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Abstract

Avian takeoff requires peak pectoralis muscle power to generate sufficient aerodynamic
force during the downstroke. Subsequently the much smaller supracoracoideus recovers the
wing during the upstroke. How the pectoralis work loop is tuned to power flight is unclear.
We integrate wingbeat-resolved muscle, kinematic and aerodynamic recordings in vivo with
a new mathematical model to disentangle how the pectoralis muscle overcomes wing inertia
and generates aerodynamic force during takeoff in doves. Doves reduce the incidence of their
wing mid-downstroke to efficiently generate aerodynamic force, resulting in an aerodynamic
power dip, that allows transferring excess pectoralis power into tensioning the
supracoracoideus tendon to assist the upstroke—improving the pectoralis work loop
efficiency simultaneously. Integrating extant bird data, our model shows how the pectoralis
of birds with faster wingtip speed need to generate proportionally more power. Finally, birds
with disproportionally larger wing inertia need to activate the pectoralis earlier to tune their
downstroke.

eLife assessment

This important study combines experiments and mathematical modelling to
enhance our understanding of the interplay between the two flight muscles in birds
during slow flight. The evidence for the findings is compelling, deriving from a
combination of novel methods for measuring wing shape and force production, and
validated methods in muscle physiology. This work will be of broad interest to
comparative biomechanists.

Introduction

Understanding how birds use their flight muscles to power slow flight is key to understanding
their biomechanics and movement ecology, as well as skeletal muscle performance in general.
During slow flight, negligible lift is induced by forward body motion, so instead, almost all the
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aerodynamic force is generated by the flapping motion of the wings. Hence, slow flight is one of
the most energetically expensive modes of locomotion [1 & ]-[4 2 ]. Furthermore, in generalist

birds the downstroke muscle, the pectoralis, is of primary importance energetically: it is the
largest muscle in the avian body. It exceeds the runner-up, the supracoracoideus, by a ratio of 4:1
to 5:1 [52]. Considering the pectoralis dominates power production during the stroke of the avian

forelimb—in contrast to the distributed muscle groups that typically move vertebrate limbs [6 (2],

v eLife

understanding peak skeletal muscle performance. Finally, mastering the first few downstrokes
during takeoff represent critical steps towards full flight in both fledgling birds and avian
precursors, so better understanding the factors which dictate how the downstroke of an adult bird
functions can inform our understanding of the development of avian flight.

Because of the multifaceted importance of pectoralis function, much prior research has been
conducted to measure the time-resolved power produced by this muscle in vivo. However,
technological limitations have left our understanding incomplete [2(2], [32], [5Z], [82]-[13(Z].
Measurements of both muscle stress and strain are needed to directly measure pectoralis power.
However, the pectoralis has a broad origin with a complex arrangement of muscle fibers, making
global measurement of muscle fiber strain challenging. The current state-of-the-art recordings in
birds measure muscle length changes with sonomicrometry [9 (2], [12 2 ]. To measure muscle
stress, the state-of-the-art solution is to attach a strain gauge to the deltopectoral crest (DPC), which
is located where the pectoralis inserts on the humerus [32], [52], [8C2 ], [9Z], [14Z ]. However,
pull calibrations to correlate bone strain to muscle stress are complicated by multiple factors. One
source of skew is misalignment between the changing pull axis of the muscle through the stroke in

vivo and the pull axis of the force transducer used for the pull calibration post mortem [5@],

power with aerodynamic and inertial power integrated over a wingbeat cycle, relies on highly
simplified aerodynamic models [15]. An in vitro alternative relies on electrical stimulation of
bundles of muscle flbers [_g ________ 2], [j__@ ________ ] but the heterogenous composition of the pectorahs leads to

In contrast to the muscle architecture of large pectoralis muscle, which is well-suited for
producing work to flap the wing, the function of its antagonist muscle, the supracoracoideus, is
more ambiguous. It has pennate muscle fibers attached to a long tendon, making it better suited
for producing force than work, which would facilitate storing and releasing significant amounts of
elastic energy in the supracoracoideus tendon [19(% ]-[22 (2 ]. Measurements in pigeons (Columba
livia) suggest this elastic storage may range between 28 and 60% of the net work of the
supracoracoideus [5 ], which is thought to primarily elevate and supinate the wing. However,
while the supracoracmdeus is used in every flight mode [23 D] [24 7 ], birds are still able to

by tuning pectoralis and supracoracoideus muscle and tendon power release—to generate the net
aerodynamic force required for flight—has yet to be resolved.

To resolve how the avian pectoralis work loop is tuned to generate aerodynamic force, we
combine established in vivo muscle strain and activation measurement techniques with our new
in vivo high-speed 3D shape reconstruction and aerodynamic force measurement techniques (Fig.
1), which we integrate with a new mathematical model derived from first principles. We used
our high-speed, structured-light technique [27 ], [28 2] to 3D-reconstruct wing morphology, and
we directly measured horizontal and vertical aerodynamic forces using our aerodynamic force
platform (AFP) [29Z ]-[33Z ]. We simultaneously measured the time-resolved pectoralis

activation and strain in vivo using electromyography and sonomicrometry [3 %] because no other
reliable techniques were available and it is considered minimally invasive, especially compared to
muscle stress recordings. Working within the constraints of our 3D-reconstruction technique, we

focused on the second downstroke after takeoff, because it was the first downstroke that well
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supported body weight after takeoff. First, we computed the time-resolved power and torque that
the flight muscles need to sustain to overcome wing inertia and generate aerodynamic force. To
account for elastic storage and understand how variations in the magnitude and timing of elastic
storage in the supracoracoideus tendon would affect power generation in the pectoralis and
supracoracoideus muscles, we derived a muscle mechanics model from first principles to integrate
our in vivo data. Finally, we used our new integrative biomechanics model of the dove downstroke
to gain comparative insight into muscle function by examining how it scales across species and
can explain avian flight muscle functionality generally.

7 eLife

Results

Effects of angle of attack on aerodynamic power

During the second wingbeat we find there is a dip in the angle of attack during the middle of the
downstroke when peak aerodynamic force is generated. This angle dip coincides with a peak in
the power factor, the non-dimensional square root of lift-cubed to drag-squared ratio, which
minimizes the aerodynamic power required to generate lift. During the downstroke, the angle of
attack across the span of the wing (Figs. 2C 2, S4A) starts and end with peaks with a valley in-
between: the first peak (54.0° + 5.0°) is reached after 7.1% of the stroke and the second peak (68.4°
+12.1°) is reached at 49.4% of the stroke (which corresponds to 10.9% before the end of the
downstroke), with a large dip (30.5° + 3.1°) in the middle at 27.7% of the stroke. Our aerodynamic
force recordings show this dip in mid-downstroke angle of attack corresponds with a mid-
downstroke dip in wing drag and peak in net aerodynamic force (Fig. 3B). Comparing the angle
of attack (Fig. 2C @) with the power factor (Fig. 3C @) of the doves during the downstroke, the
power factor peak (timing after start of downstroke: 29.8% of the stroke) corresponds to the mid-
downstroke angle of attack dip. Of the two peaks in drag (Fig 3B(2), the second peak after the mid-
downstroke dip is larger (drag peak scaled by bodyweight before mid-downstroke dip: 0.92 + 0.22;
after: 1.60 + 0.46). This is caused by two factors: the corresponding angle of attack is higher and
the wing area is larger. Examining the directional components of lift and drag, we find the dove
primarily uses lift for weight support (stroke-averaged vertical aerodynamic force scaled by
bodyweight for lift: 66.17% + 10.81%; drag: 22.11% + 4.62%). The secondary function of lift is to
overcome drag (stroke-averaged horizontal aerodynamic force scaled by bodyweight for lift:
32.84% + 9.96%; drag: -27.64% + 4.64%). Drag primarily points backwards throughout the
downstroke, and laterally at the beginning and end of the downstroke (the lateral forces of the
wings cancel). Due to the small peaks in drag before and after the mid-downstroke dip, drag
contributes to weight support at the beginning and end of the downstroke, so both lift and drag
contribute to weight support during take-off. Finally, during the upstroke the dove folds its wings
inward (Fig. 2D,E(®), producing very little aerodynamic force (aerodynamic force generated
during upstroke scaled by bodyweight vertically: 11.28% + 2.81%; horizontally: 2.68% + 1.49%).

Due to the mid-downstroke dip in drag, there is a corresponding dip in aerodynamic power (Fig.
4A ), because only the drag and wing velocity contribute to aerodynamic power (Eqn. S17). The
dip in aerodynamic power is less pronounced than the dip in drag, because it corresponds with a
peak in wing speed, but the uneven adjacent peaks remain (peak in aerodynamic power scaled by
pectoralis mass before mid-downstroke dip: 513.0 + 176.1 W/kg; after: 719.1 + 175.0 W/kg;
minimum dip: 460.4 + 176.1 W/kg). This mid-downstroke dip in total aerodynamic power also
corresponds to a dip in the lateral component of power, so that during mid-downstroke, the
primary contribution to aerodynamic power is associated with the horizontal component of drag
(Fig. SSA @) due to the forward movement of the wing (Fig. 2F @). As expected, the largest
contribution to aerodynamic force is in the vertical direction (Fig. 3A®@), yet when it comes to
aerodynamic power the vertical contribution is the smallest. This is because lift is much larger
than drag in the vertical direction (Fig. S5C(#), and only overcoming drag requires aerodynamic
power (per the definition of lift and drag with respect to velocity).
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Figure 1.

Wingbeat-resolved aerodynamic forces, pectoralis activation and contraction, and 3D surface reconstruction of four doves (N
=4) in slow hovering flight (n = 5). (A) Inset showing the average ond wingbeat (N x n = 20 flights total) net horizontal (x,
purple) and vertical (z, orange) aerodynamic force, electrical activation (EMG, pink) of the left pectoralis (right pectoralis
signal was unreliable), and strain of the left (pink) and right (blue) pectoralis. (Gray region: downstroke; color shaded regions:
standard deviation; force normalized by bodyweight: bw; statistics and plot definitions apply to all figures unless stated
differently). The dove’s 3D reconstructed surface and recorded aerodynamic force during each stroke phase (flight direction
mirrored to match temporal direction). (B) The same data from A are plotted for a single representative flight from takeoff to
landing. The dotted lines represent horizontal and vertical perch forces during takeoff and landing. In addition to the lowpass

vertical (z) components ( F....., gray) combined with the computed lateral (y) component (dotted line connecting f... and F....
). Using the 3D surface model (depicted at 17% of 2nd wingbeat) we illustrate the reconstruction of Drag ( b, red) and lift (I,
blue) based on drag pointing opposite to wing velocity ( ¥..,, black) and being perpendicular to lift (L., blue), with drag and
lift acting perpendicular to the vector connecting the shoulder joint to the ninth primary wingtip (Xpg). Along this vector the
mass of the wing is discretized using 20 point masses (green spheres; volume proportional to mass). Using triangulation, 12
body landmarks were manually tracked; black dots: ninth primary wingtip (Xpg), seventh secondary feather, shoulder joint,
wrist; gray dots: middle of the back (next to shoulder), left and right feet, left and right eyes, top of the head; gray cone: tip
and base of the beak.
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Figure 2.

Measured wingbeat kinematics show wing area, extension, and speed are maximal mid-downstroke, while the wing angle of
attack reaches a local minimum. (A) The stroke plane (light orange) fits the path of the vector originating from the shoulder
joint and extending to the oth primary feather tip (Xpg, wingtip) during the wingbeat, which we use to define wing kinematics
with three angles. First, the stroke plane is pitched down with respect to the horizontal by angle ¢, (rotated about the y
axis). Second, the wing’s stroke angle in the stroke plane is 6o.e (With respect to the y axis). Finally, the stroke angle
deviates out of the stroke plane by angle 8yeyiation- (B) The average stroke plane differs across the four doves while being
consistent for each individual dove. (C) The wing stroke angle (orange), stroke deviation angle (green), and wing angle of
attack (red) are consistent (low variance) across all flights and all four individuals. The only exception is the angle of attack
during the upstroke. The avatar shows the angle of attack (red dotted line) definition: angle between wing chord (thin) and
velocity vector (thick). The star on the stroke axis in Figures 2-4 represents the avatar displayed (at 17% of the ond wingbeat).
(D) The wing surface area normalized with the fully extended area reaches a plateau between mid-downstroke and the start
of the upstroke. (E) The wing folding ratio shows wingspan reduction relative to the fully extended wing mid-downstroke. (F)
The net wing speed (black) peaks mid-downstroke and mid-upstroke. The x-velocity component dominates net speed: x
(horizontal; purple), y (lateral; green), and z (vertical; orange). The avatar shows the 3D wing velocity vector.
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Figure 3.

Mid-downstroke the lift peaks while drag reaches a local minimum, which coincides with a dip in angle of attack (Fig. 2C(2),
causing the power factor (non-dimensional Iift3/2/drag) to reach a local maximum while the wing attains peak speed (Fig.
2F(3). This reduces the aerodynamic power needed to generate peak lift during mid-downstroke and support bodyweight
(bw; used to normalize force). (A) Net aerodynamic force magnitude (black) peaks mid-downstroke and is composed of the
recorded large vertical (z) and small horizontal (x) force as well as the computed lateral (y) force. The avatar shows both the
2D measured aerodynamic force vector ( F....; gray) and the net 3D vector ( F..; black). (B) During mid-downstroke, the lift
force (blue) peaks while the drag force (red) dips. Lift is defined positive with respect to the wing surface normal, hence
negative lift opposes gravity during the upstroke because the wing is inverted. (C) The glide ratio (lift/drag) and power factor
(non-dimensional Iift3/2/drag) peak mid-downstroke when force and velocity peak. Glide ratio also peaks at stroke reversal,
but because both force and velocity are small, and stroke reversal causes a kinematic singularity, it is of secondary interest.
Similarly, because dividing by near-zero drag values is mathematically ill-defined, the upstroke plot has been removed.
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Figure 4.

Mid-downstroke the aerodynamic power reaches a local minimum due to a dip in drag (Fig. 3B). Whereas aerodynamic power
dominates the downstroke, inertial power dominates the upstroke. Considering wing acceleration is minimal mid-stroke, the
total power (aerodynamic plus inertial) that the flight muscles need to generate dips midstroke. (A) The mid-downstroke dip
in total aerodynamic power (blue) is composed out of horizontal (x), lateral (y), and vertical (z) power. The primary source of
aerodynamic power stems from the horizontal contribution of drag (x, purple) because the wing moves forward (Fig. 2F)
while generating a dominant opposing drag force (Fig. S5A). Because lift dominates drag in the vertical direction (Fig. S5C),
and lift acts perpendicular to wing velocity (making the dot product zero), the vertical component of aerodynamic power (z,
orange) is the smallest despite large vertical aerodynamic force (Fig. 3A). The avatar illustrates the wing velocity and net
aerodynamic force vectors. (B) The total power (black) the flight muscles need to generate is dominated by the aerodynamic
power (matching blue line) during the downstroke, and by the inertial power (matching green line) during the upstroke. The
onset of electrical activation of the pectoralis (muscle EMG) lines up with the onset of pectoralis shortening (decreasing
muscle strain, negative muscle velocity) near the end of the upstroke (starting mid-upstroke). Notably, pectoralis shortening
velocity reaches zero (dashed vertical line; also in subsequent plots) right before the start of the upstroke, when the required
muscle power is low (and plateaus), and the supracoracoideus is known to take over [5 2 ].
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Overall, we find that peak aerodynamic force production occurs midstroke when drag attains a
local minimum, causing a peak in efficiency (highest power factor).

7 eLife

Inertial versus aerodynamic power

Aerodynamic power dominates during the downstroke, whereas inertial power dominates the
upstroke (Fig. 4B (@ ; Table S5). However, we observe inertial power evens out the two peaks in
aerodynamic power adjacent to the mid-downstroke dip (peak in aerodynamic + inertial power
scaled by pectoralis mass before mid-downstroke dip: 537.0 + 221.5 W/Kkg; after: 580.0 + 176.8 W/kg;
minimum dip: 455.0 + 287.0 W/kg). Whereas for the aerodynamic power the difference in the
peaks is 206.1 + 248.3 W/kg, with the addition of inertial power the difference in peaks reduces to
43.0 + 283.4 W/kg.

Effects of elastic storage in the supracoracoideus tendon

We use our time-resolved muscle model to understand the effect which the amount and timing of
elastic storage in the supracoracoideus tendon has on power generation in the pectoralis and
supracoracoideus muscles (Fig. 5@).

Varying elastic storage fraction in the supracoracoideus tendon reveals the power needed to
tension the supracoracoideus tendon is small in comparison to the power generated by the
pectoralis during the downstroke (Figs. 5@, S7, Table S5). The pectoralis would need to generate
206.0 + 49.6 W/kg (stroke-averaged positive power scaled by pectoralis mass) if no energy was
stored in the supracoracoideus tendon. An increase of 24.9% + 17.5% power generation in the
pectoralis to store elastic energy during the downstroke (to 255.9 + 62.7 W/kg) would be sufficient
to fully power the upstroke. Storing only a fraction mid-downstroke muscle work instead is still
sufficient to partially power the upstroke (Fig. S7Q,R @ ). While our measurements and analysis
cannot be used to deduce the energy storage fraction directly, anatomy [5Z ], [19@]-[22(#] and a

increase in pectoralis work of between 6.8% and 14.5%. Hence, elastic storage in the
supracoracoideus tendon appears to be an effective solution to power the upstroke that
simultaneously smooths the mid-stroke power output of the pectoralis.

Modelling variation in the timing of energy storage in the supracoracoideus tendon, we find that
fine-tuning the timing improves the shape of the pectoralis work loop (Figs. 5%, S8). Short storage
time (Fig. 5C (@), results in a spike in pectoralis power near the end of the downstroke, which
produces a low pectoralis work loop shape factor (Fig. 5SE@ shape factor: 0.49 + 0.14; see Fig. 5G (2
for trends). On the other hand, when the storage time is appropriately spread out over the
downstroke (Fig. 5D @), the pectoralis work loop shape factor increases to a maximum value of
0.73 + 0.11. While this maximum shape factor is achieved when the energy storage in the
supracoracoideus tendon equals 90%, a shape factor of over 0.72 + 0.11 can be achieved for any
energy storage over 35% (Fig. 5F-G @). For any energy storage over 35%, the maximum shape
factor corresponds to a storage time of 31% of the stroke. The reason for this is related to the mid-
downstroke dip in required muscle power (Fig. 4B (¥) originating from the mid-downstroke dip in
angle of attack and drag (Fig. 2C% ). When the energy storage in the supracoracoideus tendon is
appropriately spread out during the downstroke, the peak in extra pectoralis power needed for
tensioning overlaps with the dip in required muscle power from aerodynamic and inertial power.
Hence, storing energy in the supracoracoideus tendon for 31% of the stroke has the effect of
flatting out the mid-downstroke pectoralis power generation and improving the shape factor.
Since a mid-contraction dip in power generation is unnatural for muscles, tensioning the
supracoracoideus tendon is key for proper wing stroke kinematics: instead of the wing continuing
to accelerate mid-downstroke when velocity peaks, the wing reaches zero acceleration at this
point, after which it decelerates to prepare for stroke reversal.
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Figure 5.

Finely-tuned energy storage in the supracoracoideus tendon simplifies the function of both major flight muscles: tendon
energy release during the upstroke reduces the power the supracoracoideus needs to generate and simplifies its function to
primarily generating force, while tendon energy storage during the downstroke makes the power output and stress level of
the pectoralis more uniform. (A) External and internal force balance of the entire bird (shown) used to derive our 1D power
balance by combining it with the associated kinematic velocities (not shown); see equations in Fig. S11. Approximately all
internal flight forces and associated power are produced by the two primary flight muscles, the pectoralis (orange; F.) and
the supracoracoideus (pink; F.. ), which move the mass of the body (green; mg : modeled as a point mass) and wings (green;
myy : modeled as 20 point masses displayed in Fig. 1C) to generate the wings’ aerodynamic forces (blue; E..) and thus power
to sustain flight. (B-D) The pectoralis (pink) generates positive power during the downstroke and acts like a brake to absorb
negative power during the late-upstroke (power is normalized by pectoralis mass). The supracoracoideus (orange) generates
and/or releases positive power during the upstroke (also normalized by pectoralis mass). Any energy released by the
supracoracoideus tendon during the upstroke must first be stored during the downstroke, which is plotted as negative power
(rate of energy storage; negative orange trace). (B) Without energy storage in the supracoracoideus tendon, there is an
unfavorable mid-downstroke dip in the required pectoralis output power. (C) If energy storage is poorly timed during the
downstroke, the required pectoralis output power unfavorably spikes. (D) If the timing and quantity of energy storage is
finely-tuned, the pectoralis work loop is more favorably shaped mid-downstroke, as it more closely approximates the
theoretically ideal rectangular work loop (yellow rectangle in €: drawn with the same area and strain range). (E-G) The shape
factor of the pectoralis work loop is improved by finely-tuning the timing and quantity of elastic energy storage. (E) The
finely-tuned elastic storage shown in (D) corresponds with the black work loop and results in the highest pectoralis shape
factor for the range of elastic storage parameters we simulated in (F): 0.73 (numbers between parenthesis in (E): shape
factor; dark gray shading: electrical pectoralis activation; light gray shading: downstroke phase). The shape factors of both
the no-storage (brown; (B)) and finely-tuned storage (black; (D)) cases exceed prior shape factor measurement, using a strain
gauge mounted on the deltopectoral crest (DPC) of the humerus to estimate pectoralis stress (light blue), of doves flying
similarly slow [32]. (G) Work loop shape-factor as a function of elastic energy storage timing and fraction (color codes

energy storage fraction): see Figs. S7-9 for a detailed overview.
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% eLife Directionality of pectoralis pulling on the humerus
Thus far we have focused on power, which is a one-dimensional parameter, but in order to
determine in what direction the pectoralis needs to pull on the humerus to effectively flap the
wing, we need to expand our analysis to moments (torques) in three dimensions (Fig. 6 &2).

As is the case for the power analysis, aerodynamic moments dominate during the downstroke,
whereas inertia dominates during the upstroke and near stroke reversal (Fig. S102). Additionally,
an in-depth analysis of the three components of the aerodynamic contribution to muscle torque
(see Section S3), shows that the components of lift and drag in the vertical world-coordinate
direction are dominant.

By combining the required muscle moment with the position of the humerus time-resolved, we
can analyze the direction that the pectoralis pulls on the humerus during the downstroke (Fig. 6D-
E®). For this we assume that the muscle moment is primarily generated by the pectoralis,
although this is likely not entirely true if the supracoracoideus tendon is tensioned during the mid-
to-late portion of the downstroke. Under this assumption, for the entire downstroke, in the
mediolateral direction, the pectoralis pulled medially (Fig. 6D ). Additionally, at the beginning of
the downstroke, the pectoralis pulled in the cranioventral direction, and at the end of the
downstroke, the pectoralis pulled in the caudodorsal direction.

Scaling analysis across extant birds

Based on scaling the gross parameters related to aerodynamic power, we modeled a scaling
relationship to predict average pectoralis power across extant birds (Fig. 7A,C ). We predict that
average pectoralis power, *pr=, divided by bodyweight, my,,qy, scales linearly with flapping
frequency, f, and wingspan, [z.| (from the shoulder joint to the wingtip):

N pect

- ~0.59+18.74( f[F,a) m

To compare the effects of aerodynamics and inertia on muscle power during the downstroke, we
modeled a separate scaling relationship to predict the required timing of pectoralis power across
extant birds (Fig. 7B,D @). Although inertial power does not contribute to average muscle power
across the downstroke, because the positive and negative inertial power cancels, it does have the
effect of shifting the distribution of required muscle power earlier in the stroke. Hence, for birds
where the ratio of inertial to aerodynamic power is higher, the pectoralis muscle needs to provide
power earlier in the downstroke. Quantitatively we predict that the midway point of the pectoralis
power exertion, 7% (Eqn. S75; percentage of stroke), equals:

m,
77, =35.01 -61.75‘ﬂ : ®
m,

body

(= e

[ ‘

where myng is the mass of the wing, and rgy, is the radius of gyration of the wing. A similar
relationship holds for the midway point of the pectoralis force exertion, 7% (Eqn. S76; percentage
of stroke):

7 231,90~ 59,06 T | S ( ) 6
IIII Mgy "me\| =

Across a wide range of bird sizes (between 9.5 grams and 2140 grams), the variation in predicted
pectoralis timing is small. Pectoralis midway power timing, 7, falls between 23.0% and 32.7%
and force timing, 7%, falls between 20.6% and 29.6%.
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Figure 6.

To quantify how the recruitment of the pectoralis muscle changes during the downstroke, we consider the balance of 3D
angular momentum by calculating the associated torques. (A) The forces are the same we used in the 1D power balance (Fig.
5A ), but instead of considering the entire bird we evaluate the balance around the left shoulder joint. Consequently body
mass becomes irrelevant, and instead a reaction force ( F, ; cancels out) and moment (M, ; assumed small compared to other
torques) at the shoulder joint appear. (B) The pull angle between the humerus and the pectoralis, 6, dictates how effectively
the pectoralis exerts torque on the wing. The inset shows the corresponding lateral view with subscript “b” referencing the
body frame while no subscript indicates world frame. The pull angle depends both on the humerus orientation during the
wingbeat and pectoralis muscle fiber recruitment. (C) During downstroke the pectoralis pull angle is low, consequently
pectoralis force and contraction speed are converted into lower net torque around the shoulder joint and higher angular
velocity of the wing. The pull angle harnessed by doves in slow flight (black line) is lower than chukars running up an incline
assisted by wingbeats (gray line). Integrating the outcome of our work loop analysis showing that tensioning the
supracoracoideus tendon during the second half of the downstroke finely-tunes the wingbeat, we find that the required
pectoralis moment increases the pectoralis pull angle to values higher than plotted here (not able to precisely plot because
we did not measure the pull direction of the supracoracoideus), shifting the curve towards chuckar values. (D,E) The
exception of the dorsal direction during the end of downstroke. This discrepancy may be due to tensioning of the
supracoracoideus tendon, which would account for the pull in the dorsal direction. The 3D vector direction (purple: +xy,:
cranial, -xp,: ventral; green: +y,,: medial, -y, lateral; orange: +z;,: dorsal, -z,: ventral) and stress magnitude (black), associated
with the pectoralis pull on the humerus, were computed using the pull angle and the modeled position of the humerus under
the assumption that it is the only muscle generating a moment on the wing during the downstroke.
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Figure 7.

We integrate body morphological and kinematic scaling laws across extant birds with our aerodynamic, inertial, and muscle
power measurement for doves, informed by our model, to find and anchor relationships that predict how average muscle
power and timing should scale. (A-B) Averaged data from the current study is plotted in red, which is scaled based on extant
bird data (other colored lines; power scaled by bodyweight: bw). (C-D) Data from the current study is plotted in green, and
scaled extant bird data is plotted in black. Data measured directly in other studies at similar flight speeds (1.23 m-s1) are
plotted in multiple colors and marker types, which are explained in detail in the caption of corresponding Fig. S13. (A,C) The
stroke-averaged muscle power scaled by bodyweight is proportional to wingtip velocity and the aerodynamic power scaling
parameter, X aero- Stroke-averaged pectoralis power data from literature (fitted with dotted black line) is too scattered to
confirm the trendline from our scaling analysis (solid gray line). (B,D) Because wing inertia dominates aerodynamic scaling,
the pectoralis needs to activate earlier at larger scale (and vice versa). Hence, the timing of power and force production
within the stroke scale according to the ratio of the inertial and aerodynamic power scaling parameters, X iner / Xp aero- The
colored vertical lines in B are plotted at the midway point of pectoralis power exertion (Eqn. S75). This same midway point is
plotted as filled dots in D with a solid gray linear-fit line. The midway point of pectoralis force exertion (Eqn. S76) is plotted as
empty dots in D with a dashed gray linear-fit line. EMG timing data (colored solid lines with hashes at the start and end;
starting points fitted with lower dotted black line) and corresponding peak pectoralis force data (asterisks; fitted with upper
dotted black line) from literature are too scattered to confirm the subtle trendlines from our scaling analysis (solid and
dashed gray lines).

Marc E. Deetjen et al., 2023 eLife. https://doi.org/10.7554/eLife.89968.1

12 of 63


https://doi.org/10.7554/eLife.89968.1

% elLife Discussion

Effects of angle of attack and energy

storage on muscle performance

By holistically measuring the avian stroke, we provide novel insight into connections between
flapping kinematics and the performance of flight muscles and tendons. Surprisingly, we find that
in the region of the stroke where peak aerodynamic force occurs (Fig. 3A), aerodynamic power
dips (Fig. 4A ). This is because during mid-downstroke, the doves pronate their wings to reduce
angle of attack (Fig. 2C %), which results in a local minimum in drag combined with maximal lift
(Fig. 3B®), resulting in peak power factor (Fig. 3C ). Furthermore, because aerodynamic power,
and hence required total muscle power, dips mid-downstroke (Fig. 4B ), the pectoralis power
can be allocated to tension the supracoracoideus tendon, which simultaneously improves the
pectoralis work loop shape factor (Fig. 52 ). This improved shape factor flattens the dip in
pectoralis power mid-downstroke (Fig. 5D (2 ). Consequently, the work loop is more rectangular
(Fig. 5E@): producing more total work at a more constant maximum power output level.
Additionally, since a mid-contraction dip in power generation is sub-optimal for muscle mechanics
[34C2 ], tensioning the supracoracoideus tendon is the most parsimonious interpretation of how
our experimental and model outcomes can corroborate the generation of proper wing stroke
kinematics. Specifically, instead of the wing continuing to accelerate mid-downstroke when
velocity peaks, elastic energy storage in the supracoracoideus tendon enables the wing to reach
zero acceleration midstroke, as kinematically required, after which the wing decelerates to
prepare for stroke reversal. Finally, the efficient low angle-of-attack mid-downstroke facilitates
energy storage in the supracoracoideus tendon, which is an energy-effective solution for powering
the upstroke that simultaneously enables the pectoralis to generate work more efficiently—
showing how the downstroke apparatus of doves benefits from being finely tuned.

The dove’s mid-downstroke dip in angle of attack (30.5° + 3.1°) has a cascading effect on drag,
aerodynamic power, and energy storage that is especially pronounced compared to other species.
For example, in parrotlets the mid-downstroke angle of attack is higher, roughly between 45° and
60° [27 (2], under similar take-off conditions for the second wingbeat. In contrast, in barn owls

advance ratio (ratio of forward flight speed to wingtip speed) of the doves during takeoff is 0.14 +
0.01, which is close to hovering (advance ratio < 0.1 [36 2 ]). For this we harness data of other
specialized flying vertebrates capable of sustained or short hovering flight: hummingbirds and
small nectar and fruit bats [37 2 ]. The angle of attack of the doves is most similar to that of
hovering hummingbirds, whose angle of attack is 36.9° + 4.9° (across n = 88 individuals from 17
species) during mid-downstroke, with peaks at the beginning (51.3° + 10.9°) and end (52.7° + 9.9°)
of the downstroke [37 %], notably the mid-downstroke dip is flatter for hummingbirds. In contrast
the average mid-downstroke angle-of-attack in hovering bats is 52.2° + 5.0° (across n = 16
individuals from two nectar and one fruit bat species, of which the latter has the highest angle-of-
attack, [37 2 ]). Notably the bat’s angle-of-attack trace-shape is more similar to that of doves. Based
on our literature comparison we find that the recorded downstroke angle-of-attack of doves falls
between the measurements reported for other species flying at similar speeds, with the exception
of the dove’s pronounced dip during the mid-downstroke. Before more species are studied with
high-resolution methods, we cannot attribute this pronounced dip in angle-of-attack as a dove-
specific specialization, hence we focus on the muscle-mechanical consequences of this wingbeat-
adaptation found in the dove. The immediate effect of this dip in angle of attack is a corresponding
peak in power factor (non-dimensional 1ift32 to drag ratio). This matches our expectation based on
measurements of hummingbird wings (maximum power factor of 4.35 at 27.7° angle of attack

species, the power factor monotonically decreases at angles of attack greater than 26 degrees. The
angle of attack is hence a critical factor that has a cascading effect on downstroke flight-apparatus
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tuning: the mid-downstroke dip in angle of attack causes a dip in drag combined with a peak in
lift, resulting in peak power factor and a corresponding local minimum in aerodynamic power.
Combined with the simultaneous local minimum in inertial power, this explains the local
minimum in total required pectoralis power output mid-downstroke at a muscle length for which

7 eLife

To comprehensively understand the functional consequence of tuning the downstroke, we use our
muscle model to compute bounds on dove pectoralis power with and without elastic storage in the

differences may be attributed to different flight modes and specie-specific adaptations, but the
variance from measurement techniques also likely contributes. From the studies which vary flight
speed [2 2], [3£], we see that flight is more expensive at low speeds (percentage increase in
power at lowest measured speed compared to minimum power at any speed for zebra finch:
90.9%, budgeriagar: 94.9%, cockatiel: 89.9%, dove: 45.2%, magpie: 142.5%) and at high speeds
(percentage increase in power at highest measured speed compared to minimum power at any
speed for zebra finch: 68.3%, budgeriagar: 47.5%, cockatiel: 214.1%, dove: 90.0%, magpie: 50.8%).
However, this cannot explain the scatter between studies for the same species. For example, for
three studies of pigeons at similar speeds (5.0 + 0.5 m/s), the average positive pectoralis power
scaled by pectoralis mass was 108 W/kg [9(2], 207 W/kg [12(2 ], and 273 W/kg [40(% ], and for three

studies of magpies at similar speeds (4.2 + 0.3 m/s), the average pectoralis power was 68 W/kg
[32] (net power), 85 W/kg [11# ] (positive power), and 308 W/kg [10#] (net power). Many of

more sophisticated external power measurement gives valuable insight, which can be used to
anchor the pectoralis power estimate for doves. The only comparable study for doves is Tobalske
et al. 2003 [3 @], which reports an average net pectoralis power of 179 W/kg for doves flying at 1
m/s. We measured an average net pectoralis power of between 182 + 48 W/kg (no energy storage)
and 232 + 60 W/kg (full energy storage) for doves flying at 1.23 + 0.13 m/s, meaning that, based on
our measurements, Tobalske et al. 2003 [3 5] underestimated the pectoralis power by between
1.6% + 26.6% (no elastic storage) and 29.4% + 33.3% (elastic storage fully powers upstroke), which
is small in comparison to the variance among other studies. While we cannot, from the current
measurements, determine exactly how much energy is actually stored for upstroke, we can
observe that utilizing energy storage in the supracoracoideus tendon is an effective solution for
powering the upstroke, partially because only a small increase (24.9% + 17.5%) in pectoralis power

is needed for elastic storage to obtain a well-tuned wingbeat.

A notable benefit of energy storage in the supracoracoideus tendon, is that it also improves the
shape factor of the pectoralis work loop. We find that for any energy storage fraction in the
supracoracoideus tendon above 35%, a pectoralis work loop shape factor of over 0.72 + 0.11 can be
achieved (global maximum of 0.73 + 0.10) if the energy storage is spread out appropriately over
the course of the downstroke (Fig. 5F-G ). Compared to work loops previously reported from
strain-gauge measurements of muscle stress, which are relatively triangular (data from Tobalske
et al. 2003 is plotted in Fig. 5E for a dove in similar conditions; shape factor = 0.62 [3Z]) [10C2],
our more rectangular work loops suggest an improved generation of work, because the relative
area of positive work is greater for a rectangle than a triangle with the same maximum stress and
strain.

We find additional evidence for energy storage in the supracoracoideus tendon based on the
computed pull direction of the pectoralis during the downstroke (Fig. 6 ). In particular, during
the second half of the downstroke, the pull angle (Fig. 6C2) and pull direction (Fig. 6D-E 2) of the
pectoralis would more closely match previously-measured kinematics in chukars for wing-assisted
incline running [4 (2], if the supracoracoideus tendon was tensioned in that region of the wing

stroke. While we should not expect the chukar kinematics to exactly match our results, as they
originate from a different species and behavior (i.e. level flight versus wing-assisted incline
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running), the pull angle and direction do align well in the first half of the downstroke, which was
unaffected by supracoracoideus tendon tensioning. In the second half of the downstroke, which
could be affected by tensioning the tendon, the pectoralis of the chukars pulled in a caudoventral
direction, whereas our measurements of the total flight muscle torque indicate a caudodorsal pull
direction. Similarly, the pull angle of the pectoralis on the humerus generally agrees with the
chukar kinematics in the first half of the downstroke, but diverges in the second half of the
downstroke. Tensioning the tendon may explain both of these discrepancies because, firstly, the
anatomy of the supracoracoideus makes it well positioned to produce a dorsal force near the end
of downstroke, whereas this is impossible for the pectoralis. Secondly, if tensioning the
supracoracoideus tendon increased the required pectoralis moment in the second half of the
downstroke, then the pectoralis pull angle would be higher than is plotted in Fig. 6C . While
elastic tensioning of the supracoracoideus tendon seems likely [5% ], future work measuring the
supracoracoideus pull angle and direction is needed to verify these predictions. Additional future
work could measure the heterogeneous recruitment of the muscle fibers in the pectoralis through
the downstroke to refine the muscle moments and stresses we calculated here.

7 eLife

Overall, we see multifaceted evidence and benefits of extra pectoralis power production during
the mid-to-late downstroke to tension the supracoracoideus tendon, which can then power much
of the upstroke. In addition to reducing the work that the supracoracoideus muscle needs to
produce, energy storage in the tendon enhances the pectoralis work loop shape, due to efficient
aerodynamic force production mid-downstroke, caused by a dip in the angle of attack. Elastic
storage also enables the pennate supracoracoideus to generate force instead of power, for which
its muscle fiber architecture is more suited. The interactions between kinematics and muscle
activity are critical to understanding bird flight, hence it is valuable to study how it shifts for birds
with different morphologies and flight styles.

Comparative effects of wing

aerodynamics and inertia in extant birds

For doves, aerodynamic power is dominant during the downstroke, and the smaller inertial power
dominates during the upstroke.

In contrast, hummingbirds produce a similar amount of aerodynamic power during upstroke and
downstroke (Fig. S14A (@), and inertial power is dominant throughout the stroke (Fig. S14B(®).
The increased influence of inertia is likely due to the higher wingbeat frequency of the
hummingbirds (79 Hz; [13 (2]) as compared to the doves (9.8 Hz; Table 2(2). Unsurprisingly, the
masses of the pectoralis and supracoracoideus muscles are more similar in hummingbirds
(approximately 2:1 ratio [13(%]) than doves (ratio of 4.60 + 0.93), because hummingbirds need

more total muscle power during the upstroke than doves (Fig. $14C(2).

However, for bird species with more similar flying styles, the differences in muscle function and
timing are more nuanced. Based on our scaling analysis, we find that average pectoralis power
scaled linearly with bodyweight and wingtip speed (Fig. 7A,C 2 ; Eqn. 1 ). This helps to explain
why flapping frequency and wingspan are inversely related across species [41 2 ]: to maintain a
reasonable average muscle power requirement, birds with longer wings need to flap slower. The
effect of inertia on the other hand, is to impact the timing of the pectoralis power, even while the
average pectoralis power is unaffected (Fig. 7B,D &2 ; Eqn. 2(%). When the effects of inertia relative
to aerodynamics are increased (higher wing to body mass ratio, wing mass more distally
positioned, higher flapping frequency, longer wing length), pectoralis power needs to be produced
earlier in the downstroke. Across over three orders of magnitude of extant bird sizes (between 9.5
grams and 2140 grams), the timing shift is small, covering a range of less than 10% of the stroke.
Hence, it is difficult to determine whether previous studies measuring electrical activation timing
of the pectoralis confirm this result (Fig. 7D ). However, based on our detailed mechanistic
analysis, we have built new intuition for why pectoralis power (and force) should in principle be
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timed slightly earlier or later to tune the downstroke well. Overall, the interplay between
kinematics and wing physiology is a critical factor in determining muscle function, and across a
vast array of bird species with similar flight styles, the variance in timing and relative magnitude
of muscle power production is small, and thus hard to measure, but functionally relevant.

7 eLife

Conclusions

Our integration of in vivo measures of muscle activation and strain using established methods
combined with novel measures of wing shape and aerodynamic force provides new insight into
how the complex interplay between inertia and aerodynamics shapes wing kinematics and muscle
function. While the inertial power for doves is less than the aerodynamic power, inertia plays a
critical role in dictating pectoralis power production timing and dominates the required power
during the upstroke. This upstroke muscle power requirement can be met by the pectoralis muscle
storing elastic energy in the supracoracoideus tendon during the mid-to-late downstroke so it can
be released during the upstroke. Counterintuitively, when fine-tuned correctly, this extra power
production to tension the supracoracoideus tendon actually improves the effectiveness of the
pectoralis muscle work loop by maximizing its work loop shape factor. Storing energy by
tensioning the supracoracoideus tendon mid-downstroke effectively flattens pectoralis power
production, because it fills the aerodynamic power dip due to the marked reduction in angle of
attack midstroke, which improves the aerodynamic efficiency of the wing. Future studies should
seek to simultaneously measure contractile behavior in the supracoracoideus [5 ] and the strain
in its tendon to provide direct tests of our predictions of elastic energy storage. This feat has not
yet been performed in bird flight because the supracoracoideus tendon cannot be studied
minimally invasively, underscoring the value of our corroborated model. Additionally, it would be
valuable for a complete picture of whole-animal energetics to have measures of metabolic power
[422] to compare it with muscle and aerodynamic power to determine avian flight efficiency.

Materials and Methods

Dove flight experiments

The experimental setup (Fig. S12) consisted of three time-synchronized systems which imaged
the 3D surface of the dove (Fig. 1C (%), measured the aerodynamic forces produced by the dove
(Fig. 1A,B®@), and measured the activation and lengthening of the pectoralis muscles of four doves
(Fig. 1A,B(@). To image the 3D wing surface of each dove at 1000 Hz, we used a structured-light
system [27 (2 ], [28 @ ]. We measured the vertical and horizontal aerodynamic forces produced by

10,000 Hz, we used electromyography (EMG) to measure the electrical activation of the pectoralis
and sonomicrometry to measure the strain of the pectoralis. We analyzed the second wingbeat
after takeoff for four 2-year-old near-white Ringneck doves (Streptopelia risoria; 3 males, 1 female;
statistics summarized in Table 1 %), which were trained to fly between perches (1.6 cm diameter)
0.65 m apart inside of the AFP. We recorded 5 flights from each dove while measuring the muscle
activity for a total of 20 flights. To assess the effect of surgery and the recording cable on flight
behavior, we also recorded doves 3 and 4 during five pre-surgery flights, and dove 3 during five
post-surgery flights, but without the cable needed to measure muscle activity attached (Fig. S2@).
The perches were mounted 0.36 m above the bottom plate of the AFP, and the residual descent
angle between the takeoff and landing perch was 2 degrees. Training involved light tapping on the
tail to initiate a flight to the other perch. Some flights were rejected as outliers due to inaccurately
eliciting a flight or equipment failure (noisy or missing sonomicrometry signal; insufficient
suspended cable length allotment). All experiments were approved by and in accordance with
Stanford University’s Institutional Animal Care and Use Committee.
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Variable Mean #s.d.
Body mass [g] 161.6+11.4
Wing span (tip to tip outstretched) [cm] 50.03 £2.28
Wing radius (tip to shoulder outstretched) [cm] 22.58 +1.13
Single wing area (outstretched) [cm?] 182.6 +20.2
Tail area (outstretched) [cm?] 140.1+17.8
Aspect ratio [-] 6.89 +0.48

Single pectoralis mass [g] 14.66 + 1.97
Pectoralis fasicle length [mm] 17.12+1.43
Pectoralis fasicle angle [deg] 33.58 £ 2.85
Pectoralis PCSA [mm?] 690.1+92.8
Distance between pectoralis sonomicrometry crystals [mm] 12.27+1.70
Single supracoracoideus mass [g] 3.26 £ 0.57

Table 1.

Morphological data for doves. (N = 4 doves).

Variable Mean #5.d.
Flight speed [m-s] 1.23+0.13
Downstroke length [ms] 61.80 £4.73
Upstroke length [ms] 40.65 +3.88
Flapping frequency [Hz] 9.80 £ 0.62
Yaw angle [deg] 1.62+6.33
Advance ratio [-] 0.14+0.01
Max pectoralis strain [€] 0.23+0.01
Max pectoralis velocity [m-s™] 0.24 +0.04

Table 2.

Measured kinematics and contractile properties for the second stroke after takeoff. Positive yaw angle corresponds with the
dove yawing to the left. The advance ratio is computed using the formula in Ellington 1984 [362 ] (N = 4 doves; n = 5 flights
each).
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“elife Muscle activation and strain measurements

To measure the electrical activation and strain of the left and right pectoralis muscles, we
surgically implanted EMG electrodes and sonomicrometry crystals using standard methods for the
pectoralis of birds [9CZ2 ], [44 Z]. Recordings were made by connecting a shielded cable to the back
plug on the dorsal side of the dove. We loosely suspended the cable, weighing approximately 26.1
g, above the dove (Fig. S1@). Sonomicrometry signals were converted into fiber lengths, Lpect & by
calibrating at 0, 5, and 10 mm, which we used to compute fiber strain:

Lyesis o1,

Vpects = “

where Lyect frest is the muscle’s resting length during perching. For more information, see Section
S4.

Aerodynamic force measurements

We determined the time-resolved aerodynamic force vector generated by each wing of the dove by
measuring the net aerodynamic forces in the horizontal (back to front; x) and vertical (z)
directions as in Deetjen et al. 2020 [33 (%] (Figs. 1A,B (3, S1). We then combined these 2D forces
with our 3D wing kinematics measurements to reconstruct the final, lateral (right to left),
component of the full 3D force vector (Fig. 1C). The vertical and horizontal aerodynamic forces
of the dove were measured using a 2D AFP [31 2], [43(Z]. The 2D AFP measures vertical forces by
instrumenting the floor and ceiling of a flight chamber with carbon fiber composite panels.
Similarly, the horizontal forces are measured with two instrumented panels on the front and back
sides of the flight chamber (1 m length x 1 m height x 0.6 m width). Each of the four panels is
connected in a statically determined manner to three Nano 43 sensors (six-axis, SI-9-9.125
calibration; ATI Industrial Automation) sampling at 2000 Hz with a resolution of 2 mN. We also
measured takeoff and landing forces by mounting the perches on carbon fiber beams, each of
which was connected in a statically determined manner to three Nano 43 sensors set on
mechanically isolated support structures. The force measurements were filtered using an eighth-
order Butterworth filter with a cutoff frequency of 80 Hz for the plates and 60 Hz for the perches,
or about 8 and 6 times the flapping frequency of a dove, respectively. This enabled us to filter out
noise from the setup, because the natural frequencies of the force plates were all above 90 Hz, and

the perches had natural frequencies above 70 Hz. Validation of the setup is detailed in Section S5.

3D surface and kinematics measurements

We measured the 3D surface of the head, tail, and left wing of the dove, as well as multiple marker
points on the dove at 1000 Hz using the same methods as described in our methods paper: Deetjen

and thickened the projected stripes to improve lighting contrast to converge on the recording
setup settings described in [33 2 ]. Additionally, we manually tracked the following 12 feature
points using triangulation: ninth primary wingtip, seventh secondary feather, shoulder, wrist,
middle of the back, left and right feet, left and right eyes, tip and base of the beak, and top of the
head (Fig. 1C®). For the ninth primary, shoulder, wrist, back, and the top of the head, we attached
square retro-reflective marker tape and identified their centers when they were visible. The
remaining positions were estimated with a combination of manual annotation and interpolation,
when taking derivatives. We combined the collected 12 kinematics (marker) points and the surface
data to fit a smooth morphing surface to the body, tail, and wings of the dove. Finally, we assumed
bilateral symmetry for the right wing because we focused our cameras and projectors on the left
wing to maximize resolution.

Marc E. Deetjen et al., 2023 eLife. https://doi.org/10.7554/eLife.89968.1 18 of 63


https://doi.org/10.7554/eLife.89968.1

% eLife Modeling the distributed mass of the dove
We modeled the distributed mass of the wings and body of the dove as a series of point masses
which move based on the tracked kinematics. For each wing, we used 20 point masses which were
distributed along the wing. We fixed the location of the shoulder joint relative to the body of the
dove (average of tracked shoulder positions relative to the body) and formed a V-shaped path from
the shoulder joint to the wrist joint to the ninth primary feather. The point masses were then
placed proportionally along this path. The masses of each point mass were determined using a
scaling of the mass distribution along the wing given by Berg [46 (%].

Modeling power and momentum

We developed two separate dynamics models to gain different insights into the time-resolved
activity of the flight muscles. The first model is a 1D power balance of the entire dove (see Section
S7 for derivation), by which we compute the time-resolved power that the dove’s muscles must
have generated in order to produce the kinematics and aerodynamic forces that we observed.
Combined with the measured pectoralis strain rate, we computed the pectoralis force magnitude
during the downstroke, assuming it is the primary muscle producing power. The second model is a
3D angular momentum balance of the wing (see Section S8 for derivation), by which we compute
the time-resolved 3D moment vector (torque) that must have acted on the wing in order to
produce the observed kinematics and aerodynamics forces. We then used the information gained
from both of these models, together with skeletal measurements, to compute the time-resolved 3D
force vector produced by the pectoralis during downstroke, along with its pull angle on the
humerus (see Section S9 for derivation). See Fig. S112 for a side-by-side comparison and
summary of the two models, and how they are used in concert to compute the pull angle of the
pectoralis.

Disentangling pectoralis and supracoracoideus power

To understand the effects that varying amounts of elastic storage in the supracoracoideus tendon
would have on power generation in the pectoralis and supracoracoideus muscles, we developed a
time-resolved muscle-tendon model. The output of this model is a breakdown of the time-resolved
power generated, absorbed, stored, or released by the pectoralis and supracoracoideus. The sum
of these four power modes across the two muscles equals the total computed muscle power at
each time-step. While other muscles are involved in power generation, we simplify the model by
assuming that the pectoralis and supracoracoideus generate all the necessary power. This
assumption is justified because their masses significantly exceed that of the other muscles in the
dove [5 2 ]. Using this assumption, it is clear that positive, mid-downstroke power can be
attributed to the pectoralis, and positive, mid-upstroke power can be attributed to the
supracoracoideus. However, two modeling challenges remain. First, during stroke-reversal, in vivo
adding some ambiguity in those regions. We addressed this using common-sense rules for muscle
power generation: e.g. muscles only generate positive power when they are shortening (see
Section S10 for details). Second, the anatomy of the supracoracoideus tendon, along with in vivo
measurements, provides evidence that it stores elastic energy during the late downstroke and
releases it after stroke reversal to aid the supracoracoideus during upstroke [5 2 ]. Because the
exact nature of this energy storage is unknown, we analyzed the effect that different amounts and
timing of energy storage would have on power distribution (see Section S11 for details).

Scaling analysis across extant birds

We scaled our aerodynamic, inertial, and muscle measurements for doves across multiple extant
birds, to estimate comparative patterns of power output during slow flight. Assuming that
aerodynamic forces scale with body weight, wing velocity scales with flapping frequency times
wingspan, and using our derived modeling equations, we traced the effects of aerodynamics and
inertia to formulate key scaling parameters that dictate muscle performance. In particular, the
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aerodynamic power is proportional to the wingtip velocity (note the force associated with
aerodynamic power is proportional to bodyweight, we thus do not dissect its dependence on
velocity squared explicitly), and the inertial power is proportional to the wing mass ratio (ratio of
wing mass to bodyweight), the wing radius of gyration ratio (ratio of radius of gyration to
wingspan) squared, the wing length, and the wingbeat frequency. For more details see Section S12.

7 eLife

Supplementary

Supplemental Results

Section S1: Effects of surgery

While many studies involving surgical procedures have been conducted to study the pectoralis

doves made after takeoff after undergoing surgery, we recognize that this may constrain our
understanding of dove flight in general. Hence, we first analyzed the effects of the surgical
procedure and muscle recording cable on the overall flight dynamics for one dove for which we
made recordings before as well as after the surgical procedures.

For this one dove, surgery consistently changed the way it took off and flew (Fig. S2@). After the
surgery, the dove pushed off from the takeoff perch with similar vertical force (vertical impulse
before: 0.39 + 0.03; after: 0.34 + 0.03), but substantially less forward force (horizontal impulse
before: 0.81 + 0.03; after: 0.56 + 0.05; gravity was subtracted from vertical impulses; all impulses
were scaled by bodyweight and integration time). During flight, the dove produced a smaller
braking force after the surgery (horizontal impulse before: -0.09 + 0.02; after: -0.03 + 0.01).
Additionally, the dove used more wingbeats to fly the same distance, resulting in a higher flapping
frequency (before: 8.28 + 0.19 Hz; after: 9.20 + 0.15 Hz), and a different first stroke. The first
downstroke was smaller in magnitude (maximum force scaled by bodyweight before: 2.18 + 0.13;
after: 1.09 + 0.05) and began 14.4 + 4.6 milliseconds before release from the perch rather than 54.9
+12.7 milliseconds after release from the perch.

The effects of the suspended recording cable were less pronounced than the effects of surgery,
although still noticeable. The mass of the entire cable was 26.1 grams, but the extra mass moved
by the dove was only an average of 10.9 + 3.8 grams (6.4% + 2.2% of bodyweight) based on
bodyweight measurements recorded while the dove was sitting on the takeoff perch. When the
dove was carrying the extra mass of the cable, it pushed off from the takeoff perch in a more
forward direction (vertical impulse scaled by bodyweight before: 0.34 + 0.03; after scaled by
bodyweight plus cable: 0.29 + 0.05; horizontal impulse scaled by bodyweight before: 0.56 + 0.05;
after scaled by bodyweight plus cable: 0.64 + 0.03). Once airborne, the dove produced greater
vertical impulse (before: -0.28 + 0.04; after: -0.23 + 0.06), and greater forward impulse (before: -0.03
+0.01; after: 0.02 + 0.03), while flapping more frequently (before: 9.20 + 0.15 Hz; after: 9.62 + 0.22
Hz). However, all of these flight differences are small compared to the differences caused by the

surgery.

When we compare the aerodynamic forces produced before and after surgery by dove three (Fig.
S$2@ and Table S2), we find an increase in flapping frequency after surgery which mirrors the
differences in flight performance reported for a small passerine [44 2 ]. Additionally, after surgery,
we consistently observed a modified takeoff pattern: the dove pushed off with less forward force,
and its first downstroke was earlier and produced less aerodynamic force. Overall, the flight
performance of the dove was substantially altered by the surgery, and to a lesser degree, by the

weight increase due to the attached recording cable. However, these changes are analogous to
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changing the task the dove needs to accomplish, similar to changing flight distance, speed, or
angle. Our results therefore quantify this particular, post-surgery flight condition, rather than
flight in general.

7 eLife

Section S2: Flight styles among individuals

The four doves used somewhat different flight strategies from one another (Figs. 2B (3, S3), yet
parameters during the second downstroke were similar across 20 flights (Figs. 1A2, 2%, Table
$3). During takeoff, dove 1 pushed off with the most force, while dove 4 pushed off with the least
force in both the vertical (vertical impulse for dove 1: 0.34 + 0.04; dove 4: 0.23 + 0.06) and
horizontal directions (horizontal impulse for dove 1: 0.77 + 0.06; dove 4: 0.44 + 0.04; gravity was
subtracted from vertical impulses; impulses herein are dimensionless as they were scaled by
bodyweight (N) and integration time (s)). Because dove 1 pushed off with greater forward force, it
could start braking earlier in the flight than dove 4, which still needed to produce forward thrust
during the second stroke after takeoff (horizontal impulse for dove 1:-0.09 + 0.01; dove 4: 0.17 +
0.03). This may explain the difference in stroke plane angle during the second downstroke for the
two doves (Fig. 2B 2; dove 1: 31.6° + 2.5°; dove 4: 45.07° + 2.8°), even though there is not
substantial variation in the other kinematic angles among the doves (Fig. 2C(©): whereas the
aerodynamic force magnitude needed was similar for both doves due to weight support, the force
direction was different. The vertical force during the second stroke was additionally influenced by
the timing and number of strokes the doves took (number of strokes between takeoff and landing
for dove 1: 4; dove 2: 5; dove 3: 4; dove 4: 5), but, overall, we found that the vertical aerodynamic
force was relatively consistent during the second stroke (vertical impulse for all doves: 0.86 + 0.09;
gravity not subtracted here for clarity).

During the second stroke, the pectoralis muscle performance was consistent across the 20 flights
(Figs. 1A2, S3). The electrical activation of the pectoralis began during the middle portion of the
upstroke, 7.07 + 5.10 milliseconds before the pectoralis began shortening, which occurred 10.54 +
2.86 milliseconds before the beginning of the downstroke (defined by kinematic stroke reversal:
see stroke angle in Fig. 2C@). The electrical activation then lasted 37.63 + 7.66 milliseconds and
ended 68.57 + 3.38 milliseconds before the pectoralis completed contracting, which occurred 11.06
+1.99 milliseconds before the end of the downstroke. The pectoralis shortened for 59.62 + 3.84
milliseconds during the stroke which lasted 102.45 + 6.59 milliseconds (downstroke: 61.80 + 4.73
milliseconds). Furthermore, we see that the timing of the pectoralis contraction corresponds with
the majority of aerodynamic force production.

Section S3: Analysis of 3D muscle torques

Using the 3D angular momentum balance model (Fig. 6 %), we can compute the time-resolved

moment vector (torques) generated by the pectoralis muscle during the downstroke. Due to the
complexity of 3D moments, we consider each of the three components of muscle torque on the
wing separately.

First, we consider the moment in the roll axis (X}, points in the cranial direction and is aligned
with the thoracic vertebrae of the dove; Figs. 6B, S10B). During the majority of the downstroke,
the flight muscles pulled ventrally on the wing (average ventral moment during downstroke: 0.140
+0.013 N-m) to oppose lift and drag, whose world z-axis components each point vertically up (Fig.
S5C[@). Just before the end of the downstroke, and 1.97 + 1.91 milliseconds before the pectoralis
began lengthening, inertial effects from decelerating the wing were associated with a small dorsal
moment (average dorsal moment at the end of the downstroke: 0.057 + 0.026 N-m). As is the case
for power, inertia dominated during the upstroke.

Second, we consider the moment in the pitch axis (yy, points laterally towards the distal wing,
perpendicular to the thoracic vertebrae; Fig. S10C (%), in which the effects of aerodynamics
dominated over inertia. When we examine the lift and drag forces (Figs. 42, S5), we again see
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that the vertical direction was the most important during the downstroke because forces in the
lateral direction created no y; moment, and the horizontal forces were small (15.5% =+ 4.1% of the
stroke-averaged net aerodynamic force during the downstroke). At the beginning of the
downstroke, the wing was at the posterior of the bird, creating a positive aerodynamic torque in
the y}, axis, which was balanced by a negative muscle moment in the y, axis (flight muscle acting
to supinate the wing). At the end of the downstroke, the wing was at the anterior of the bird, with
a negative aerodynamic torque. Hence, the total muscle moment in the pitching axis acted to first
supinate (average supination moment during beginning of downstroke: 0.047 + 0.010 N-m), then
pronate (average pronation moment during end of downstroke: 0.068 + 0.026 N-m), the wing
during the downstroke. Since the pectoralis is thought mainly to pronate the wing, it appears that
other flight muscles are driving the small supination moment at the beginning of the downstroke.
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Finally, we consider the moment in the yaw axis (z;, points in the dorsal direction; Fig. S10D @),
where aerodynamics again dominate the downstroke. To gain a more holistic view of the
relationship between the moment in the yaw axis and the horizontal, lateral, and vertical world
components of lift and drag, it is helpful to examine Fig. S10E-G @, where we plot the 3D moments
in the world coordinate system. The aerodynamic moment in the vertical world axis was small
throughout the downstroke (average magnitude: 0.029 + 0.009 N-m), because the vertical lift and
drag create no moment in the vertical direction (Fig. S10G (©). Therefore, the yaw aerodynamic
moment originated primarily from the moment in the horizontal world axis, rotated about the
lateral world axis by the amount that the dove pitches its body forward. The net effect was to
generate an average muscle moment of 0.063 + 0.017 N-m in the caudal direction during the
downstroke.

As is the case for the power analysis, the effects of the aerodynamics dominated during the
downstroke, whereas inertia dominates during the upstroke and near stroke reversal.
Furthermore, for all three components of the aerodynamic moment, we find that the components
of lift and drag in the vertical world direction were dominant.

Supplemental Methods

Section S4: Muscle activation and strain measurement details

To measure the electrical activation and strain of the left and right pectoralis muscles, we
surgically implanted EMG electrodes and sonomicrometry crystals using standard methods for the
pectoralis of birds [9C2], [44 Z]. The doves were anesthetized using isoflurane by inhalation.
Then, each pair of sonomicrometry crystals (2.0 mm; Sonometrics, Inc., London, ON, Canada) and
each custom-made, fine-wire bipolar EMG hook electrode (0.5 mm bared tips with 2 mm spacing;
California Fine Wire, Inc., Grover Beach, CA, USA) were implanted parallel to the fascicle axis of
the mid-anterior region of sternobrachial portion of pectoralis at a depth of approximately 4 mm
beneath the superficial fascia of the muscle. Before suturing (4-0 coated Vicryl) all of the openings,
the sonomicrometry signals were tested to ensure good signal quality. Then, all of the electrodes
were sutured down a few millimeters away from the exit point on the superficial fascia of the
pectoralis, to prevent movement independent of the fascicles. We left a small loop in the EMG
electrode at the surface of the muscle to limit low-frequency noise. The electrode and transducer
wires were tunneled under the skin along a narrow path from the ventral incision, along the
lateral side of the dove, to the dorsal surface where the wires terminated into a back plug. The
back plug was secured to the dove’s back by suturing the base of the plug to intervertebral
ligaments, and it was custom-made (prior to surgery) using terminal strips and epoxy. The skin
was sutured closed around the back plug. After the experiments, the doves were euthanized using
an overdose of isoflurane. All surgical procedures were in accordance with Stanford University’s
Institutional Animal Care and Use Committee and followed established methods and protocols
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Recordings were made by connecting a shielded cable (flexible wires sheathed approximately
every 30 cm; diameter 7 mm) to the back plug on the dorsal side of the dove. We loosely suspended
the cable above the dove (Fig. S1®), and the length of the cable that was suspended was
approximately 76 mm, weighing 26.1 g. The cable was connected to an Ultrasound Dimension
Gauge (UDG; Sonometrics, Inc., London, ON, Canada) to measure the sonomicrometry signals, and
to a differential AC amplifier (Model 1700; A-M Systems, Sequim, WA, USA) to measure the EMG
signals. All signals were recorded at 10,000 Hz using a Digidata 1550A A/D converter (Axon
Instruments, Union City, CA, USA).
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Sonomicrometry signals were converted into fiber lengths, Ly, , by calibrating at 0 mm, 5 mm,
and 10 mm, and assuming the speed of sound transmission is 1590 m-s™ when the muscle is at 37

whereas the EMG signals did not have any time lag. To compare the EMG signals across all flights,
we filtered the rectified signal with a second order butterworth filter with a cutoff frequency of 50
Hz. While we recorded EMG signals for both the left and right pectoralis muscles, the right signal
was unreliable, so we only include data from the left EMG.

Section S5: Aerodynamic force measurement validation

beam and then comparing vertical and horizontal forces measured by the beam with forces
measured by the AFP, as reported in [31Z ]. Over a period of 10 seconds and a sampling rate of
1000 Hz, the impulse ratio and the mean force ratio of the 2D AFP to the beam were both 1.00 +
0.02 (n = 10 trials) in the vertical direction and 1.00 + 0.01 in the horizontal direction (n = 20 trials).
Additionally, for a flight that starts and ends at rest, we expect that the total vertical impulse
imparted by the legs and wings should equal full bodyweight support [29 (2], and that the net
horizontal impulse should equal zero. Integrating the forces from takeoff to landing for the dove’s
flight, we measured a vertical impulse ratio (impulse from legs and wings divided by impulse due
to bodyweight, bw) of 1.03 + 0.02, and a horizontal impulse (impulse from legs and wings divided
by bodyweight) of 0.02 + 0.02 bw-s for 15 flights where the doves did not have an external cable
attached to the back. For the 20 flights where the doves had a cable attached, we measured a
vertical impulse ratio of 1.01 + 0.02, and a horizontal impulse of 0.08 + 0.02 bw-s. The horizontal
impulse is greater than zero when the cable is attached, because the dove did positive work to pull

the cable forward.

Section S6: Aggregate aerodynamic and kinematic parameters

To compare all flights and understand the underlying dynamics, we reduced the highly resolved
3D surface and kinematic measurements, in combination with the measured aerodynamic forces,
into simplified aerodynamic and kinematic parameters which summarize the time-resolved state
of entire wing.

To facilitate this simplification, we divided the wing into blade elements spaced 1 mm apart in the
spanwise direction. For each blade element (J total blade elements, index j), we computed: 1) the
surface area, Sj, 2) the chordline vector from the trailing edge to the leading edge, 3) the velocity
vector at the quarter-chord location (25% chord length behind the leading edge; measured relative
to the Newtonian reference frame, N), ¥ 37, which includes the velocity components of both the
flapping and morphing motion of the wing, and 4) the angle of attack induced by wing motion, a;,

which is the angle between the chordline and velocity vectors (Fig. 2A,C @).
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We computed many of the simplified wing parameters using the spanwise blade element
measurements and the 3D kinematics measurements. From the spanwise blade element
measurements, we computed representative wing measurements which are the weighted
averages of the blade element values (derived in Deetjen et al. 2020 [33 2 ]):
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The weight for each blade element is the surface area times the velocity magnitude squared. To
precisely track the position and orientation of the wing, we defined the stroke plane angle,@q oke:
stroke angle,0;-oxe> deviation angle,04eyiation, and twist angle,b,ist, of the wing (Fig. 2A%). The
stroke plane was linearly fit using the path swept by the tip of the ninth primary feather across the
full wingbeat, where a positive stroke plane angle corresponds to a stroke plane which is pitched
down. The stroke angle and deviation angle are defined relative to the stroke plane according to
Fig. 2A[@, and the twist angle is the angle between the chordline vector at the root and the
chordline vector along the span of the wing. Finally, we also computed time-resolved parameters
to describe wing morphing. The semi-wing surface area, Syying, is the area of a single wing:

]
g =255 ($3)
1

which we used to calculate the aspect ratio, ARyying, 0of the wing:

AR =275, (54)

where the wing radius, bwmg, is the length of the V-shaped path from the shoulder joint to the
wrist joint to the ninth primary feather. The folding ratio, FRypg, of the wing:

o

Ry =

- (s5)
max f,, |

depends on the span vector, f.., which is the vector from the shoulder joint to the ninth primary
feather. The max function finds the maximum value across the stroke.

To compute the lift and drag forces and the lateral (right to left) aerodynamic forces produced by
the wing (Fig. 1C(2), we utilized the measured vertical and horizontal aerodynamic forces, in
addition to the 3D surface and kinematic measurements. From the derivation in Deetjen et al. 2020
[33], the directions of lift, i,, and drag, b, for the entire left wing are:
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To compute the magnitude of lift, L, and drag, D, on both wings, we included the net measured
horizontal, Foppy, and vertical, Fapp,, aerodynamic forces:
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Bl (lmx cos® @ — L, cos :’;in 5) Frpr =L Frey ) (S8)
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where the x and z subscripts indicate the components of the lift and drag unit vectors, and@ is the
yaw angle of the dove. A positive yaw angle corresponds with the dove yawing to the left. Finally,
we summed the lift and drag vectors to compute the total 3D aerodynamic force vector produced
by the wing, &, :

F_. =DD+LL. (S11)
Wll'lg

Near stroke reversal, these equations encounter a singularity, so we smoothed the angle of attack,
and lift and drag forces in these regions using the ‘perfect smoother’ [45 (%] with smoothing

log|S] - loge,
W =1-max10,min 1,70}%‘S| %84 3 (S12)
logc, —logc,
with ¢y =0.15 and ¢q = 0.35.

Section S7: 1D power balance of the entire dove

To compute the time-resolved power that the dove’s muscles must have produced, we balanced the
muscle power with the effects of the aerodynamic forces and inertia.

To do this, we first needed to decide what the most effective scope to analyze power is: power
balance of a single wing of the dove, or power balance of the entire dove. To aid in this decision,
we examined the definition of power, NPB, for a system B (a collection of point masses and rigid
bodies: scope of the power analysis) in the Newtonian reference frame N:

dNKP
dt

NpB _

, (S13)
where NK B is the kinetic energy of system B in reference frame N. Specifying what system B
encompasses was needed to clarify how terms relating to the muscles, aerodynamics, and inertia
would be incorporated into this high-level equation. One possible way to define system B was as a
system that contains only point masses and rigid bodies which model a single wing of the dove.
This definition is advantageous because it eliminates the term related to the kinetic energy of the
body, which involves the second derivative of the position of the body. However, the disadvantage
of this definition is that an extra power term appeared which we could not measure. That is, we
had no method to measure the reaction force on the shoulder joint, which contributed to power
because it was an external force acting on the wing. The only alternative way to eliminate this
term was to assume that the shoulder joint itself moved in a Newtonian reference frame (constant
velocity and no rotation), which is a large over-simplification. Instead, we defined system B to
contain the entire dove, and accepted the difficulty in computing the second derivative of the
position of the body, which could add noise to the results. With the scope of the power balance
decided, we expanded each side of Eqn. S13 to incorporate the effects of the muscles,
aerodynamics, and inertia.

Marc E. Deetjen et al., 2023 eLife. https://doi.org/10.7554/eLife.89968.1 25 of 63


https://doi.org/10.7554/eLife.89968.1

The kinetic energy on the right side of Eqn. S13 is made up of the distributed masses of the wings
and body. This term expands to:
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NgP :%Ig‘z(m‘“v' NG Ngh TR NgB ) 1)
where m; is the mass of the ith of Iy p point masses in the body and wings, ~¥* is the velocity
vector of the center of mass of the ith point mass in the Newtonian reference frame, ¥ is the
angular velocity of the reference frame of the ith body in system B relative to the Newtonian
reference frame, and i is the moment of inertia of the i body in system B relative to the center
of mass of that body. Since we modeled the dove using point masses, Eqn. S14 simplifies to:

R 1 lws ) )
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The power term on the left side of Eqn. S13 is made up of the external power exerted on the dove
and the internal power produced by the dove. Assuming that all the internal power produced by
the dove was accounted for by the two pectorales and supracoracoideuses, the dove’s power
expands to:

NPB:2NPpcct+2N])m|pra_N])acro_NPg’ (516)
where - N p2€T0 j5 the power done by external aerodynamic forces, - N P8 is the power done by
external gravitational forces, NPPe°t is the internal power produced by each pectoralis muscle, and
Npsupra js the internal power produced by each supracoracoideus muscle. We derived the
aerodynamic power in Deetjen et al. 2020 [33 (2 ]:

Npaero _ AR =
S _2Faem : vwing_’ (S17)
where F,, is the overall aerodynamic force on the wing, and v... is the representative wing

velocity vector computed using Eqn. S1. The gravitational power is the summation of the gravity
forces on each point mass dotted with their velocity vectors:

lys
NpE==Y mg NV (S18)
=

where ¢ is the gravity vector. This equation can be simplified, showing that only the velocity in
the z direction is relevant for gravitational power:

Nps = I“Z'm,g’\'vi, (S19)
where g is the magnitude of gravity and *: is the vertical component of the velocity vector.
To compare the effects on required muscle power from terms related to inertia versus
aerodynamics, we grouped all of the terms related to inertia together, and named the resulting

term inertial power:

pinti _ + \'ng 0
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Hence, the total muscle power simply equals the inertial power plus the aerodynamic power:

2 NPpECt + 2 NPsupm = NPII]El‘tia + NPaEm’ (822)
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which could be computed using the aerodynamic forces and kinematics that we measured. During
the mid-downstroke, the pectoralis primarily produces the power, so we eliminated the
supracoracoideus term.
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In order to convert the muscle power into force and stress, we incorporated the strain measured
in vivo and other parameters measured during dissection. The power produced by the pectoralis
equals the total force generated by the pectoralis measured at the attachment point, Fpects times
the rate of change of the length of the entire pectoralis, .. :

PR o F}‘declL.pccl . (823)

Since the pectoralis is not uniform along its length, we computed the rate of change of its length
using measurements taken from the in vivo experiment and during the dissection:

Lpec( = Cos(apecl,f)7ptct,precl,f= (824)

where .., is the average measured muscle fiber angle (dissection), r... is the average measured
muscle fiber length (dissection), and ... is the measured strain rate of the muscle fibers assuming
uniform strain throughout the muscle (in vivo). To convert the muscle force to the average muscle
stress, o
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of the cross section of the pectoralis perpendicular to its fibers:
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right pectorales of each dove measured during dissection.

Section S8: 3D angular momentum balance of the wing

To compute the time-resolved 3D moment vector (torque) that the dove’s muscles must have
produced, we balanced the muscle moment with the effects of the aerodynamic forces and inertia.
We used this result, together with the pectoralis force magnitude, computed by balancing 1D
power, to compute the pull angle of the pectoralis on the humerus during downstroke.

Like the power balance derivation, we needed to decide what the most effective scope to analyze
angular momentum is: a single wing of the dove, or the entire dove. We decided to analyze the
angular momentum of a single wing of the dove because fortunately, whereas the reaction force at
the shoulder joint is problematic for the power balance, it cancels out for the angular momentum
balance. The base form of the 3D angular momentum balance equation is:

NN WO
W 1"H - 2
MVo = a 4 N5 N[V <27
a . (827)

where nr"e is the sum of the moments on the wing (W: a system of particles and rigid bodies)
about the shoulder joint (point O: fixed on the wing), ¥g¥° is the angular momentum of the wing
about the shoulder joint in the Newtonian reference frame, 7j is the time derivative in the

Newtonian reference frame, “y° is the velocity of the shoulder joint in the Newtonian reference
frame, and ¥y is the linear momentum of the wing in the Newtonian reference frame. Reaction
forces at the shoulder joint do not create any moment about that shoulder joint, so we canceled
that term. We eliminated any reaction torques by modelling the shoulder joint as a freely-rotating
ball and socket joint with negligible friction. We also assumed negligible internal wing forces, such
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as muscles which bend the wrist or elbow. With the scope of the angular momentum balance
decided, we expanded each side of Eqn. S27 to incorporate the effects of the muscles,
aerodynamics, and inertia.

7 eLife

The terms on the right side of Eqn. S27 all relate to the distributed mass of the wing. The linear
momentum of the wing in the Newtonian reference frame is:

NV =Y (s28)

where m; is the ith of Iy bodies (or point masses) on the wing, and i is the velocity vector of the
ith body in the Newtonian reference frame. The angular momentum of the wing about the
shoulder joint in the Newtonian reference frame is:

NEYO = Z(i“ Na% 4 xm‘“\?')w (529)
where g% is the angular velocity of the reference frame of the ith body in system W (the wing)
relative to the Newtonian reference frame, i~ is the moment of inertia of the ith body in system W
relative to the center of mass of that body, and §© is the position vector from the shoulder joint to
the ith body in system W. Because we modeled the dove’s wings using point masses, we simplified
to:

I
VHYO =Y FOxm MV (S30)
i=1

Next, we expanded the left-hand side of Eqn. S27 which is the sum of the moments on the wing.
This is made up of aerodynamic, gravitational, and muscle torques:

VWO _ agWio VO \1 W0 WO
M™ =M, +M_ . -M " +M™, (S31)

pect supra

where m¥° is the aerodynamic moment, m* is the gravitational moment, m is the pectoralis
moment, and m2 is the supracoracoideus moment. Each of these terms equals the cross product
of the vector from the shoulder joint to the location where the force acts crossed with the force
vector. Hence, the gravitational moment term can be written as:

Iy
M;m _ ZF;() x(m‘é) 32)
i=1

This concludes the expansion of all terms related to mass in the angular momentum balance, and
to summarize them, we defined a parameter called the inertial moment:

3 NgNEVO
awvo _ Ng0 Ny W v WO
N"““‘“_idr + VXL =M, ($33)

Nd (L Iy Ty
MG = 77 [Zf’ O xmve ] N0 N =3 EO x(mg)- (S34)
= ) o

By grouping terms in this manner, the total muscle moment equals the inertial moment plus the
aerodynamic moment:

MY MO =MYO s MYO ($35)

pect supra inertia acro >

similar to Eqn. S22 for the power balance.
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The aerodynamic moment was challenging to compute because aerodynamic forces acted
continuously along the wing. In order to solve for the aerodynamic moment simply in terms of the
aerodynamic force on the wing and known parameters, we modeled the wing using blade
elements:

7 eLife

)
W0 -0 5
M ==Y PO xF,;, (S36)
=

where §i© is the position vector from the shoulder joint to the quarter-chord location (a quarter of
the way from the leading edge to the trailing edge) on the jth of ] blade elements, and k.., is the

Ky, =-0.508, (Cy L + G D )V

aero,j

s (S37)

where the jth blade element has surface area, S, lift coefficient, C, lift direction, i,, drag coefficient,
Cy,, drag direction, b,, and velocity Yy . Assuming that the lift and drag coefficients and directions
are spanwise invariant (¢, =¢. L,=L, ¢,,;=¢, and b,=b for all j), this reduces to:

MYO = ir’“’ x(O.SpS! ((,'LIZ + (‘Df))‘ Nv"r)‘ ($38)
and further simplifies to:
MY = "-5/{i3) [*¥I[ #o J x(C.L+C,D) (839)

In order to incorporate the total measured aerodynamic force on the wing, ¥, into the equation
for the aerodynamic moment, we simplified the aerodynamic moment to:
MY = RO

aero

ero + TO 5 (S40)

where g*v° is the position vector from the shoulder joint to the aerodynamic moment center, and
T, accounts for extra torque due to paired, non-aligned forces. We assumed /- based on the
assumption that all of the lift and drag forces point in the same direction, and primarily act at
locations along the wing that form a straight line starting at the shoulder joint. Using blade
elements, we expanded F,,,, giving:

MU0 <RS0 305058, L+, ) .

Lj D
=)

and then simplified by assuming spanwise invariance in lift and drag coefficients and direction:

MO = o_s,,[’zs, [*9if JR"-‘“’ x(CL+CyD): s42)

=

By comparing Eqns. S39 and S42, we solved for gavo:

0_5,{21“53 [¥of e ]x(qfﬁq,f)) = O_SpEiSJ M ]1‘1-““" %(CL+C,D). (543)
]

i1 =

J 2
v NIl gio
5[

RAWO _ - (S44)

Z;SJ‘N‘;IF
The full expansion of the aerodynamic moment is:

35 [Foif o
M = T [P (343)
ZAVJ‘ v‘|
£
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which closely resembles Eqn. S17 for aerodynamic power. By incorporating this equation for the
aerodynamic moment, Eqn. S35 can be used to solve for the moment that the flight muscles
together must generate.

7 eLife

In order to compute the angle that the pectoralis pulls on the humerus, we used the computed
pectoralis force magnitude from the 1D power balance and the muscle moment from the 3D
angular momentum balance. We started by expanding the pectoralis moment:

M, =" xF,

pect pect >

(S46)

where #P© is the vector from the shoulder joint to the deltopectoral crest where the pectoralis
pulls on the humerus, and where ¥, is the total pectoralis force. While the directions of ° and
F,. were unknown and changed continuously through the stroke, we knew the magnitudes of
both: [°| from dissection and [f..| from the 1D power balance. Hence, we used the following
equation, derived from Eqn. S46, to solve for the effective pull ratio, sin, and the pectoralis pull
angle on the humerus, 6p:

‘M“"“ i (S47)

pect

o —=PO ||
—smep‘r ‘pr
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[\

e pect
6], =sin [—‘FP'OHFWJI (S48)

The next section details how we used this result to compute the full 3D pectoralis force vector.

Section S9: Determining the pectoralis pull direction

To determine the direction in which the pectoralis pulls on the humerus, we overlaid the skeleton
of a dove on the measured 3D surface (Figs. 6%, S10). Using Computed Tomography (CT), we
scanned a dove skeleton of similar mass (170.2 g) to the four doves in this study, and then scaled
the dimensions for each of the four doves to match the size of the dove we CT scanned. The scaling
factor was the one third power of the ratio of each of the four dove’s masses to the CT-scanned
dove’s mass. We assumed that the bones in the body of the dove (ribs, sternum, furcula, coracoid,
and scapula) do not move relative to each other during flight. In reality, they do move, but not
substantially compared to the movement of the wings [4Z ], [50 (Z]. We also assumed that the
bones in the wing consist of three rigid bone segments connected to each other: 1) the brachium
(humerus), 2) the antebrachium (radius and ulna), and 3) the manus (radiale + ulnare +
carpometacarpus + phalanges). The positions and orientations of the reference frames (joint axes)
associated with each bone segment were determined based on the inertial axes of the bones and
the joint anatomy [4 @ ], [50%]. We assumed that all wing joints were free to rotate with 3 degrees

of freedom and no translational degrees of freedom (measurements show that translation of the
joints relative to the reference frame is minimal for modeling purposes) [4 2], [502]. The

measured kinematics in chukars (Alectoris chukar; kinematics measured using X-Ray
Reconstruction of Moving Morphology, i.e., XROMM) [4 (4] were applied to the dove model. Muscle
paths were modeled based on dissection of the CT-scanned dove. Pins were pushed into the body
through the pectoralis and supracoracoideus in multiple locations along the central tendons, and
pictures were taken in situ for multiple wing positions. Then the pectoralis and supracoracoideus
were removed from the body, and the positions of the pins were re-photographed to visualize the
paths of the tendons with respect to the skeleton. These paths were used to construct a simplified
musculoskeletal model in SIMM (Software for Interactive Musculoskeletal Modeling), using

wrapping surfaces to prevent the muscles from passing through bone.

We overlaid the musculoskeletal model, made up of four skeletal sections (one for the body and
three for the left wing) onto the 3D surface of the dove during each flight in four stages.

Marc E. Deetjen et al., 2023 eLife. https://doi.org/10.7554/eLife.89968.1 30 of 63


https://doi.org/10.7554/eLife.89968.1

v eLife
1. First, we determined the position and orientation of the skeleton relative to the 3D surface of the
body. We matched the orientation of the vertebral column with the pitch and yaw angles of 3D
surface fit of the body (assuming zero roll), and we matched the plane of symmetry of the skeletal
and 3D surface bodies. We positioned the skeletal shoulder joint as close as possible to the average
position (relative to the body of the dove) of the manually tracked shoulder joint, subject to the
previous constraints.

2. Second, we rotated the humerus about the shoulder joint (rigidly attached to the dove’s body) and
the radius/ulna about the elbow joint (rigidly attached to the end of the humerus) until the end of
the radius/ulna (the wrist joint) best matched the manually tracked wrist of the flying doves. Since
rotation about the long axis of the humerus and the long axis of the radius/ulna do not impact the
final position of the wrist from a purely geometric perspective (in reality, long axis rotation of the
humerus partially determines how much abduction or adduction occurs at the elbow, which in
turn determines the position of the wrist), this left two rotational axes of consequence for each
bone segment: hence four rotational parameters to fit. Constraining the wrist joint to match
between the skeletal and 3D surface models generates three constraints. For the fourth constraint,
we rotated the humerus and radius/ulna so the deltopectoral crest and dorsal surfaces of the
radius and ulna were approximately in the plane of the 3D surface of the wing. We then solved for
these four rotational angles using a nonlinear least-squares regression, and smoothed the result
[45], to find the orientations of the humerus and radius/ulna.

3. Third, we oriented the manus such that the most distal phalanx pointed toward the ninth primary
wingtip (which was tracked).

4. Fourth, we allowed the humerus to rotate in the long axis so that the moment generated by the
pectoralis best matched the required muscle moment, m > when the pectoralis was shortening.

Using the overlaid skeleton, the pectoralis force magnitude, the pectoralis moment, and the
pectoralis pull angle, we computed the time-resolved 3D force vector of the pectoralis. Examining
Eqn. S46, the overlaid skeleton provides the missing information necessary to determine the
vector from the shoulder joint to the deltopectoral crest where the pectoralis pulls on the
humerus, §¥°. With this information, we solved for the direction of the pectoralis force, &./.|:

,—HPJ-%, (849)

where R (a,0)is a function which outputs a rotation matrix corresponding to a rotation about axis
a by an angle off. In other words, the direction of ¥,.. is found by rotating the negative direction of
7 about the direction of »;:2 by an angle of -6,,. Note that in order to compute the direction of

#7©, only the orientation of the humerus is needed. The other skeletal segments (radius/ulna and
manus) are computed for visualization purposes in the figures.

Section S10: Rules for modeling muscle power overlap

To address the modeling challenge of disentangling pectoralis and supracoracoideus muscle
power during stroke-reversal, we considered the case where there is no elastic energy storage, and
the muscles only generate or absorb power. Based on the sonomicrometry measurements of the
pectoralis and total computed muscle power, each time-step during the stroke fell into one of four
categories: 1) Positive total muscle power while the pectoralis was shortening. This was the case
for much of the downstroke and indicated that the pectoralis was generating power. However,
near stroke reversal, low pectoralis muscle velocity prevented high levels of power generation (see
Eqn. S23). Hence, we restricted the maximum force production of pectoralis in stroke-reversal
regions based on the maximum force produced by the pectoralis during the mid-downstroke. Any
leftover total power is categorized as supracoracoideus power generation. 2) Negative total muscle
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power while the pectoralis was shortening. This was the case at the end of the upstroke and
indicated that the supracoracoideus was acting as a brake by absorbing power. 3) Positive total
muscle power while the pectoralis was lengthening. This was the case for much of the upstroke
and indicated that the supracoracoideus was generating power. 4) Negative total muscle power
while the pectoralis was lengthening. This was the case during the latter half of the upstroke when
the wing was decelerating and indicated that the pectoralis was acting as a brake and absorbing
power. However, similar to case 1, if pectoralis muscle velocity was too low to absorb the entirety
of the total muscle power, we attributed the remainder to supracoracoideus power absorption.

7 eLife

Section S11: Modeling energy storage in the supracoracoideus tendon

To model energy storage in the supracoracoideus tendon, we considered how different amounts
and timing of elastic energy storage in the tendon would impact the power distribution between
the pectoralis and supracoracoideus. The two tuning parameters we varied are: 1) the proportion
of supracoracoideus power which was elastically stored and released, and 2) the time period over
which energy was stored in the supracoracoideus tendon. When we increased the first tuning
parameter, we proportionally shifted the distribution of supracoracoideus power from generated
to released (upstroke), and from absorbed to stored (downstroke). The power generated by the
pectoralis was correspondingly increased to ensure sufficient energy for the supracoracoideus
tendon to store during the downstroke. To account for hysteresis effects [5C] in the
supracoracoideus tendon, the integrated extra power produced by the pectoralis must exceed the
energy released by the supracoracoideus tendon by 7%. In order to estimate the temporal
distribution of energy storage in the supracoracoideus, we assumed that the supracoracoideus
lengthens according to measurements of ascending flight in pigeons (Fig. 22 of Tobalske and
Biewener 2008 [5 2 ]). Specifically, we matched the timing of the pectoralis strain between our
measurements and their measurements, in order to match the supracoracoideus strain and find
when the supracoracoideus finishes lengthening. This timing, combined with our timing tuning

parameter, defined the region of the stroke over which the supracoracoideus stores energy.

Next, we assumed that the shape of the force-length curve of the supracoracoideus tendon
matched the curve given in Millard et al. 2013 [52 2 ]. With this timing, strain, and force shape
information, we calculated the shape of the power curve for the supracoracoideus tendon as a
function of stroke percentage. We then scaled the magnitude of the power curve according to the
amount of energy the supracoracoideus needed to store. By varying these two tuning parameters,
we examined the effects of elastic energy storage in the supracoracoideus tendon on muscle

performance.

Section S12: Scaling analysis across extant birds

We scaled our aerodynamic, inertial, and muscle measurements for doves across multiple extant
birds, to estimate comparative patterns of power output during slow flight.

For each extant bird analyzed, we scaled our results for doves by modifying all relevant variables
(see Tables S6-S10 for details), and plugging them directly into the relevant equations. We scaled
the following variables based on extant data of 27 birds measured in literature [46(2]: body mass,
Mpoqy, Wing mass (single wing), myng, wing moment of inertia (single wing), Iying, wingspan
(distance from shoulder joint to wingtip; single wing), f..|, distance from the shoulder joint to the
center of gravity of the wing (single wing), .../, wing area (single wing), Swings and wingbeat
frequency, f. For four additional birds where data was missing, we used data from other sources
[1031], [53 2], scaled isometrically to match the body mass. For pectoralis mass (single pectoralis),
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Finally, we assumed the following relationships for the following variables: time step for
integration, At :

M f ' (850)
aerodynamic force, F_:
F,, «my,, (851)

wing velocity (distributed), “%... :

K

span

Vg < f

] (S52)

and body velocity, *v.., equivalent to the doves. We calculated the point mass distribution in the
WIng, Myying ;» Using a least-squares fit to match wing mass, inertia, and center of gravity data.
Additionally, to compare pectoralis electrical activation timing to our scaling parameters in Fig.

[13&1-[152], [442], [46 2], [S3HB]-[592].

To interpret the scaling relationships, we traced the effects of scaling parameters in the
aerodynamic power and moment equations. For aerodynamic power, we started with Eqns. S1
and S17 combined for some bird:

Sl
) I e (853)
S5l
=

Next, for each variable, we replaced it with an equivalent expression by utilizing the scaling
relationships:

(S54)

where variables with a tilde represent a second bird. When we reduced this expression, we
recovered the equation for aerodynamic power for the second bird:

I 2
- S, [Yo[ v
N pero _ rflbody {l'}vm‘ oF, - ;’J| | . (S55)
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]
which led us to the scaling relationship for aerodynamic power:
(S56)
Nl)aﬂm % mbodyf fspfm " (557)

We then rearranged this equation to form interpretable parameters:

N paero

« f[Epul» (S58)

Myogy
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where /.| is proportional to wingtip speed. Using the same technique, we find the scaling
relationship for the aerodynamic moment:

7 eLife

Vo
M,

ro

o ‘r\wn‘.

(859)
Interpreting the effects of the scaling relationships on the inertial power and moments was more
challenging. For inertial power, we started with Eqn. S21 for some bird:

e ™ S +EE[ZM Vi v]+zmg RNt
where the point masses representing the body and wings were expanded from Eqn. S21. The
gravity power was negligible so we ignored it, and the scaling relationship for the inertial power
due to the movement of the body is simple:

NP o (S61)
because the body velocity was unchanged in our scaling analysis. However, the inertial term for
the wing is more complex because of the time derivative and because the point masses do not
scale proportionately. To incorporate the moment of inertia of the wing, which does scale
proportionately, we expanded the velocity terms. We started by assuming that the stroke angle, ¢,
could be written as:

¢=—Dcos(27 /1), (S62)

where @ is the stroke amplitude angle. We then differentiated the stroke angle so that the velocity
of the point masses could be written as:

NV e =910, = 27 f sin (271)

wing — wing*

(S63)

When we plugged this into the power equation:

NPt = % % [AZZm |27 1 sin (27zﬁ)E;35|’ ] (S64)
and simplified:
Npinets _ % (@2721) ;_”[,ml (27f1) '2»,2 e[ ] (S65)

we found that the moment of inertia of the wing appeared:

1

Np E(cpz;r 1Y %(sinz (270 /1)1, ). (S66)

After differentiating the expression, we arrived at the following simplified equation:

P =80 L, sin(27f), (S67)
from which we can easily see that:
N P‘:’ri)negia o f3 ]wmg . (SGS)
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o7 L f where Teyr is the radius of gyration of the wing (/,,,=m,..) . For the inertial moment, we conducted a
v/eLire similar analysis, assuming that the angular momentum term dominated, producing the following
scaling relationship:
Micria o i [ o ] (r [rp|) (870)
Myoay Mhyoay \ [Vipan

For easier discussion of the different scaling factors which relate to inertial and aerodynamic
power and moments, we defined new scaling parameters. We defined the aerodynamic power
scaling parameter, Xy, aero, Which is proportional to the wingtip velocity as:

xp‘ucm = f |rspan . (S71)

We defined the aerodynamic moment scaling parameter, Xy, zero, s the wingspan:

===, (872)

We defined the inertial power scaling parameter, X, jner, as proportional to the product of the
wing mass ratio, times the wing radius of gyration ratio squared, times the wingtip velocity
squared, times the wingbeat frequency:

(873)

Finally, we defined the inertial moment scaling parameter, Xy, jner» s proportional to the product
of the wing mass ratio, times the wing radius of gyration ratio squared, times the wingtip velocity
squared:

2
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span

Additionally, in Fig. 7B,D @ we use the following expression to quantify the midway point of the
pectoralis power exertion, 7i:

J' "N presy gy
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x100%, (§75)

[ xpar

Downstart

and the midway point of the pectoralis force exertion, 775, :

J N popeety g
x100%, (S76)

j Ny

where tpown-start a4 tpown-end are the starting and ending times of the downstroke. To convert
the ratio into a percentage, we multiply by 100%, since these points represent timing relative to
stroke percentage.

Supplementary Figures
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To muscle|
recording

Figure S1.

Simultaneous measurement of the electrical activation and strain of the pectoralis muscle, the horizontal and vertical
aerodynamic forces, and the 3D wing, body and tail surface of doves in slow forward flight enabled us to reconstruct the
aerodynamic work loop of the pectoralis. The dove flew from the right perch to the left perch inside the 2D aerodynamic force
platform (AFP) [31 2 ]-[33 (%], [43Z ], [60Z ]. Force panels above and below the dove (orange) measured the time-resolved
vertical aerodynamic force, and panels behind and in front of the dove (purple) measured the time-resolved horizontal
aerodynamic force generated by the dove to fly. Each of the four panels was connected in a statically determined manner to
three force sensors (orange and purple cones). Five pairs of high-speed cameras (C1-C5; cameras further from the dove
appear smaller) and projectors (P1-P5) imaged the body, tail and left wing of the dove from different view angles during the

projectors on the left wing, during the second stroke after takeoff, to optimally resolve the wing’s 3D surface during a full
wingbeat. The wire (dark gray curving line) used to measure the electrical activation (electromyography) and strain
(sonomicrometry) of the pectoralis muscle was attached to the back plug (black rectangle). The plug was secured to the back
by suturing its base to intervertebral ligaments. This wire was loosely supported by strings mounted near the top of the AFP
(two light gray lines), exiting the AFP through a small hole in the acrylic side panel (labeled “to muscle recording”).

A Pre-surgery, no cable B
Post-surgery, no cable

31 |Post-surgery, cable attached | Vertical forces (z) 3

2 Landing perch 2 /\\ Vertical forces (z)
z ! = \_«/
20 20
@ 1 g 1 Horizontal forces (x)
g0 80 = =

-1 ! : -1

-100 0 100 200 300 400 500 600 700 0% 25% 50% 75% 100%
Time [ms] Stroke [%]

Figure S2.

Comparison of aerodynamic and perch forces prior to surgery and after surgery shows that the surgery substantially altered
the flight performance. Pre-surgery flights are plotted in green, post-surgery flights without the recoding cable connected to
the dove are plotted in yellow, and post-surgery flights with the connected muscle recording cable (EMG and
sonomicrometry) are plotted in red. For all three flight scenarios, we averaged five flights from dove 3. (Plots show average
and standard deviation across 5 flights; gray region indicates second downstroke after takeoff). (A) The aerodynamic and
perch forces across the entire flight (similar to Figs. 1B 2, S3). (B) The aerodynamic forces generated by the second wingbeat
(similar to Fig. 1A2) during which we 3D reconstructed the dove's body surface in flight.
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Figure S3.

Measured data is plotted for each of the four doves individually, averaged over five flights per dove. (Shaded regions:
standard deviation). The data plotted is similar to Fig. 1BC where data from a single flight was plotted. For each dove, we
plot the horizontal (x, purple) and vertical (z, orange) aerodynamic forces (solid lines), the horizontal and vertical takeoff and
landing forces (dotted lines), the pectoralis electrical activation (pink: left pectoralis), and the pectoralis strain (pink: left
pectoralis; blue: right pectoralis). Manual temporal alignment is based on the instant the dove takes off. All summary figures
use data from the second wingbeat after takeoff (green shaded regions). (A) Five averaged flights by dove 1. (B) Five
averaged flights by dove 2. (C) Five averaged flights by dove 3. (D) Five averaged flights by dove 4.
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Figure S4.

Stroke-resolved wing morphing parameters during the second wingbeat, measured using 3D wing surface reconstruction. (N
=4 doves; n = 5 flights each; gray region indicates second downstroke after takeoff). (A) The angle of attack induced by
flapping motion varies through the stroke, and in a lesser degree, along the span. We computed the angle of attack for each
blade element as the angle between the chordline of the blade element (avatar: thin black line) and the velocity vector
(avatar: thick black line) and plot the results at 20% (labeled as root), 40%, 60%, 80%, and 100% (labeled as tip) of the wing
radius. (B) Wing twist, the angle between the chord vector at the root and the chord vector along the span of the wing, is
plotted at 20% (labeled as root), 40%, 60%, 80%, and 100% (labeled as tip) of the wing radius. The diagram shows a twisted
elliptical wing viewed with the wingspan axis out of the page. (C) The aspect ratio of the wing was computed using Eqn. S4
and quantifies the ratio of the wingspan squared and the wing surface area. Hence, the normalized aspect ratio is Fig. 2E (2
squared divided by Fig. 2D . The aspect ratio peak near the end of the upstroke corresponds to the dove beginning to re-
extend its wing to prepare for the downstroke, even while its feathers are still splayed to maintain low surface area.

Marc E. Deetjen et al., 2023 eLife. https://doi.org/10.7554/eLife.89968.1 38 of 63


https://doi.org/10.7554/eLife.89968.1

A X component

| B By

Force / bw [

B y component

Force / bw [-]

(2]

z component

Force / bw [-]
o -

*
0% 25% 50% 75% 100%
Stroke [%]

Figure S5.

The components of lift and drag expand our understanding from Fig. 3B . (A) The horizontal component of lift points
forward to overcome the horizontal component of drag throughout the stroke. (B) The lateral component of drag peaks near
the end of downstroke, which together with the peak in the horizontal and vertical components contributes to slowing down
the wing. (C) The vertical drag component contributes substantially, 22.1%, to weight support over the stroke. The stroke-
averaged vertical force normalized by bodyweight is 87.3%, showing the second wingbeat does not fully support bodyweight.
Body weight is supported for the entire flight using the combined work of the legs and wings. See Tables S4 and S5 for a
complete breakdown of stroke-averaged aerodynamic forces across all experiments.
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Figure S6.

The inertial power is the sum of three components. The first component, gravitational power (green; negative gravitational
power plotted), which accounts for the combined mass of the wings and body of the bird moving vertically, is comparatively
small (11.6% + 2.8% stroke-averaged magnitude compared to total inertial power). In contrast, the second component, the
inertial power due to the acceleration of the wings (red) contributes substantially (48.5% + 10.5% stroke-averaged magnitude
compared to total inertial power). Muscle power to accelerate the wing at the beginning of downstroke and upstroke is
positive, and negative when decelerating the wing at the end of the downstroke. The final component is the inertial power
due to small accelerations of the body of the bird (blue). Because the mass of the body is high compared to the wing, and
because the second derivative of position is highly sensitive, the standard deviation is high for this component of inertial
power (the stroke-averaged standard deviation is 69.9% of the average magnitude). The effect of this final component is to
shift the phase of the inertial power earlier in the stroke than if only the wings were considered (earlier by 10.5% + 5.8% of the
stroke). The result is that the zero-crossings of the inertial power are more closely aligned with the zero-crossings of the
pectoralis muscle velocity (Fig. 4B 2).
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Figure S7.

Using our energy storage model (Fig. 5A ), we analyze how differing amounts of energy storage in the supracoracoideus
tendon would affect how the total time-resolved required muscle power (Fig. 4B 2) is split between the pectoralis and

the timing of the energy storage constant for now. Specifically, we vary the prescribed fraction of power that the
supracoracoideus tendon stores for release during the upstroke, and model the pectoralis to produce and transfer this extra
power into the supracoracoideus tendon during the mid-to-late downstroke. We find that a power increase of 24.9% + 17.5%
in the pectoralis muscle would enable it to fully power the upstroke by tensioning the supracoracoideus tendon during the
downstroke. The color-scheme for the two positive and two negative power modes are: blue for generated power (the
muscle needs to fully produce this positive power), bright green for released power (the muscle has elastic energy stored up
that it can release as positive power), dark green for stored power (the muscle elastically stores negative power), and red for
dissipated power (the muscle absorbs this negative power, acting as a brake). (N = 4 doves; n = 5 flights each; gray region
indicates second downstroke after takeoff; all power scaled by pectoralis mass; vertical dashed lines indicate pectoralis strain
rate equals zero). (A-D) The mid-downstroke dip in power generated by the pectoralis (pect), is flattened as extra power is
generated and transferred to tension the supracoracoideus. (E-H) When the pectoralis tensions the supracoracoideus tendon
during the downstroke, the supracoracoideus (supra) does not need to generate as much power during the upstroke. (I-L)
Time-resolved pectoralis (pink) and supracoracoideus (orange) total power, each scaled by the pectoralis mass, is
summarized from rows one and two respectively. Total power equals the summation of the power from the four power
modes. By transferring pectoralis power into the supracoracoideus tendon and storing it as potential energy, the pectoralis
power buildup does not have to dip midstroke. (M-P) The shape factor (ratio of the observed area to the area of a rectangle
with the same range of stress and strain; yellow rectangle shows the work loop with a shape factor of one with the same
range of strain) of the pectoralis work loop improves locally as the energy storage fraction increases and flattens the mid-
downstroke dip in pectoralis power. The modeled work loop of the pectoralis (black) is compared to the work loop for 67%
supracoracoideus energy storage (column 3, light gray; corresponds to the dove avatar in Q and R). The portions of the work
loop corresponding to electrical activation of the pectoralis are shaded in dark gray, while the downstroke is shaded light
gray. We also compare our derived pectoralis work loop to the work loop measured for doves in similar conditions using a
present pectoralis work loop shape factor is 0.70 according to our baseline recordings (no elastic storage added) whereas the
earlier value based on DPC strain gauge recordings was 0.62. The strain gauge-based recordings also underestimate the
required stress level to sustain the external aerodynamic and inertial power in vivo (especially considering our analysis
excludes minor additional internal musculoskeletal power transfer losses). (Q) As the fraction of elastically-stored
supracoracoideus power increases, the stroke-averaged absorbed pectoralis power remains constant, while the stroke-
averaged generated power increases by up to 24.9% + 17.5%. The maximum generated pectoralis power (black) increases
even more (31.9%), based on the peak required to tension the supracoracoideus tendon during the late downstroke. Notably
the pectoralis work loop shape factor remains relatively constant throughout, because its value lower than 1 is primarily
caused by the simultaneous pectoralis strain rate and power buildup around the start of the downstroke (5C). (R) As the
fraction of elastically-stored supracoracoideus power increases, the stroke-averaged released power increases linearly,
allowing the stroke-averaged generated power and maximum generated power (black) to decrease linearly. The gray stars in
Q and R correspond to the four storage cases in the associated columns A-P.
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Figure S8.

Using our energy storage model (Fig. 5A ), we find that spreading out the energy storage in the supracoracoideus tendon
during the downstroke substantially improves the shape factor of the pectoralis muscle work loop by better flattening the
mid-downstroke dip in required muscle power (Fig. 4B 2 )—resulting in a peak shape factor of 0.73. Whereas in Fig. S7X2, we
varied the energy storage fraction, now we hold energy storage constant at 67% (column 3 of Fig. S72), and vary the less
considered and more nuanced timing of the energy storage in the supracoracoideus tendon during the downstroke. (Format
of this figure is the same as Fig. S7; column 4 of this figure is identical to column 3 of Fig. S72: dove avatar in Q and R
indicates identical parameters from column 3 of Fig. S7(2). (E-H) Vertical dotted lines are added to highlight the varying
timing of energy storage in the supracoracoideus tendon. (A,E,L,M) If the supracoracoideus tendon is tensioned rapidly (10%
the length of the stroke; 17% the length of the downstroke), this causes a costly late-downstroke spike in pectoralis power
generation. (B,F,J,N) If the supracoracoideus tendon is tensioned over a longer portion of the downstroke (14% the length of
the stroke; 23% of the downstroke), late-downstroke spike in pectoralis power generation is lessened. (C,G,K,0) This trend
continues as the supracoracoideus tensioning is spread out more (20% the length of the stroke; 33% of the downstroke).
(D,H,L,P) If the supracoracoideus tendon is tensioned over 28% of the stroke (46% of the downstroke), the spike in pectoralis
power needed for energy storage overlaps the mid-downstroke dip in required muscle power (Fig. 4B ). Hence, the mid-
downstroke pectoralis power is smoother, and more closely resembles direct pectoralis power measurements for other birds
[5C2]. (Q.R) The stroke-averaged power remains constant when all that changes is the timing of the elastic storage. However,
the peak generated pectoralis power is higher when the elastic storage region is short. (Q) The pectoralis work loop shape
factor is maximized when the supracoracoideus storage time is more spread out over the downstroke. The gray stars in Q
and R correspond to the four storage cases in the associated columns A-P.
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Figure S9.

Using our energy storage model (Fig. 5A ), we find that for supracoracoideus energy storage fractions above 35%, a
pectoralis work loop shape factor of over 0.72 can be achieved by spreading the storage time in the supracoracoideus tendon
out over 31% of the stroke. To gain insight into the tradeoffs between generated muscle power and elastic energy release, we
vary two parameters in this model: the fraction of supracoracoideus power which is elastically stored and released (x-axis;
columns in Fig. S7 & correspond to stars along the horizontal lines; 100 grid points), and the time period over which energy
is stored in the supracoracoideus tendon (y-axis; columns in Fig. S8 correspond to stars along the vertical lines; 51 grid
points). (A) The stroke-averaged pectoralis generated power is mostly a function of the energy storage fraction, and
increases gradually as energy storage is increased. (B) The stroke-averaged supracoracoideus generated power is only a
function of the energy storage fraction, and decreases linearly as energy storage is increased. (C) The maximum pectoralis
generated power rapidly peaks when the energy storage fraction is high and the energy storage time period is short. (D) The
maximum supracoracoideus generated power is only a function of the energy storage fraction, and decreases linearly as
energy storage is increased. (E) Pectoralis work loop shape factors (ratio of the observed area to the area of a rectangle with
the same range of stress and strain) near the maximum shape factor of 0.73 can be achieved at multiple different energy
storage fractions. The maximum shape factor for each energy storage fraction is plotted as a thick black line.
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Figure S10.

Extra details are added to Fig. 6% to demonstrate how the 3D angular momentum balance works. (A) The frontal view of the
dove at 0%, 33%, 67%, and 100% of the downstroke is shown with the right wing surface removed. The skeleton was
positioned based on the shoulder joint and wing kinematics, with only the humerus (green), radius/ulna, and manus
permitted to move relative to the body (radius/ulna and manus are used for visualization only). The skeleton was used to
define a new ‘body’ reference frame, where the x, axis points in the cranial direction (aligned with the thoracic vertebrae of
the dove), the y,, axis points in the distal direction (aligned with the y direction in the Newtonian reference frame if the dove
flies straight from the takeoff perch to the landing perch), and the z;, axis points in the dorsal direction. For visualization, the
pectoralis was modeled as a path along points that are rigidly attached to the skeletal body and humerus. (B-D) Similar to the
1D power balance (Fig. 5), the 3D required muscle moment (black) is composed of the vector sum of the aerodynamic
(blue) and inertial (green) 3D moments. (B) The flight muscles need to pull ventrally on the wing (negative moment in the
cranial, xp,, axis) during the downstroke, to oppose lift and drag, which point vertically up (Figs. 4AC2, S5C). During the
upstroke, inertial effects dominate, such that the flight muscles pull dorsally during stroke reversal into the beginning of the
upstroke, and ventrally at the end of the upstroke. (C) In the lateral (y,,) axis, the required muscle moment is primarily due to
aerodynamics rather than inertia. At the beginning of the downstroke, the wing is towards the posterior of the dove, creating
a positive y, aerodynamic torque, which is balanced by a muscle moment to supinate the wing. At the end of the downstroke,
the wing is towards the anterior of the dove, so the opposite is true. (D) Because the dorsal (z,) axis of the dove is partially
pointed horizontally backwards, the lift and drag in the positive vertical direction (Fig. S5C2 ), generate a cranial moment
during the downstroke. The flight muscles generate a caudal moment during the downstroke to oppose the aerodynamic
moment. (E-G) The same 3D angular momentum balance data is shown as in B-D, but in the familiar Newtonian reference
frame shown in Fig. 1C2. (E) Moments in the x axis. (F) Moments in the y axis. (G) Moments in the z axis.
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Figure S11.

The two overarching dynamics balance methods that we use to analyze muscle behavior resolves different information, yet
are related in their form and together provide insight into the pull angle of the pectoralis on the humerus. While the 1D
power balance method resolves required muscle power, the 3D angular momentum balance method resolves the 3D
direction which the pectoralis pulls on the humerus. However, the two methods are similar in that in each method, the
muscle quantity (pink text) equals the sum of the aerodynamic quantity (blue text) plus the inertial quantity (green text). In
this flow chart, the equations used in the main text to compute the total muscle power and moments are summarized, and
their relationship is visualized, culminating in the computation of the pectoralis pull angle, 6, (see Fig. 6C2). The top left box
summarizes the 1D power balance method which results in total muscle power. This can be used to solve for the pectoralis
force magnitude, Foect: The top right box summarizes the 3D angular momentum balance which results in total muscle
moment. Based on the measured distance between the shoulder joint and the deltopectoral crest ( ¥7°), we can compute the
pectoralis pull angle on the humerus.
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Figure S12.

Extra detail is added to Fig. 72 to show that aerodynamic power scaled by bodyweight scales linearly with x, and the

inertial power scaled by bodyweight scales linearly with x; iner.

p.aeror
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Figure S13.

We compare our computed stroke-averaged pectoralis power scaled by pectoralis mass with values measured in literature
using a variety of different methods, bird species, and flight speeds during level flight. The data is scattered, and the current
study fits within the range of previous measurements. The type of bird corresponds with the color as labeled in the legend
and follows rainbow-order from lightest (red) to heaviest (pink). Each study corresponds to a different marker-type, which
can be grouped in the following manners: 1) Closed-border shapes (3, »,4, O, <,°) indicate that the study reported the
average positive pectoralis power, while filled-in shapes (¢, *, %, +) indicate that the study reported the average net pectoralis
power. Dotted lines connect studies which reported both net and positive average power, and solid lines connect data from
the same study across different flight speeds. 2) Different methods were used to measure pectoralis power. Star shapes (3%,
+) indicate that the Aerodynamic Force Platform (AFP) was used to measure aerodynamic forces (includes the current study),
which were used in combination with kinematics to compute muscle power. A filled in triangle (+), indicates that differential
pressure sensors on the wings were used to compute muscle power. Other shapes (»,0, <,e,¢, *, %, +), indicate that some
combination of sonomicrometry (sono) to measure muscle length, and a strain gauge (limited by high-variance calibrations
shapes refer to thémfgl.iowing studies:

1) Current study: AFP + kinematics (dove: green): « (net power), ¥ (5-sided-star; positive power; no energy storage), ¥ (6-
sided-star; positive power; 100% energy storage).

2) Biewener et al. 1998 [9C2]: Sono + DPC (pigeon: purple): * (net power), ¢(positive power).

yellow-green, magpie: turquoise): * (net power).
6) Soman et al. 2005 [122]: Sono + DPC (pigeon: purple): » (positive power).
7) Usherwood 2005 [40 2 |: Differential pressure sensors on wings (pigeon: purple): « (positive power).

8) Ellerby and Askew 2007 [2C2]: Sono in vivo + muscle force in vitro (zebra finch: red, budgerigar: orange): x (net power).

(6-sided-star; net power; perfect energy storage).
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Figure S14.

By comparing our computed time-resolved power for doves (Fig. 4B 2) to hummingbirds (also computed using the

similar, while the aerodynamic power during upstroke and the inertial power are very different. (N = 6 Anna’s hummingbirds,
n =5 wingbeats each, flapping frequency = 41 Hz, N = 4 doves, n = 5 flights each, flapping frequency = 9.8 Hz; second stroke
after takeoff for doves and hovering flight for hummingbirds; gray region indicates downstroke for doves; power scaled by
bodyweight: bw; vertical dashed lines indicate pectoralis strain rate equals zero for doves). (A) The aerodynamic power scaled
by bodyweight is similar during upstroke and downstroke for hummingbirds (gray), whereas for doves (blue), the primary
aerodynamic power is during downstroke. (B) The magnitude of the inertial power scaled by bodyweight is significantly
larger for hummingbirds (gray) than for doves (green). (C) The required muscle power (aerodynamic + inertial power) scaled
by bodyweight is larger for hummingbirds (gray) during the majority of the stroke than for doves (black).
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% eLife Supplementary Tables

Variable Mean * s.d.
Air density [kg-m™] 1.191 + 0.001
Air temperature [°C] 23.73+0.28
Air pressure [kPa] 101.78 £ 0.06
Air relative humidity [%] 27.05+6.75

Table S1.
Air conditions across all 20 flights. (N = 4 doves; n = 5 flights each).

Variable Before surgery After surgery | After surgery

(no cable) (with cable)
Total bodyweight measured by takeoff perch [g] 158.4+ 0.8 159.1+3.6 1700+ 1.1
Vertical takeoff impulse (perch) [-] 0.39+0.03 0.34+0.03 0.29 +0.05
Vertical aerodynamic impulse (all strokes) [-] -0.22 £ 0.02 -0.28 £ 0.04 -0.23+0.06
Vertical landing impulse (perch) [-] 0.09 +0.07 0.12+0.15 -0.09 +0.13
Vertical total impulse [-] 0.03+0.01 0.03 £0.03 0.01 £0.01
Vertical aerodynamic impulse (stroke 2) [-] 0.06 + 0.04 -0.22 +0.03 -0.17 +0.06
Horizontal takeoff impulse (perch) [-] 0.81+0.03 0.56 £ 0.05 0.64 £0.03
Horizontal aerodynamic impulse (all strokes) [-] -0.09 £ 0.02 -0.03+0.01 0.02 £0.03
Horizontal landing impulse (perch) [-] -0.35+0.04 -0.43+0.14 -0.42 +£0.19
Horizontal total impulse [-] 0.03+0.03 0.01+0.01 0.08 £0.01
Horizontal aerodynamic impulse (stroke 2) [-] -0.11 £0.05 0.08 + 0.04 0.15+0.02

Table S2.

Measured aerodynamic and leg impulses before surgery, after surgery, and after surgery with the suspended recording
cable (for recording EMG & sonomicrometry). So that horizontal and vertical impulses can be compared, gravity has
been subtracted from the vertical impulse, so that while at rest, the vertical impulse is zero (horizontal and vertical
impulse scaled by bodyweight, bw and integration time; bodyweight is based on the average vertical force on the
takeoff perch before takeoff). These definitions for impulse match Chin and Lentink’s 2017 paper on directional impulse
of birds [297].
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Variable Dove 1 Dove 2 Dove 3 Dove 4 All doves

Total bodyweight 152.6+09 | 166.7+3.4 170.0+1.1 182.3+1.7 167.9+11.0
measured by takeoff

perch [g]
Vertical takeoff 0.34+0.04 |0.26+0.11 0.29 £ 0.05 0.23 £ 0.06 0.28 £ 0.08

impulse (perch) [-]

Vertical aerodynamic | -0.19+0.03 | -0.26+0.09 |-0.23+0.06 |-0.18+0.06 | -0.22+0.07
impulse (all strokes)
[-]

Vertical landing -0.094£0.05 |-0.25+0.16 |-0.09+0.13 |-0.16+0.11 -0.15+0.13

impulse (perch) [-]

Vertical total impulse | 0.00+0.01 | -0.01+0.02 0.01+0.01 0.02+0.01 0.01+0.02
-]
Vertical aerodynamic | -0.05 +0.05 | -0.21+0.09 -0.17 £ 0.06 -0.13 £ 0.06 -0.14 £ 0.09

impulse (stroke 2) [-]

Horizontal takeoff 0.77£0.06 | 0.69+0.03 0.64 +0.03 0.44 £ 0.04 0.63+£0.13
impulse (perch) [-]

Horizontal -0.09+0.02 | -0.01+0.02 |0.02+0.03 0.05 +0.02 -0.01 £ 0.06
aerodynamic impulse

(all strokes) [-]

Horizontal landing -0.29+0.02 | -0.12+0.13 -0.42+£0.19 -0.34+0.14 -0.29+0.16

impulse (perch) [-]

Horizontal total 0.08+0.03 | 0.10+£0.01 0.08 £ 0.01 0.08 £ 0.01 0.08 £ 0.02
impulse [-]
Horizontal -0.09+0.01 |-0.03+0.09 |0.15+0.02 0.17 £0.03 0.05+0.13

aerodynamic impulse

(stroke 2) [-]

Table S3.

Measured aerodynamic and leg impulses among individual doves. The definition for impulse matches Table S2.

Stroke-averaged Entire Downstroke | Upstroke Lift Drag
aerodynamic force / | stroke

bodyweight [%]

Weight support 87.28+9.94 | 76.00+7.60 | 11.28+2.81 | 66.17+10.81 | 21.11 +4.62

(vertical force)

Horizontal force 5.21+12.60 | 2.52+11.74 | 2.68+1.49 32.84+9.96 | -27.64+4.64

Table S4.

Measured aerodynamic forces for the second stroke after takeoff (Fig. 3 ). The weight of the dove is primarily supported
during the downstroke. Drag partially contributes to weight support, while opposing forward aerodynamic force. The
reported values are the stroke-averaged aerodynamic force measured by the Aerodynamic Force Platform (AFP), normalized
by bodyweight. We compute the time-resolved lift and drag using the measured horizontal and vertical aerodynamic forces
together with the measured wing velocity. (N = 4 doves; n = 5 flights each; mean + standard deviation).
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Stroke-averaged | Aerodynamic | Inertial Muscle Pectoralis: no Pectoralis: 100%
power / energy storage | energy storage
pectoralis mass

[W/kg]

Net power 210.0+56.9 |-1.4%20.0 207.6+56.6 | 181.8+47.6 231.7+59.6
Positive power 222.4+515 | 80.0+21.9 249.3+59.8 | 206.0+49.6 255.9+62.7
Negative power | -13.5+10.3 -81.4+22.8 -41.7 +22.2 -24.2+15.3 -24.2+15.3
Max power 775.3+179.0 | 348.0+112.5 | 711.3+£150.7 | 734.5 £165.5 varies

Table S5.

We compute aerodynamic, inertial, and required muscle power based on first principals (Fig. 42 ), and model the effect of
the amount of energy storage in the supracoracoideus (Fig. 5 ). The primary component of stroke-averaged net muscle
power is aerodynamic, whereas the positive and negative regions of inertial power cancel. Our energy storage model predicts
that the pectoralis would need to generate 24.9% + 17.5% more power to fully power the upstroke via energy storage in the
supracoracoideus. (N = 4 doves; n = 5 flights each; mean + standard deviation).
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Variable

Scaling equation

Description

Method for acquiring

Myoay

Body mass

Measured extant bird data

from literature (31 birds)

pect

Pectoralis mass (single

pectoralis)

Measured extant bird data
from literature scaled
isometrically to match body
mass (exact match: 25 birds,

close relative: 6 birds)

wing

Wing mass (single wing)

Measured extant bird data

from literature (31 birds)

wing

Wing moment of inertia

(single wing)

Measured extant bird data
from literature (27 birds) or
determined based on scaling
law reported in literature:
Berg & Rayner 1995 [46]

(close relative: 4 birds)

span

Wingspan (distance from
shoulder joint to wingtip;

single wing)

Measured extant bird data
from literature (27 birds) or
measured extant bird data
from literature scaled
isometrically to match body

mass (close relative: 4 birds)

[Fonees

Distance from shoulder
joint to center of gravity of

wing (single wing)

Measured extant bird data
from literature (27 birds) or
determined isometrically to
match body mass (close

relative: 4 birds)

wing

Wing area (single wing)

Measured extant bird data
from literature (27 birds) or
measured extant bird data
from literature scaled
isometrically to match body

mass (close relative: 4 birds)

Table S6.

Scaling analysis (Fig. 7 @) parameter summary.
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f Wingbeat frequency Measured extant bird data
from literature (21 birds) or
determined based on scaling
law reported in literature:
Berg & Rayner 1995 [46] (10
birds)

M e Wing mass distribution Least-squares fit to match

(point masses) wing mass, inertia, and center
of gravity data

At o f*l Time step Assumed to scale isometrically

Em o Mg, Aerodynamic force Assumed to scale isometrically

Nﬂwmg «f fspml Wing velocity (distributed) | Assumed to scale isometrically

N‘;hody oc 1l Body velocity Unchanged

% =Pl f Scaling parameter which Derived (Eqn. S71)

dictates the aerodynamic
power contribution «
wingtip speed
X =[ Scaling parameter which Derived (Eqn. S72)
dictates the aerodynamic
moment contribution =
wingspan
B _ I“if3 Scaling parameter which | Derived (Eqn. S73)
Mhyody dictates the inertial power
_ g[‘ni}z (f . )z 7 contribution o (wing
Myody 1;pm| mass %) (wing radius of
gyration %)?2 (wingtip
speed)? (wingbeat
frequency)
B e B I“i 5 Scaling parameter which Derived (Eqn. S74)
Miody dictates the inertial
_ %[f&]z (f e |)z moment contribution o«
Moty rspan| (wing mass %) (wing
radius of gyration %)?
(wingtip speed)?

Table S6. (continued)
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Table S7.

Scaling analysis parameters used for analyzing shifts in the timing of the pectoralis power distribution during the stoke (Fig.

7D@).

Variable

Scaling equation

Description

Method for acquiring

Myoay

Body mass

Measured extant bird data

from literature (17 birds)

wing

Wing mass (single wing)

Measured extant bird data
from literature (1 birds) or
measured extant bird data
from literature scaled
isometrically to match body

mass (16 birds)

span

Wingspan (distance from
shoulder joint to wingtip;

single wing)

Measured extant bird data
from literature (3 birds) or
measured extant bird data
from literature scaled
isometrically to match body

mass (14 birds)

Wingbeat frequency

Measured extant bird data

from literature (17 birds)

EMGstart Start of electrical Measured extant bird data
activation of pectoralis from literature (17 birds)
(stroke %)
EMGeng End of electrical activation | Measured extant bird data
of pectoralis (stroke %) from literature (17 birds)
Fpect,max Max force generated by Measured extant bird data
pectoralis (stroke %) from literature (12 birds)
]wmg Wing moment of inertia Determined based on scaling
(single wing) law reported in literature:
Berg & Rayner 1995 [46] (17
birds)
e | Xy | = mine / Xmaero Scaling parameter which | Derived
_ Iwinf r dictates the aerodynamic
Moty |'span power contribution «
_ mwmg[fglez (f ﬁp,,,.Df wingtip speed
Mhyody rsm|
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Wingspan: Center of Single wing
Single Wingbeat
Body mass Single wing shoulder joint | gravity dist. moment of Wing area
Bird pectoralis frequency
[g] mass [g] to wingtip to shoulder inertia [em?]
mass [g] [Hz]
[mm] joint [mm] [10%-kg-m?]
Common
Scientific name # Src # Src # ShC # Src # Src # Src # Src # Src
name
Parus caeruleus | Blue tit 9.5 | B95 | 0.764 | G62 0.48 | B95 95 B95 18 | B9S 0.286 | B9S 424 | B9SS | 21.7 | B9S
Poephila
Zebra finch 145 | B95 0.98 | TOS5 0.63 | B95 90 B95 19 | B9S 0.356 | B95 33| B95 | 27.4 | B9S
guttata
Parus ater Coal tit 146 | B95 | 1.016 | G62 0.84 | B95 | 112 B95 21 | B95 0.673 | B95 519 | B9 | 18.2 | B95
Erithacus
Robin 15| B95 | 0.904 | G62 0.69 | B95 | 108 B95 22 | B95 0.581 | B95 46.5 | B95 | 16.1 | B95
rubecula
Delichon urbica | House martin 15.2 | B95 | 1.006 | G62 0.85 | B95 | 140 B95 30 | B95 1.348 | B9S 51.5 | B9S 9.4 | B9S
Fringilla
Chaffinch 19.9 | B9S 2.33 | G62 1.1 | B95 | 116 B95 23 | B95 1.007 | B95 55.8 | B9S | 17.3 | B9S
coelebs
Common
Alcedo atthis 343 | B95 |2.836 | G62 1.55 | B95 | 130 B95 30 | B9S 2.344 | B9S 62 | B95 | 15.6 | B95
kingfisher
Turdus merula Blackbird 56.2 | B95 448 | G62 3.14 | B95 | 184 B95 42 | B95 9.115 | B95 | 127.8 | B9S 8.6 | B95
Sturnus vulgaris | Starling 58.1 | B95 5.48 | G62 3.7 | B95 | 185 B95 41 | B95 10.16 | B95 | 120.8 | B95 | 11.3 | B95
Great
Picoides major | spotted 62.9 | B95 5.6 | G62 4.17 | B95 | 190 B95 42 | B95S 11.15| B95 | 121.8 | B95 | 10.4 | B95
woodpecker
Turdus
Song thrush 67.6 | B95 6.73 | G62 339 | B9S | 171 B95 33 | B95 6.098 | B95 | 103.5 | B95 | 10.0 | B95
philomelos
Perisoreus
Gray jay 68.9 | J11A 4.5 | G62 448 | G62 | 172 G62 36 | B95 10.89 | B95 154 | G62 | 11.6 | J11A
canadensis
Dovekie
Alle alle 100 | B95 7.02 | G62 5.04 | B95 | 183 B95 46 | B95 16.18 | B95 65 | B95 9.4 | B9S
(little auk)
Coturnix
Quail 132 | B95 11.7 | G62 4| B95 | 164 B95 37 | B95 8.482 | B9S 91.8 | B95 | 17.8 | B95
coturnix
Podiceps
Little grebe 146 | B95 5.94 | G62 456 | B95 | 194 B95 53 | B95 20.03 | B95 | 110.1 | B9S5 | 10.2 | B9S
ruficollis
White
Streptopelia
o Ringneck 161.6 | CURR | 14.66 | CURR 8.62 | CURR | 217 CURR 52 | CURR 35.3 | CURR | 182.6 | CURR 9.8 | CURR
risoria
dove
Table S8.

Detailed breakdown of data from extant birds used for the scaling analysis (Fig. 72 ). Some data was scaled isometrically by

bodyweight based on matching the species of the bird (blue). Other data was found based on published scaling relationships

(green). The references corresponding to the letter plus number keys (found in columns titled Src) are in Table S10. To match

some of the bird species, a close relative was used when data was missing for the original species: Close relative of Parus ater

used was Parus cristatus mitratus. Close relative of Perisoreus canadensis used was Xanthoura yncas. Close relative of Pica

hudsonia used was Pica pica. Close relative of Corvus brachyrhynchos used was Corvus vorone. Close relative of Alectoris rufa

used was Coturnix. Close relative of Corvus corax used was Corvus vornix.
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Scolopax
Woodcock 163 | B95 |20.75| G62 | 12.45 | B95 | 279 B95 68 | B9S | 84.98 | B9S | 254.2 | B9S 6.9 | B9S
rusticola
Black-billed
Pica hudsonia 172.4 | J11A 11 | G62 12.6 | G62 | 218 G62 46 | B95 | 52.67 | B95 277 | G62 9.0 | J11A
magpie
Green
Picus viridis 179 | B95 | 14.57 | G62 | 11.75 B95 | 235 B95 51 | B95 47.54 | B9S 231 | B9S 83 | B9
woodpecker
Larus Black-headed
256 | B95 |16.33 | G62 | 18.98 | B95 | 461 B9S 118 | B95 | 402.5 | B95 |442.2 | B9S 3.5 | B9S
ridibundus gull
Eurasian
Accipiter nisus 279 | B95 | 2847 | G62 | 22.61| B95 | 355 B95 93 | B95 263 | B95 377 | B95 45| B95
sparrowhawk
Rock dove
Columba livia 293 | B95 |27.63 | TO8 | 2247 | B95 | 323 B95 71| B95 | 172.7 | B95 314 | B95 6.7 | B95
(pigeon)
Corvus
Rook 328 | B95 | 24.15| G62 | 28.78 | B95 | 389 B95 80 | B95 | 326.9 | B95 |419.8 | B95 4.0 | B95
frugilegus
Gallinula Grey
364 | B95 | 22.66 | G62 142 | B9S | 271 B95 65 | B95 | 95.58 | B95 | 254.9 | B95 7.2 | B9S
chloropus moorhen
Corvus American
387.6 | J11A | 27.6 | G62 30.8 | G62 | 302 G62 63 | B9S | 261.3 | B9S 465 | G62 6.4 | J11A
brachyrhynchos | crow
Red-legged
Alectoris rufa 393 | B95 39.3 | G62 | 19.15 | B95 | 254 B95 60 | B95 | 100.7 | B9S | 241.1 | B9S 7.7 | B9S
partridge
Strix aluco Tawny owl 398 | B95 | 18.81 | G62 | 31.41 | B95 | 421 B95 111 | B9S 5785 | B95 | 617.7 | B9S 4.5 | B95
Common
Melanitta nigra 569 | B95 | 3336 | G62 |38.85| B95 | 390 B95 108 | B95 | 656.6 | B95 | 422.6 | B95 49| B9
scoter
Common
Uria aalge murre 691 | B95 | 50.63 | G62 | 31.07 | B95 | 335 B95 100 | B95 | 424.8 | B95 | 241.6 | B9S 9.4 | B95
(guillemot)
Common
Buteo buteo 771 | B95 426 | G62 | 72.51 | B95 | 590 B95 155 | B95 2536 | B95 1142 | B95 3.2 | B9
buzzard
Common
Corvus corax 894.9 | J11A | 65.6 | G62 67.9 | G62 | 342 G62 72| B95 | 773.6 | B95 829 | G62 5.6 | J11A
raven
Ardea cinerea Grey heron 2140 | B95 | 1649 | G62 | 167.1 | B95 | 830 B95 216 | B95 | 12334 | B95 1997 | B95 2.6 | B9S

Table S8.

(continued)
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Wingspan: Single wing Max
Wingbeat
Body mass Single wing | shoulder joint moment of Pectoralis EMG start pectoralis
Bird frequency
Flight [g] mass [g] to wingtip inertia (Ha] & end time [stroke %] | force time
Hz
mode [mm] [10°-kg-m?] [stroke %)
Common
Scientific name # Src # Src # Src # Src # Src Start End Src # Src
name
Selasphorus Rufous
0-10 m/s 3.4 | T10 | 0.084 | 118 | 455 118 0.0110 | B95S 42 | T10 | -29.3 -8.8 | T10
rufus Hummingbird
Anna's
Calypte anna Hovering 4.2 | D13 | 0.104 | 118 | 48.8 118 0.0159 | B95 40 | D13 -22.9 | -14.2 | D13
hummingbird
Anna's
Calypte anna Hovering 49| 118 | 0.121 | 118 | 514 118 0.0225 | 118 41 | 118 -25.4 | -16.0 | A10 4.2 | A10
hummingbird
Taeniopygia
Zebra finch 11.1 | D13 0.48 | B9S | 82.3 B95 0.231 | B95 | 27.1 | D13 -16.5 3.0 | D13
guttata
Ave:
Taeniopygia
Zebra finch ascend, 0, | 13.3 | TO5 0.58 | B95 72 | TO5 0.213 | B95S 27 | TO5 -14.5 27.7 | TO5
guttata
2,4m/s
Perisoreus
Gray jay Takeoff 689 | JI1A | 4.48 | G62 | 172 | G62 10.89 | B95 | 11.6 | J11A -9.7 30.8 | J11A | 30.5 | J11A
canadensis
Sturnus vulgaris | Starling 13.7m/s 71.7 | B92 | 4.55 | B95 | 198 | B95 14.97 | B95 15| B92 | -194 209 | B92 | 28.4 | B92
Nymphicus
Cockatiel 7m/s 85 | HO3 8.1 | HO4 | 232 HO4 37.72 | B95 | 7.64 | HO3 -27.9 17.1 | HO3 | 13.0 | HO3
hollandicus
Black-billed
Pica hudsonia Takeoff 172.4 | J11A | 126 | G62 | 218 | G62 52.67 | B95 9 | J11A -9.4 28.2 | J11A | 14.0 | J11A
magpie
Pica pica Magpie 6m/s 174 | D97 | 12.7 | G62 | 219 | G62 53.45 | B95 | 85| D97 | -35.3 9.3 | D97 | 15.8 | D97
Columba livia Pigeon Takeoff 309 | D93 | 23.6 | B95 | 329 | B95 237.1 | B95 9| D93 | -28.1 27.2 | D93 | 16.5 | D93
Corvus American
Takeoff 387.6 | J11A 30.8 | G62 | 302 G62 261.3 | B9S 6.4 | J11A -2.7 39.7 | J11A | 27.4 | J11A
brachyrhynchos | crow
Level
Columba livia Pigeon 441.4 | J11B 33.8 | B95 | 370 B95 441.1 | B95 8.9 | J11B -17.4 26.7 | J11B | 26.9 | J11B
flight
Ascending
Columba livia Pigeon 452 [ J11B | 34.6 | B95 | 373 | B95 459.4 | B95 | 89 |J11B | -189 26.1 | J11B | 26.5 | J11B
flight
Alectoris Adult
Chukar 549 | T17 | 239 | G62 | 172 | G62 62.72 | B95 22 | T17 -12.8 145 | T17
chukar flight
Columba livia Pigeon 0-2m/s 562 | TO8 43 | B95 | 330 | TO8 4459 | B95 | 8.6 | T0O8 -11.8 30.0 | TO8 | 243 | TO8
Common
Corvus corax Takeoff 8949 | J11A | 679 | G62 | 342 | G62 773.6 | B95 | 5.6 | J11A -6.1 46.0 | J11A | 48.2 | J11A
raven

Table S9.

Detailed breakdown of data from extant birds used for analyzing shifts in the timing of the pectoralis power distribution
during the stoke for the scaling analysis (Fig. 7D ). The same color scheme is used as in Table S8, and the close relative
species used when data was missing for the original species are: Close relative of Selasphorus rufus used was Calypte anna.
Close relative of Perisoreus canadensis used was Xanthoura yncas. Close relative of Pica hudsonia used was Pica pica. Close
relative of Corvus brachyrhynchos used was Corvus corone. Close relative of Alectoris chukar used was Caccabis rufa. Close
relative of Corvus corax used was Corvus cornix.
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Abbrev Full source
CURR Current work
Al10 [54]

B95 [46]

B92 [8]

D93 [14]

D97 [11]

D13 [55]

G62 [53]

HO3 [15]

HO4 [56]

118 [13]

J11A [10]

J11B [57]

T05 [44]

TO8 [5]

T10 [58]

T17 [59]

Table S10.

Keys for references in Tables S8 and S9.
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Reviewer #1 (Public Review):

The authors sought to resolve the coordinated functions of the two muscles that primarily
power flight in birds (supracoracoideus and pectoralis), with particular focus on the
pectoralis. Technology has limited the ability to resolve some details of pectoralis function, so
the authors developed a model that can make accurate predictions about this muscle's
function during flight. The authors first measured aerodynamic forces, wing shape changes,
and pectoralis muscle activity in flying doves. They used cutting-edge techniques for the
aerodynamic and wing shape measurements and they used well-established methods to
measure activity and length of the pectoralis muscle. The authors then developed two
mathematical models to estimate the instantaneous force vector produced by the pectoralis
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7 eLI fe throughout the wing stroke. Finally, the authors applied their mathematical models to other-
e sized birds in order to compare muscle physiology across species.

The strength of the methods is that they smoothly incorporate techniques from many
complementary fields to generate a comprehensive model of pectoralis muscle function
during flight. The high-speed structured-light technique for quantifying surface area during
flight is novel and cutting-edge, as is the aerodynamic force platform used. These methods
push the boundaries of what has historically been used to quantify their respective aspects of
bird flight and their use here is exciting. The methods used for measuring muscle activation
and length are standard in the field. Together, these provide both a strong conceptual
foundation for the model and highlight its novelty. This model allows for estimations of
muscle function that are not feasible to measure in live birds during flight at present. The
weakness of this approach is that it relies heavily on a series of assumptions. While the
research presented in this paper makes use of powerful methods from multiple fields, those
methods each have assumptions inherent to them that simplify the biological system of study:.
This reduction in the complexity of phenomena allows the specific measurements to be
made. In joining the techniques of multiple fields to study the greater complexity of the
phenomenon of interest, the assumptions are all incorporated also. Furthermore,
assumptions are inherent to mathematical modeling of biological phenomena. That being
said, the authors acknowledge and justify their assumptions at each step and their model
seems to be quite good at predicting muscle function.

Indeed, the authors achieve their aims. They effectively integrate methods from multiple
disciplines to explore the coordination and function of the pectoralis and supracoracoideus
muscles during flight. The conclusions that the authors derive from their model address the
intended research aim.

The authors demonstrate the value of such interdisciplinary research, especially in studying
complex behaviors that are difficult or infeasible to measure in living animals. Additionally,
this work provides predictions for muscle function that can be tested empirically. These
methods are certainly valuable for understanding flight but also have implications for
biologists studying movement and muscle function more generally.

Reviewer #2 (Public Review):

In this work, the authors investigated the pectoralis work loop and the function of the
supracoracoideus muscle in the down stroke during slow flight in doves. The aim of this
study was to determine how aerodynamic force is generated, using simultaneous high-speed
measurements of the wings' kinematics, aerodynamics, and activation and strain of
pectoralis muscles during slow flight. The measurements show a reduction in the angle of
attack during mid-downstroke, which induces a peak power factor and facilitates the
tensioning of the supracoracoideus tendon with pectoralis power, which then can be released
in the up-stroke. By combining the data with a muscle mechanics model, the timely tuning of
elastic storage in the supracoracoideus tendon was examined and showed an improvement of
the pectoralis work loop shape factor. Finally, other bird species were integrated into the
model for a comparative investigation.

The major strength of the methods is the simultaneous application of four high-speed
techniques - to quantify kinematics, aerodynamics and muscle activation and strain - as well
as the implementation of the time-resolved data into a muscle mechanics model. With a
thorough analysis which supports the conclusions convincingly, the authors achieved their
goal of reaching an improved understanding of the interplay of the pectoralis and
supracoracoideus muscles during slow flight and the resulting energetic benefits.
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