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Figure 1.1: Phylogeny of foot-propelled swimming birds. Based

on Prum et al., 2015, darker type represents a lineage including

specialized divers. Dashed line depicts an extinct lineage.





Figure 1.2: Body and foot shape in foot-propelled swimming birds.

Traced outlines of birds swimming underwater show body stream-

lining in specialized diving birds. Traced outlines of feet shown to

scale courtesy of I. Marques. Video of mallard underwater swim-

ming used for body outline courtesy of K. Taylor-Burt.
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Figure 2.1: Evolution of foot-based swimming in birds and general avian skeletal anatomy. (A) Foot-based swimming has evolved

at least six times within birds as denoted by black radiations within major gray bird lineages. The phylogeny is based on Prum et al.,

2015. Branch lengths are not to scale. Dashed lines represent completely extinct groups. Common names of representative swimming

birds from each lineage are listed to the right of the phylogeny. (B) General skeletal anatomy of birds annotated using the helmeted

guineafowl (MCZ 341648). Abbreviations: trochanter (tr.), iliac crest (i.c.), iliac fossa (i.f.), obturator foramen (o.f.), ilioischiatic fenestra

(il.f.), ischiopubic fenestra (is.f.), cnemial crest (c.c.), metatarsophalangeal joint (MTP).
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Table 2.1: Proximal hindlimbmuscles dissected and alternate names in other sources. The left column shows abbreviations used in this

paper. The right column identifies alternate names used inmajor avianmyology works. If an alternate name is not identified for a given

source it is either not mentioned in that work or uses the name listed in the "Full Muscle Name" column.







Table 2.2: Distal hindlimbmuscles dissected and alternate names in other sources. The left column shows abbreviations used in this

paper. The right column identifies alternate names used inmajor avianmyology works. If an alternate name is not identified for a given

source it is either not mentioned in that work or uses the name listed in the "Full Muscle Name" column.





Figure 2.2: Helmeted guinea fowl hindlimbmusculature. Major hindlimbmuscles drawn based on dissections of several specimens.

Panels show the hindlimbwith (A) all muscles, (B) superficial muscles removed, (C) superficial and intermediatemuscles removed, and

(D) skeleton only and outline of limb skin (in purple). Skeleton drawing based onMCZ 341648. Muscle abbreviations listed in Tables 2.1

and 2.2.



Figure 2.3:Mallard hindlimbmusculature. Major hindlimbmuscles drawn based on dissections of several specimens. Panels show the

hindlimbwith (A) all muscles, (B) superficial muscles removed, (C) superficial and intermediatemuscles removed, and (D) skeleton only

and outline of limb skin (in purple). Skeleton drawing based onMCZ 347156. Muscle abbreviations listed in Tables 2.1 and 2.2.



Figure 2.4: Canada goose hindlimbmusculature. Major hindlimbmuscles drawn based on dissections of several specimens. Panels show

the hindlimbwith (A) all muscles, (B) superficial muscles removed, (C) superficial and intermediatemuscles removed, and (D) skeleton

only and outline of limb skin (in purple). Skeleton drawing based onMCZ 347645. Muscle abbreviations listed in Tables 2.1 and 2.2.



Figure 2.5:Mute swan hindlimbmusculature. Major hindlimbmuscles drawn based on dissections of several specimens. Panels show

the hindlimbwith (A) all muscles, (B) superficial muscles removed, (C) superficial and intermediatemuscles removed, and (D) skeleton

only and outline of limb skin (in purple). Skeleton drawing based onMCZ 347051. Muscle abbreviations listed in Tables 2.1 and 2.2.



Figure 2.6: Double crested cormornat hindlimbmusculature. Major hindlimbmuscles drawn based on dissections of several specimens.

Panels show the hindlimbwith (A) all muscles, (B) superficial muscles removed, (C) superficial and intermediatemuscles removed, and

(D) skeleton only and outline of limb skin (in purple). Skeleton drawing based onMCZ 337606. Muscle abbreviations listed in Tables 2.1

and 2.2.



Figure 2.7:Western grebe hindlimbmusculature. Major hindlimbmuscles drawn based on dissections of several specimens. Panels

show the hindlimbwith (A) all muscles, (B) superficial muscles removed, (C) superficial and intermediatemuscles removed, and (D)

skeleton only and outline of limb skin (in purple). Skeleton drawing based onMCZ 342951. Muscle abbreviations listed in Tables 2.1 and

2.2.



Figure 2.8: Red throated loon hindlimbmusculature. Major hindlimbmuscles drawn based on dissections of several specimens. Panels

show the hindlimbwith (A) all muscles, (B) superficial muscles removed, (C) superficial and intermediatemuscles removed, and (D)

skeleton only and outline of limb skin (in purple). Skeleton drawing based onMCZ 337590. Muscle abbreviations listed in Tables 2.1 and

2.2.



Figure 2.9: Common loon hindlimbmusculature. Major hindlimbmuscles drawn based on dissections of several specimens. Panels show

the hindlimbwith (A) all muscles, (B) superficial muscles removed, (C) superficial and intermediatemuscles removed, and (D) skeleton

only and outline of limb skin (in purple). Skeleton drawing based onMCZ 347914. Muscle abbreviations listed in Tables 2.1 and 2.2.
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Figure 3.1: Stride duration and frequency during progressive stages of rushing inWestern and clark's grebes. Each subplot shows a

separate pair of grebes with open circles versus closed diamonds differentiating the two birds. (A) Stride duration decreases immedi-

ately (at 0.2 s) after rising out of the water then remains mostly constant. (B) Stride duration and frequency for a pair of grebes during

themiddle of a rushing display. Stride duration increases for both birds while rushing. (C) Stride duration and frequency for two grebes

prior to ending a rushing display and diving into the water. One bird shows a fairly constant increase in stride duration before diving.

The other bird�s stride duration is more variable, but also increases during the final few strides.

−



Figure 3.2: Speed and stride duration profiles for two grebes during beginning andmiddle of rushing. Due to the limited number of

calibrated trials used to calculate speed, these profiles are not the same as those shown for stride duration (Figure 3.1). Speedwas

calculated as the numeric derivative of beak position andwas passed through a simplemoving average filter using 20 points, which

relates to half of the average 40 frames per stride. (A) Two grebes rise out of the water and initiate rushing with relatively constant

speeds and stride durations. Although the cameras could capture up to 1.76 seconds, these birds ran outside of the camera view after

around 1.25 seconds. (B) Two grebes during themiddle of rushing decrease speed and increase stride duration. No calibrated trials

included grebes diving into the water after rushing.



Figure 3.3: 3D kinematics of a complete rushing stride with respect to bird travel direction and vertical. (A) A diagram of A. occidentalis

body posture during rushing and of the right hindlimb skeleton. The drawing of the skeleton (Museum of Comparative Zoology, Harvard

University, specimen 342951) shows digitized locations for the ankle, metatarsophalangeal (MTP) joint, and distal phalanx of digit IV.

(B) A detailed view of the asymmetrically-lobed digits of A. occidentalis (MCZ specimen 342951). The hallux, digit I, is located on the

palmar side of the foot. (C, D)Movement of the distal right hindlimb during one complete stride, as seen from (C) the right lateral side of

the bird and (D) above the bird. Filled-in ankle points (green triangles) denote frames in which the foot is completely removed from the

water; open ankle points are times during which part or all of the foot is submerged. The origin is located at the water surface vertically

and at the initial ankle position for medio-lateral and travel directions. Light shaded lines represent 95% confidence intervals of marker

position for the given calibration and digitized points. Black lines connect digitized joint positions in the same frame. M and L indicate

medial and lateral planes, respectively. (E) Details of foot spreading before water slap, as viewed from in front of the bird. Locations of

digits II through IVwere tracked using high-speed videography of rushing. The origin is consistent with that defined in (C, D). Shading

gets darker with consecutive frames, ending with black during the final frame prior to surface slap.



Figure 3.4:Movement of theMTP joint and digit IV relative to the

ankle joint during swing. Trajectories of the right distal hindlimb

are shown (A) from a lateral view and (B) from above the bird.

Lightly shaded ellipses show the 95% confidence interval of the

measurement in both directions for each point. Black lines denote

the first framewith digit IV visible and the last frame before water

slap. M and L indicatemedial and lateral plane.
± ± −





Figure 3.5: Impulse during slap phase of grebe foot models in comparison to a preserved grebe foot. The vertical slap impulse experi-

enced by small (gray circles) and large (black circles) model grebe feet dropped into water in comparison to a fresh taxidermically pre-

pared grebe foot (+ symbols). The prepared grebe foot had a flattened profile area of 34.2 cm , slightly smaller than the large grebe foot

model. The coefficients of the best-fit quadratic regressions for the largemodel foot (solid black line) and large preserved foot (dashed

black line) are not significantly different (p=0.77, two-tailed). The vertical gray bars correspond to the average± 1 s.e. of foot impact

velocities recorded in the wild (3.83± 0.65m/s). The right-hand y-axis transforms slap impulse values to the fraction of impulse needed

to support bodyweight, using a bodymass of 1.44 kg for the large foot and 0.78 kg for the small foot.







/



−

−







Figure 3.6: Experimental set-up of field recordings and foot slap laboratory protocol. (A) Schematic of high-speed videography set-up at

Upper Klamath Lake, OR. Two high-speed cameras were separated by 43.9m and focused on grebes ranging from 50-150m away. (B)

The set-up for slap impulse experiments and data from a typical trial. One of two 3D printed grebe feet was attached to the bottom of

a small, "missile" section of 80/20 aluminum stock. A long vertical length of 80/20 ensured a consistent vertical drop. The foot missile

was connected to a foam spool, which was attached to an optical encoder. The angular velocity was converted into the vertical drop

velocity of themissile, OE. An accelerometer attached to themissile measured themissile acceleration, , and velocity, a. (C)Method

of extracting data for each slap impulse trial. The time of slap, slap, was determined as the first acceleration value outside one standard

deviation of the average free fall acceleration (dark line in the acceleration record). The velocity at the time of slap impact, impact was

found from the filtered optical encoder velocity curve (moving average, N=5) and used to calibrate the accelerometer velocity profile.

The end of slap period, tend, was set as the largest positive value from the accelerometer trace. The velocity at the end of slap, a( end),
was subtracted from impact to find the change in velocity of themissile during the slap phase.
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Table 3.1: List of abbreviations
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Figure 4.1: Filming set-up at the TuftsWildlife Clinic. (A) Two cameras were placed in a 3.3m diameter pool, where rehabilitating loons

were housed. A calibration wandwas used to calibrate the area for 3D reconstruction. (B) Custom camera cases and stands were built

for IDTNR5S1 cameras. Scuba dive boxes were outfitted with a plexiglass window, removable cameramount, and plumbing tube (to

waterproof and protect the camera's cable to its power box). The standwas built using 80/20 aluminum framing. (C)While recording,

a sheet was placed over the netting to reduce loons stress levels. (D) Loons voluntarily swam underwater in the field of view of both

cameras. (E) All four common loons were healthy and released to the wild within 24 hours of recording.







=

−

= ∗
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Figure 4.2: Analysis of turns using body trajectory data. Maneuverability and agility were determined by analyzing the trajectory of

the loon�s body during individual strides. For each stride where over 70% of the stride was tracked, a circle was fit to the horizontal

traces of the body. The radius of the curvature (r), angular velocity (?), and centripetal acceleration (ac) were calculated for each stride.

The panels in this figure represent the strides displayed in Figure 4.10 (red) for (A) a turn with the outboard foot tracked, (B) straight

swimming, and (C) a turn with the inboard foot tracked. All panels are scaled to the 1m scale bar.



− −

− −



Figure 4.3: Descriptive stride parameters of straight and turning swimming. Data from 112 strides in 19 trials across four loons showing

values for all strides (black), straight swimming strides (dark grey), inboard foot of turning strides (medium grey), and outboard foot

of turning strides (light grey). Violin plots (vertically-mirrored histograms) show (A) power stroke time, (B) stride time, (C) duty factor,

and (D) body speed during strides. Data for stride speed is combined for inboard and outboard feet as turn data (medium grey). The

width of each bin represents the number of data points, with values consistent across all panels. Dashed lines show themean of each

distribution. Numbers at the left list the total number of strides depicted in each plot.
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Figure 4.4: Lateral view of loon power stroke during straight swimming. Each image is cropped from one camera's full field of view.

The cropped area does not change among panels, representing loonmotion relative to still water. Loons propel the body forward by

pushing their feet backwards against the water. Each foot travels in a lateral, backwards arc relative to the body due to extension at the

intertarsal ankle joint. Throughout the power stroke, the digits abduct and extend at theMTP joints. The power stroke ends as the ankle

begins to flex, bringing theMTP joint forward and collapsing the digits onto each other. For this stride, the power stroke lasted 0.24 s.

The circles and lines in the 4th panel correspond to the colors used in Figures 4.5 and 4.10.



Figure 4.5: Right foot motion during straight swimming relative to still water in terms of loon anatomical axes. The traces show tracked

motion relative to still water from a recovery stroke (thin lines), power stroke (thick lines), then another recovery stroke of a loon swim-

ming in a straight trajectory. The 3D data were rotated to be in reference to the travel direction (x-axis), mediolateral plane (A y-axis),

and dorsoventral plane (B y-axis). (A) View of the right limb from above the loon showing the body (gray), intertarsal ankle (green),

metatarsophalangeal joint (MTP, red), and tip of digit III (blue). (B) View of the right limb from the right side of the loon. The bold and

lighter shade traces represent the power stroke. The thin gray lines represent the two skeletal elements. Proximally, the tarsometarsus

connects the ankle to theMTP joint. Distally, digit III connects theMTP joint to the tip of digit III. Thin, lighter blue lines connect the tip

of digit III to the tips of digit II and IV. Lines represent every 3rd frame (0.015 s). Both panels scaled to 10 cm scale bar.



− −

Figure 4.6: Body and head speed of a head-bobbing loon. Bold traces show the body (black) and head (gray) speed of a common loon

swimming underwater throughout time (x-axis). Gaps in the traces represent regions where the view of the tracked feature was ob-

structed. Crosshatched panels depict the timing of the right and left power strokes, as determined by observing foot motion. Average

acceleration was calculated as the change in speed over change in time from the lower speed to the highest speedwithin a stride. Head-

bobbing allows loons to stabilize the head, and likely their gaze, during late recovery stroke. During early power stroke as the body

accelerates, loons extend the head reaching accelerations over three times faster than the body.



−

− −

−

◦

Figure 4.7: Observed turning strategies of loons. Still shot frames from three trials depict strategies that loons use to turn. (A) A loon

makes a left turn using its inner, left foot as a rudder and rolling its body away from the turn. (B) Turning to the right, a loon varies the

timing of its feet. The outboard, left foot began its power stroke earlier and has reached a point behind the loonwhile the inboard, right

foot has only traveled halfway through its power stroke. Though difficult to view from this camera angle, the loon body rolls away from

the turn. (C) A loonmakes a sharp turn to the left by varying the timing of its feet, extending its outboard wing, and depressing its tail.

The body of the loon rolls away from the turn.



Figure 4.8: Power stroke timing of feet during straight swim-

ming and turns. The timing of power strokes was tracked in

several trials. Lines represent power strokes with gaps indi-

cating recovery strokes of each foot throughout time (x-axis).

Loons generally swimwith both feet paddling synchronously

as seen in the straight swimming trials (black). However, dur-

ing turns, the outboard foot (light grey) consistently begins

its power stroke slightly before the inboard foot (dark grey).

The trials displayed here show data from both left and right

turns, normalized for inboard and outboard feet. In some cases

(shown in bottom trial), the inboard foot was held laterally in

amid-power stroke position, serving as a rudder, while the

outboard foot was paddled several times.



Figure 4.9: Kinematic parameters for straight swimming and turning strides versus swimming speed. The timing of paddling was cal-

culated for over 100 strides from 19 trials. Body speedwas tracked during 23 full strides, corresponding to 46 potential foot paddles.

Based on the visibility in the video recordings for each foot paddle, the following kinematic parameters were calculated: (A) power

stroke duration, (B) stride duration, and (C) duty factor, or the fraction of the full stride used for the power stroke. Linear mixed effects

models were fit to the data incorporating errors from individual variation as well as the impact of speed and foot type category. Statisti-

cal analyses were repeated comparing straight (black circles) versus inboard foot (red "x") versus outboard foot (blue "+") data andwhile

binning together inboard and outboard strides as all turning data.
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Figure 4.10: Right foot motion with respect to the body during straight swimming and turning. The traces show trackedmotion rel-

ative to the body from a full stride, including power stroke (bold) and recovery stroke (thin). Strides from three trials show the foot

on the outside of the turn (left, "outboard"), the foot while swimming in a straight trajectory (center), and the foot on the inside of the

turn (right, "inboard"). The 3D data were rotated to be in reference to the travel direction (x-axis), mediolateral plane (A, y-axis), and

dorsoventral plane (B, y-axis) and translated to account for bodymotion (Note this is a different kinematics representation than Fig.

3, in which the foot kinematics are in relation to the water and not the body's motion). (A) View of the right limb from above the loon

showing the intertarsal ankle joint (green), metatarsophalangeal joint (MTP, red), and tip of digit III (blue). Thin, lighter blue lines con-

nect the tip of digit III to the tips of digit II and IV every 3rd frame (0.015 s). (B) View of the right limb from the right side of the loon. All

panels scaled to 15 cm scale bar. During the stride for the outboard foot, the loon turnedwith a radius of curvature (r) of 0.09m and

angular velocity ( ) of 247◦ s− . The turn depicted for the inboard foot stride had an r of 0.49m and =75◦ s− .
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Figure 5.1: Swimming forces exerted on all loon feet at the fastest robot speed, 2.2 times slower than the loon. Forces recorded by a

force sensor throughout themotion were decomposed (A) relative to the body of the loon and (B) relative to themotion of the foot.

Thrust acts in line with the body swimming direction, Medial forces act towards the bodymidline, and Dorsal forces act towards the

loon's back opposing gravity. Drag (not body drag) is all force in the direction opposite of foot motion and Lift is defined as all remain-

ing force, in the plane perpendicular to foot motion. The programmed robotic motion lasted approximately 0.8 s, on the x-axis. The

swimming schematic shows the foot position (using a R foot for visual clarity) throughout the actuatedmovement. Vertical dashed lines

demark the beginning and end of the power stroke. Each gray line represents an average over 15 trials for one foot, with line thickness

and color corresponding to loon bodymass. The red line shows the average for all feet.





Figure 5.2:Maximum swimming force versusmovement duration for all loon feet. Forces recorded by a force sensor throughout the

actuated, robotic motion were decomposed (A) relative to the body of the loon and (B) relative to themotion of the foot (see Figure 5.1

caption for more detail). Each gray data point represents the peak force experienced throughout the actuated swimmingmovement

averaged over 15 trials. Data point color is determined by loon bodymass. Red dots depict the average across all loon feet for each

actuatedmovement program. A best-fit line (dashed, red) extrapolates the recorded robotic data to themovement duration observed in

live loons (0.35 s, vertical dashed line).







Figure 5.3: Loon tracking and robot set-up. (A) A common loonwas filmed at 200 fps, and several landmarks on the body and limb

tracked. These data were used to describe how the foot of the loonmoves relative to still water while swimming horizontally. (B) Seven

cadaveric feet were attached to the robot at an attachment length of 25 cm from the end effector. The attachment length includes a

tool changer, force sensor (ATI mini45), custom 3D-printed attachment plates (blue), and a stainless steel standoff. (C) The ABB IRB

140 robot was programmed to actuate the cadaveric foot in themotion of the swimming loon by positioning the end effector (purple) at

several points along a kinematic trace. The blue trace represents the position of themetatarsophalangeal joint (MTP) throughout the

movement, with pink arrow depicting the facing of the foot (defined using the vectors from the ankle to theMTP and from theMTP to

the tip of digit III). A custom acrylic aquariumwas built for the experiment to enable robot movement while reducing water volume and

therefore tank weight.











Figure 5.4: Example robot program accuracy compared to experimentally measured loon kinematics. (A) Themotion of themetatar-

sophalangeal (MTP) joint was tracked for a freely swimming loon (turquoise) and rotated to work with the robot and aquarium. Black

data points represent the targets used to program the robot. Over 20 simulations were runwithin RobotStudio, with the average result-

ing trajectory of theMTP shown in orange. (B) Several parameters were used to determine the accuracy of the robot program, including

cross-covariance coefficients and average offset (or residuals). (C) Accuracy was determined not only for positional data but also for

speed traces of theMTP. The program represented in this figure corresponds is Program 2, specifying robot movement at 2.4 times

slower than the actual loonmovement.
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Table 5.2: Accuracymeasures for robot programs. How accurately the robot replicated normal loonmovement was determined using

fivemeasures, including the average offset (or residual) at each time point and cross-covariances of the resultingMTP position in each

axis and the total speed.







Figure 5.5: Raw force recording with identified start and end of motion and low-pass filtering. (A) Each force recording trace (ATI

mini45) represents many stages of programmed robot motion. Force was zeroedwith the robot at the home target and recorded as

the robot traveled to the first target, paused at the first target, actuated the programmed foot motion, and paused at the last target. (B)

The beginning and end of actuatedmovement were determined by comparing the force recording trace to the gravity/buoyancy forces

measured at the first and last targets. Themovement force tracedwas filtered to reduce noise (low-pass Butterworth, order=4, cutoff

frequency = 13Hz).





Figure 5.6: Force recording analysis for each robot program. (A) The filtered force traces for 15 trials at each speedwere aligned and

averaged. (B) Inertia wasmeasuredwhile actuating each foot in air and subtracting the influence of gravity. This inertia trace (dashed

line) was subtracted from the average force recording for each underwater program (thin lines), resulting in the recording of forces ex-

perienced throughout themovement without inertia (thick lines). (C) The influence of gravity and buoyancy throughout the underwater

trials wasmeasured by recording the force with the robot held at each target and interpolated using a cubic spine (dashed lines). This

trace was subtracted from the force without inertia (thin lines) to isolate only hydrodynamic forces (thick lines).



Figure 5.7: Rotation of force sensor recordings to other axes for the fastest speed program of one loon (bodymass = 3.3kg). (A) Filtered,

subtracted, and averaged force recordings from the ATI tri-axial sensor. Each line represents the average from 15 trials. (B) Force sen-

sor recordings have been rotated based on a separate recording in order to align with anatomical axes of the foot: away from the palmar

surface of the foot, towards digit IV, and along the long axis of the tarsometatarsus (TMT). (C) Forces relative to the foot rotated based

on time varying orientation of the foot in order to represent forces relative to the axes of the workspace: away from the robot, to the

right when looking at the robot coinciding with the travel direction of the loon, and vertical. (D) Forces relative to the workspace ro-

tated by -98 degrees to represent force relative to the anatomical axes of the loon: directedmedially towards themidline, along the

travel direction as thrust, and from ventral to dorsal that aligns with vertical for a loon swimming horizontally. (E) Forces relative to

the workspace compared to time varyingmotion of the foot relative to the workspace, in order to find drag and lift components. The

metatarsophalangeal joint (MTP) defined foot motion. Drag opposedMTPmotion. Lift is all force acting in the plane perpendicular

toMTPmotion. (Right) Diagrams show axes definitions. Even though experiments were performed on left feet, the bottom diagram

(medial, thrust, dorsal) shows axes relative to a right foot for consistency with Figure 1.







Figure 5.8: Swimming forces exerted on a swimming loon foot at various speeds. A 6 degree of freedom force sensor recorded force as

the loon foot was actuated in a swimmingmotion. These forces were decomposed relative to the body (A) and relative to foot motion

(B). Swimming forces relative to the loon body show (top) thrust in line with the body swimming direction, (middle) medially directed

forces towards the bodymidline, and (bottom) dorsally directed forces opposing gravity. Swimming forces relative to themotion of the

foot depict (top) drag, or the force that acts opposite to foot motion, and (bottom) lift, all remaining force that acts in the plane perpen-

dicular to foot motion. All speeds were normalized to the duration of movement on the x-axis. The swimming schematic shows the foot

position during the actuatedmovement. Vertical dashed lines demark the beginning and end of the power stroke. Each line represents

an average over 15 trials for the same foot (that of the loonweighing 3.3 kg), with line thickness corresponding tomovement duration.

Relatively large forces at the end of the actuatedmovement likely result from foot deceleration not present in normal swimming.
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