, and therefore inertial force
Intercept 3.02 3.16 3.05 305 requirements must scale also as approximatelyfass
r2 0.76 0.88 0.96 — This study demonstrates a mechanism by which
N 32 7 6 2 dragonflies achieve the ‘universal’ m&8sscaling of

Fing maximum force output, but it cannot explaihy this is true
Slope 1.04 1.06 1.05 108 for most types of biological and engineered motors. Marden
SE. 0.09 0.16 0.03 _ and Allen (2002) have discussed the idea that h¥as=aling
Intercept 2.30 2.41 2.39 250 of force output and the universal upper limit of mass-specific
r2 0.83 0.90 0.99 - force output by rotational motors represents a failure mode
N 32 7 6 2 above which there may be a drop-off in durability. Perhaps

complex stress regimes (Marden and Allen, 2002) require a

S.E. is the standard error of the least-squares regression Blape; motor to have a constant ratio of mass to net force output in
the sample size for each of the variables. order to be durable and successful. This remains a highly
For definitions ofth, d, Fayn andFind, see List of symbols. speculative idea, but no other hypotheses have been put
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forward to explain the universal ma$sscaling of force output by Phasianid muscles during maximum performance

output by rotational motors. could be different from mas%33 Askew et al. (2001) reported
_ - a lower scaling exponent for mass-specific muscle power (i.e.
Scaling of muscle mass-specific work and power mass®19 available from Phasianid flight muscles, but the

Ellington (1991) used previously published data (Mardenallometric scaling of wing beat frequency (i.e. nmé34’
1987) to estimate that mass-specific muscle power outpstaling instead of the predicted m&@s$scaling) found for this
available during maximally loaded flight scales as fédfer  group indicated that mass-specific muscle work would indeed
flying animals spanning 2@g to 920g body mass. By be largely independent of body mass. However, the inclusion
assuming that wingbeat frequency scales asth&ssnuscle  of previously published data for hummingbirds, Harris’ hawk
mass-specific work was estimated to be proportional tand bees changed the scaling relationship of mass-specific
mas$8-46 For Anisoptera within that sample, mass-specifiovork to mas%336 So, while mass-specific force output by
muscle power was estimated to scale as #¥dssvhich  different sized flight motors shows remarkable consistency in
implies a mass scaling exponent of approximately 0.60. lits scaling with mass (e.g. Marden, 1987; this study), it seems
contrast to these results, Tobalske and Dial (2000) proposéidat the scaling of other important indicators of flight
that maximum mass-specific work by muscles could b@erformance, muscle mass-specific work and power, shows
invariant with size (i.e. scaling as m@sfor Phasianidae, as more variation amongst different taxonomic groups.
they showed that pectoralis mass-specific take-off power in this Mass-specific power available from dragonfly basalar
group scaled approximately as nTds$ i.e. maximum mass- muscles during maximum performance (calculated using
specific power available was proportional to wingbeatmuscle work during strain regimes and contraction frequencies
frequency. However, take-off power analysed by the lattethat matched maximally loaded flight) increased significantly
study represented an unknown fraction of the power availablgith increasing body mass and was proportional to muscle
from the muscles and the scaling of total mechanical powanas§-24 (Fig.9A). Mass-specific work during maximum

performance was proportional to muscle rfd3gFig. 9B),
while wingbeat frequency scaled as més8 Both of these

A o W OOO values are in rough agreement with estimates by Ellington
vy (1991) for Anisoptera, and provide some of the first directly
measured data concerning the scaling of mass-specific work
and power available from insect flight muscles during
. maximum performance.
i
g
- List of symbols
16+ da distance between the muscle apodeme and the wing
A fulcrum
Pm=1402.8mpad-237 d2 second moment of area of the forewing
g — , : , : , ds centre of forewing mass
f muscle contraction frequency
Fdyn mean force output generated by muscles
Find net force output by the integrated muscle-lever
system
£ Finertial  inertial force acting througts
= Fit induced force output during maximum load lifting
3 Fstat  isometric force
- I muscle length
m muscle mass
A Moas basalar muscle mass
0.2 Mthor thorax mass
Win=338.8mpas 43 Miota  product ofFgyn and armdy
I ' I ' I ' Pm mass-specific power
56 52 48 o wing angle
l0g10mbas Win mass-specific work

Fig. 9. (A) Mass-specific powelPf,) as a function of basalar mass .
(Mpag.  10010Pm=3.147+0.237I0gMpas  (r2=0.18; S.E.slope=0.09; We thank Dr A. A. Biewener and two anonymous referees;

N=33). (B) Mass-specific work\Wm) as a function ofmpas their constructive criticisms greatly improved the manuscript.
log10Wm=2.530+0.433logympas  (r2=0.39; s.E.siope=0.10; N=33).  This material is based upon work supported by the National
Symbols are as in Fi§B. Science Foundation under Grant No. 0091040.
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