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ABSTRACT OF THE DISSERTATION

Functional implication for novel gaits and substrates in terrestrial vertebrates
By
Crystal M. Reynaga
Doctor of Philosophy in Biological Sciences
University of California, Irvine, 2018

Associate Professor Emanuel Azizi, Chair

The evolution of novel locomotor modes has played a crucial role in the evolution of
vertebrates. A shift in an organisms’ primary mode of locomotion or changes in the mechanical
properties of the external environment require adjustments to kinematic and motor patterns.
These adaptations are often associated with distinct morphological changes. Such modifications
are necessary for maintaining performance in response to variation in the external physical
environment. This provides the foundation for the evolution of novel modes of locomotion.
Understanding this adaptability, the mechanistic, and functional implications of novel gaits and
the substrates that shape biological systems can provide further insights for design parameters in
synthetic and engineered systems. My dissertation seeks to understand this adaptability and the
functional implications of novel gaits and substrates that affect them. | examined how the
evolution of novel locomotor modes shape variation in: (Chapter 1) limb morphology, (Chapter
2) motor control strategies, and (Chapter 3) muscle properties in frogs. | used morphological,
biomechanical, and physiological approaches to understand modulation of organismal locomotor

patterns and responses to varying external conditions.
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First, we explore how quadrupedal walking gaits are achieved in four frog species that
are ancestrally specialized for jumping. We examine how the prominence of this gait correlates
with a shift in limb morphology and limb posture. We find frogs specialized for walking
accommodate a quadrupedal gait with an increase in relative forelimb length compared to the
average anuran body plan and maintain greater vertical retraction in the hindlimb compared to
the forelimb during walking. Second, | investigate the effects of substrate compliance on limb
kinematics and motor control patterns of jumping Cuban tree frogs. We found evidence Cuban
tree frogs use a feedforward control program and compliance substrates potentially disrupt the
inertial catch mechanism used to store elastic energy. Last, | explore the effects of substrate
compliance on elastic energy storage at the muscle-tendon level. We develop a spring-loaded
latch analogue model using an in vitro muscle preparation. We find slower rates of energy

release, less optimal latches, allow for greater energy recovery from compliant substrates.
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INTRODUCTION

The mechanical properties of the environment shape an organisms’ locomotor mode.
Adaptation to a new environment can bring various challenges, for example predator avoidance,
navigating physical obstacles, and the unpredictable mechanical perturbations associated with
various substrate interactions. As a result, organisms have evolved novel ways of movement to
overcome such obstacles (Shubin et al. 2015; Reilly et al. 2006). Strategies range from active
behavioral changes in gait (or movement) patterns (Lemelin et al. 2003; Reynaga et al. 2018),
motor recruitment patterns, to physiological changes that take place over a longer evolutionary
time scales (Taylor, 1978; Garland and Losos, 1994; Gomes et al. 2009). Uncovering the
evolutionary, ecological, and physiological pressures or determinates that motivate these changes
are critical in understanding organismal locomotor performance. Engineered systems often gain
inspiration from the unique designs and adaptations of biological systems (e.g. Haldane et al.
2016). However, an optimal design for one environment may not be for another, inevitably there
are design trade-offs (e.g. Blum et al. 2011).

The mechanism one organism uses to navigate a complex habitat may be achieved
differently than another, nonetheless both organisms achieve the same outcome, moving from
point A to point B. There are multiple ways to achieve these outcomes that can be achieved at
different levels of organization, and each have their associated trade-offs. A prime example are
frogs, a clade whose ancestral form of locomotion has been derived from jumping (Jenkins and
Shubin 2004). Still known for their robust jump performance, some species have independently
adapted unique forms of movement from walking and running to burrowing, hopping, gliding,
swimming, and climbing (Reilly and Jorgensen 2011). These ways of movement have varying

mechanics and ground reaction forces that variably affect metabolic demand (Heglund et al.



1982a, b; Anderson et al. 1991; Hoyt et al. 2006; Fedak et al. 1982), however the underlying
anatomical structures are similar, even discrete changes in morphology can correlate to
directional changes in movement (Emerson 1979; Hackert et al. 2006). Evolution has developed
multiple strategies, however understanding whether these functional consequences are optimally
tuned and what kind of trade-offs incur is an active and developing field motivated by these
questions. We review and examine the mechanistic basis of these changes, to investigate the
underlying mechanical principals potentially driving locomotor movement and subsequently

organismal ecology and evolution.

I aim to investigate how the evolution of novel locomotor patterns and shifts in the environment
drive variation in:
1. Novel gaits in independently derived specialized quadrupedal walking frogs.
2. Mechanical variation and control strategies in tree frogs on variable substrates.

3. Muscle function and energy efficiency in ballistic locomotor systems.

1. Locomotor Mode

The anuran body plan is defined by morphological features associated with saltatory
locomotion, but these specializations may have functional consequences for other modes of
locomotion (Shubin and Jenkins 1995; Jenkins and Shubin 1998). Several frog species use a
quadrupedal walking gait as their primary mode of locomotion, characterized by limbs that move
in diagonal pairs (Ahn, et al. 2004). In the first part of my dissertation, we examine how walking
species may deviate from the ancestral body plan and how the kinematics of a quadrupedal gait

are modified to accommodate the anuran body plan. We use a comparative analysis of limb



lengths to test the hypothesis that quadrupedal anurans shift away from the standard anuran
condition defined by short fore-limbs and long hindlimbs. We also use three-dimensional high-
speed videography in four anuran species (Kassina senegalensis, Melanophryniscus stelznerti,
Phrynomantis bifasciatus, and Phyllomedusa hypochondrialis) to characterize footfall patterns
and body posture during quadrupedal locomotion, measuring the angle and timing of joint
excursions in the fore- and hindlimb during walking to compare kinematics between limbs of
disparate lengths. Our results show frogs specialized for walking tend to have less disparity in
the lengths of their fore- and hindlimbs compared with other anurans. We find quadrupedal
walking species use a vertically retracted hindlimb posture to accommodate their relatively
longer hindlimbs and minimize body pitch angle during a stride. Overall, this novel quadrupedal
gait can be accommodated by changes in limb posture during loco-motion and changes in the

relative limb lengths of walking specialists.

2. Control

Organisms control locomotor outcomes via feedforward motor control patterns and
neural feedback of muscle activation (Dickinson et al. 2000). However, mechanical properties of
the musculoskeletal system can also control whole-body and muscle kinetics beyond the limits of
the nervous system (Dickinson et al. 2000; Roberts and Azizi, 2011). For instance, arboreal frogs
navigate complex environments and can face various changes in mechanical properties of their
physical environment. An optimal, well-coordinated jump allows for the recovery of elastic
energy stored in a springy substrate to amplify mechanical power; effectively adding an in-series
spring to the hindlimbs (Astley et al. 2015; Gilman and Irsckick 2012). The second part of my

dissertation tests the hypothesis that effective use of springy substrates requires active changes in



muscle activation and changes to limb kinematics to effectively regain energy from a compliant
substrate. We design an actuated force platform, modulated with a real-time feedback
BeagleBone controller to vary the stiffness of the substrate. We quantified the kinetics and
kinematics of Cuban tree frogs (Osteopilus septentrionalis) jumping-off platforms at four
different stiffness conditions. Additionally, we used electromyography to examine the
relationship between muscle activation patterns and substrate compliance during take-off in a
knee extensor (m. cruralis) and an ankle extensor (m. plantaris). We find O. septentrionalis do
not significantly modulate motor patterns in response to substrate compliance. However, changes
in the rate of limb extension highlight a trade-off in power amplification, suggesting compliant
substrates disrupt the inertial catch mechanism that allows the organism to store elastic energy in
the tendon. This work serves to broaden our understanding of how the use of elastic energy

storage may alter the responsiveness of an organism to react to perturbations.

3. Physiological Changes

From frogs to fleas, many biological systems utilize power amplifying mechanisms to
achieve fast accelerations. Power amplification can have varied performance outputs using the
same machinery or theoretical components (llton, et al. 2018). Finally, to better understand the
mechanical properties of power amplification and the latching mechanism, we reduce the
complexity to a lower level of organization where we can control the latch dynamics and
properties by simply adjusting substrate mechanics. Here, we ask how latch quality and substrate
stiffness affects elastic energy recovery from compliant substrates. We present a simple
hypothetical model that explains key features of latch dynamics on compliant substrates. We test

this model, which suggests less-rigid latches perform optimally on complaint substrates. We



develop a reduced in vitro muscle preparation to test the performance of the catch mechanism on
compliant substrates. We use the plantaris muscle-tendon-unit of a bullfrog (Lethobates
catesbeianus) as the actuator, motor, and spring in-series between two servomotors; one that
simulates unlatching (rapid muscle shortening as a result of joint extension) and a second that
simulates a reactive complaint substrate. We test elastic energy recovery during tendon recoil
from various compliant substrates and latch velocities. We found slower latch velocities recover
more energy from compliant substrates. Our results show a trade-off in power amplification with
increased compliance relative to tendon stiffness, however latch dynamics only affect the amount
of energy stored and not the efficiency of energy recovered. Our work decouples the latching
mechanism to test key features of latch and spring dynamics on variable substrates. We suggest
‘less-ideal’ latches may be most optimal for efficient performance on variable substrates

regardless of relative compliance.
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CHAPTER 1

Morphological and kinematic specializations of walking frogs
1.1 INTRODUCTION

The ancestral anuran body plan is thought to reflect specializations associated with
jumping, with many morphological features retained in modern frogs (Emerson, 1988; Gans &
Parsons, 1966; Jenkins & Shubin, 1998; Shubin & Jenkins, 1995). Anurans tend to have short
and stout bodies with relatively short forelimbs and long powerful hindlimbs, which are used to
perform work against the ground during the jump take-off phase (Emerson, 1988; Peplowski &
Marsh, 1997; Zug, 1972). Previous work suggests these anatomical mechanisms contribute
significantly to frog jump performance (Astley, 2016; Choi, Shim, & Ricklefs, 2003; Gomes,
Rezende, Grizante, & Navas, 2009; Marsh, 1994; Zug, 1978).

Despite the conservation of the ancestral body plan, anuran species have evolved several
locomotor modes, each associated with novel morphological features. For example, a group of
specialized burrowers have evolved tough metatarsal tubercles (spades) that aid in excavating
dry soil (Emerson, 1976), a feature that appears to date back to the Paleocene (Chen, Bever, Yi,
& Norell, 2016). Moreover, two arboreal families have independently evolved the ability to glide
from the canopy by increasing the surface area of hands and feet with increased webbing
between digits (Emerson & Koehl, 1990). The pelvic girdle morphology is one feature that does
vary substantially across anurans (Emerson, 1979; Jorgensen & Reilly, 2013; Reilly &
Jorgensen, 2011). Emerson (1979) described three pelvic configurations that were proposed to
correlate with locomotor mode, which shows a strong correlation between the sacral diapophyses
width and an animal's locomotor specialization (Jorgenson and Reilly, 2013). The evolution of

novel locomotor modes rarely eliminates jumping from an anuran's locomotor repertoire,



resulting in specific morphological modifications without large-scale changes in the general
body plan (Emerson, 1988).

Several frog species have independently evolved walking as a primary mode of
locomotion. This gait is characterized by limbs moving in alternating, diagonal pairs (Ahn,
Furrow, & Biewener, 2004; Emerson, 1979). In one species, Kassina maculata, the kinetics and
energy exchange of the quadrupedal gait resemble a walk at slow speeds and shift to a run-like
gait at higher speeds (Ahn et al., 2004). Although the authors did not quantify joint level limb
kinematics, they noted the limb posture appeared highly crouched across speeds (Ahn et al.,
2004). A crouched limb posture is quite common in smaller quadrupedal mammals (Biewener,
1989a). In contrast, larger mammals with more extended limbs operate with higher effective
muscle mechanical advantage, allowing them to support a larger body mass during locomotion
(Biewener, 1989a).

Interestingly, a comparative analysis also suggests limb posture (effective mechanical
advantage) does not differ between the mammalian fore- and hindlimbs (Biewener, 2005). This
observation is not particularly surprising given the fore- and hindlimbs of many quadrupedal
mammals are typically of similar length (Biewener, 1983). The symmetry in limb length does
decrease in smaller mammals that tend to have slightly longer hindlimbs compared with their
forelimbs (Biewener, 2005). This shift away from symmetric limb lengths is not restricted to
smaller quadrupedal mammals but also extends to locomotor specializations such as bipedal
running, hopping, vertical clinging and leaping. One such example is the Galago senegalensis,
which is an arboreal primate with legs almost twice the length of its forelimbs (Preuschoft,
Witte, & Fischer, 1995). The asymmetry in the limb lengths of the galago is associated with its

ability to perform exceptionally powerful jumps (Aerts, 1998), but this species largely avoids the
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use of a quadrupedal walking gait (Napier & Walker, 1967). It is therefore likely that high
asymmetry in limb length fundamentally alters the limb posture, limb mechanical advantage, and
body posture in species that utilize a quadrupedal gait.

The independent evolution of walking in many anuran lineages presents a unique
opportunity to investigate how the ancestral body plan, associated with jumping, likely
constrains limb and body postures during a quadrupedal gait. We combine a broad comparative
morphological approach with detailed kinematics of four independently derived species of
specialized anuran walkers to determine how the conflicts associated with an anuran body plan
are accommodated by species that commonly use a quadrupedal gait (Figure 1.1). We propose
three potential mechanisms that may be associated with quadrupedal walking. First, we predict
species specialized for walking have more symmetric fore- and hindlimb lengths compared with
other anuran species (Figure 1.2A). Second, we predict that if limb lengths remain asymmetric,
frogs may adjust body posture by using a significant downward pitch during locomotion (Figure
1.2B). Finally, we predict the posture of longer hindlimbs will likely be significantly more
crouched compared with the shorter forelimbs (Figure 1.2C). These predictions are not mutually
exclusive and species may combine these strategies to circumvent the constraints of the anuran
body plan. This work seeks to highlight morphological and kinematic strategies associated with
the evolution of quadrupedal walking and reveal potential conflicts and trade-offs between

disparate locomotor modes.

1.2 MATERIALS AND METHODS
We test our predictions on four independently derived lineages of specialized

quadrupedal walking frogs to study variation in limb posture (Astley, 2016; Emerson, 1979;
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Figure 1.1). We combine meta-analysis, direct limb measurements, and online database
collections to examine evolutionary changes in limb length and use three-dimensional (3D) high-
speed kinematic video analysis to characterize the specialized walking gait, including detailed

analysis of limb and body postures.

1.2.1 Quadrupedal walking frogs

This study used four specialized walking frogs: the Senegal running frog, Kassina
senegalensis (n = 5); the bumblebee toad, Melanophrynis- cus stelzneri (n = 2); the red-banded
rubber frog, Phrynomantis bifasciatus (n = 3); and the tiger-legged monkey frog, Phyllomedusa
hypochondrialis (n = 2). These species were chosen for their capability to perform diverse modes
of locomotion (e.g., swimming, jumping); however, all four predominately utilize a quadrupedal
walking gait for terrestrial, non-escape locomotion, as well as arboreal locomotion in the case of
Phy. hypochondrialis. An extreme example is Phr. bifasciatus, which we rarely observed jump
(personal observation). Although some other species of anurans will walk on rare occasions, this
behavior is extremely infrequent and difficult to elicit consistently, particularly for repeated
cycles; prior experiments by one author failed to produce walking behavior in numerous other
species in the lab (Astley, 2016). Although the rarer three species had lower sample sizes, we
filmed a number of trials per individual within a species to reduce intraspecific error via
repeated-measures statistics (see Table 1.1).

Filming and animal husbandry for K. senegalensis were conducted at the University of
California, Irvine (UCI) and approved by the UCI Institutional Animal Care and Use Committee
(IACUC). Filming and animal husbandry for M. stelzneri, Phr. bifasciatus, and Phy.

hypochondrialis were conducted at Brown University and approved by the Brown University
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IACUC. Videos filmed at Brown University were originally used for previous study by Astley

(2016). All species were wild-caught and purchased from commercial vendors.

1.2.2 Limb morphological measurements

We sampled a diverse array of anurans to assess whether species that specialize in
quadrupedal walking have more symmetric fore- and hindlimb lengths compared with a range of
other anuran species. Specimens came from the collections of Herpetology at the Natural His-
tory Museum of Los Angeles County (LACM), the online National Science Foundation Digital
Library at the University of Texas at Austin (DigiMorph), and personal collections. We collected
fore- and hindlimb measurements from 56 anuran species spread across 14 major families. For
specimen information, see Appendix Table A.4. Whenever possible, we examined multiple
individuals per species (n = 1-10) to characterize the range of limb dimensions. We examined
either cleared and stained specimens, dry skeletal preparations, or 3D X-ray computed
tomography (CT) scans.

We calculated limb lengths from the sum of the lengths of each individual limb element.
All measurements were straight line measurements of the skeletal elements; the distance from
the most proximal end to the most distal end. We measured three forelimb segments: the
humerus, radio-ulna, and metacarpophalangeal segment; and in the hindlimb: the femur,
tibiofibula, proximal tarsal, and metatarsophalangeal segment. We measured the most distal
segment length as the linear distance from the proximal end of the metacarpus (or metatarsus) to
the distal end of the longest phalanx. We measured all prepared specimens with digital calipers,

and recorded to the nearest 0.01 mm. For measurements on 3D X-ray CT specimens, we used
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Java slice applet viewer application, the UTCT inspeCTor (Digital Morphology, Austin, TX).
We used X, Y, Z coordinates to calculate limb segment lengths.

Furthermore, we used meta-data from Mammalia to assess whether specialized walking
anuran species have similar limb length symmetry to mammalian quadrupeds. Data came from a
previously published study by Biewener (1983). These data from 33 mammalian quadrupedal
locomotors approximate mammalian limb lengths from measurements of the radius, humerus,
tibia, and femur lengths. For mammals, the bones contained in the terminal end of the fore- and
hindlimb, such as tarsals, metatarsals, and phalanges, were not included in total limb length
calculations. However, the bony elements that make up the associated metatarsal joint below the
foot or ankle contribute negligibly to the total limb length or center of mass in mammals (Steudel

& Beattie, 1993).

1.2.3 Walking kinematics and analysis

We collected all 3D video kinematic data under standardized conditions at approximately
23 £ 2°C at UCI and 28 + 2°C at Brown University. In spite of temperature differences, there
was some overlap in walking speed between the K. senegalensis trials in this study and those in
Astley, 2016. We recorded the 3D kinematics of quadrupedal walking events for each species
with two high-speed video cameras. We filmed events at UCI with Phantom M120 Cameras
(Vision Research Inc., Wayne, NJ), whereas events filmed at Brown University used Photron
1024 PCI Cameras (Photon Inc., Tokyo, Japan). The cameras, positioned laterally and dorsally to
the individual, recorded at 500 frames s~! at UCI and 125 frames s™! at Brown University, and
were calibrated with a custom calibration cube (32 non-planar points) with direct-linear

transformation software (Hedrick, 2008) in MATLAB (The MathWorks, Natick, MA).
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We recorded walking events as the animal moved freely throughout the arena (30 x 15
cm?). For each frog, two-dimensional (2D) data were collected from both cameras to characterize
body and limb postures within a stride. To do this, we manually tracked the following joint
center landmarks along one side of the body, in each frame for both recordings: the wrist, elbow,
and shoulder joints in the forelimb; the ankle, knee, and hip joints in the hindlimb; the distal end
of the longest phalange for each limb; the sacroiliac joint; and the centers of both eyes. 2D
camera data were reconstructed to 3D with MATLAB digitizing scripts (Hedrick, 2008). We
defined the arena surface as the x-y plane, with the z-axis perpendicular to the plane. We
performed further kinematic analysis of the 3D coordinates from these anatomical landmarks
using MATLAB, IGOR Pro (Wavemetrics, Inc., Beaverton, OR) and Excel (Microsoft Corp.,
Renton, WA). We quantitatively analyzed multiple walking stride trials per individual for each
species (Table 1.1). Analyzed trials were carefully selected to ensure all anatomical landmarks
were visible to both cameras and frogs completed at least one stride cycle without any
impediments. However, frogs rarely walked exactly parallel to the x-axis of the arena, often
times walking at a slight diagonal to the axis. Although no drastic turning events were analyzed,
slight diagonal walking events introduced a small change of heading within a stride.

We used average footfall patterns within a single stride to ensure similar gait ranges were
examined. We defined a single stride cycle as the video frame when the forelimb facing the
laterally positioned camera touched-down, lead forelimb (LFL), to the frame just before the same
LFL touched down again to begin a new stride. To characterize footfall patterns, we quantified
the number of frames where touch-down and lift-off occurred for each foot, and normalized to
the total frames within a stride. We used Hildebrand (1985) terminology to characterize gaits.

We calculated duty factor as the average percent of a stride a single foot contacted the ground.
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We characterized same-side limb phase as the average percent of a stride when the hindfoot
contacted the ground until the same-side forelimb contacted the ground.

We used absolute pitch and yaw angles to characterize body posture, with respect to the
horizontal ground as a fixed plane of reference. First, we performed global to local coordinate
system transformations with a custom-designed script in MATLAB. To define the 3D position of
landmarks in the global reference frame, we used coordinates based on the mean position of
where three phalanges encountered the platform within the filming arena. We used these
landmarks to find the frog position relative to the arena platform, which were fixed with respect
to the moving frog body. Second, we defined the body axis as a parasagittal line connecting the
eye and the dorsal lateral projection of the sacrum, both located on the same lateral side of the
body axis closest to the laterally positioned camera. Third, Y coordinates of the sacroiliac joint
were subtracted from each eye center coordinate, so the sacroiliac joint acted as the origin of the
horizontal plane. As a point of comparison with empirical data, we predicted body pitch angle
based on fully extended limbs. For pitch angles, positive values indicated a body posture where
the rostrum is elevated relative to the sacrum, whereas negative values indicated the sacrum is
elevated relative to the rostrum. Pitch angles of zero indicated a perfectly level body posture
relative to the horizontal axis. Lastly, we defined yaw angle as the angle of rotation of the body
axis around the horizontal x-axis. For example, if a frog walked in a straight-line trajectory along
the positive x-axis direction, a yaw angle of zero assumes the body axis is perfectly aligned with
the x-axis. However, positive changes in yaw indicated the rostrum was angled toward the left
side of the sacroiliac joint, whereas negative values indicated the rostrum was directed toward

the right side of the sacroiliac joint. Additionally, we accounted for slight changes in heading
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within a stride by characterizing the net change in frog head orientation at the start and end of a
stride.

We calculated relative 3D joint angles between segments listed below, which were not
separated into flexion/extension and adduction/abduction components nor referenced to body
position. We measured wrist angle as the angle between the metacarpals and radio-ulna; elbow
angle, the angle between the radio-ulna and humerus; shoulder angle, the angle between the
humerus and the ipsilateral eye; ankle angle, the angle between the tarsus and tibiofibula; knee
angle, the angle between the tibiofibula and femur; and the hip angle, the angle between the
femur and the ipsilateral sacroiliac joint. For joint angles, values closer to 0° indicated greater
joint flexion and values closer to 180° indicated greater extension.

We also characterized 3D limb postures within the local reference frame of the fore- and
hindlimb (Figure 1.3). First, coordinates of the distal phalange were subtracted from either the
shoulder or hip joints respectively to make the joints the origins of the coordinate axes for each
limb. Then, 3D Cartesian coordinates of the digitized body landmarks were transformed to
spherical coordinates. Angular changes in this coordinate system were defined as the radial
magnitude (r), elevation, and azimuth. We calculated the aforementioned fore- and hindlimb
polar angles from a 3D vector directed from the shoulder or hip to the tip of the longest phalanx.
The azimuth angle characterized the lateral abduction or adduction of the limbs where larger
angle indicated laterally abducted limb posture. The elevation angle characterized the vertical
protraction or retraction of the limb, where a larger angle corresponded with a vertically
protracted limb posture. The variable r was defined as the instantaneous distance from the most
proximal joint to the most distal digit tip. Elevation, azimuth, and r were calculated for all frames

for both fore- and hindlimb. Lastly, we normalized r by dividing the total limb length (r: total
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limb length). By normalizing r, this measured how flexed or extended the limb was on a scale
from O to 1, respectively. We evaluated these variables at mid-stance and at maximum r, during
the period of ground contact for each limb. The timing of maximum r within a stride for the
forelimb coincided with touch down, whereas for the hindlimb maximum r occurred during the
take-off phase of the hindlimb within a stride, and thus do not occur at the same instant in time.
Relative 3D joint angle measurements were also taken at midstance and maximum r relative to
each limb. Ranges between midstance and maximum r and means during stance phase were also

calculated for relative 3D joint angles.

1.2.4 Statistical analysis

We analyzed all data with RStudio (v. 1.0.136, Boston, MA) and IGOR Pro. We
calculated all species means and standard errors from individual means. For the comparative
analysis, we grouped species into locomotor type: quadrupedal walking anurans, other anuran
locomotors, and quadrupedal mammals. Fore- and hindlimb lengths were logio transformed prior
to analysis. We calculated least-squares regressions to determine the relationship between
mammalian quadruped fore- and hindlimb lengths. We used phylogenetic generalized least
squares (PGLS) to control for similar traits and shared evolutionary history across anuran
locomotor groups (Garland & Ives, 2000; Grafen, 1989; Martins & Hansen, 1997). We used
packages CAPER, APE, and NLME in R for PGLS and to assess phylogenetic contribution
(Orme et al., 2013; Paradis, Claude & Strimmer, 2004; Pinheiro, Bates, DebRoy, & Sarkar,
2017). PGLS used a pruned phylogeny (modified in R) from published phylogenetic analyses
(Frost et al., 2006; Isaac, Redding, Meredith, & Safi, 2012). Traits were assumed to evolve by

“Brownian motion” evolution (Rohlf, 2001). Furthermore, we used analysis of covariance
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(ANCOVA) to test for differences between anuran locomotor groups, with forelimb length as the
covariate and locomotor type (walker versus other specialized anuran locomotor) as the fixed
factor. ANCOVA was performed on log transformed data not corrected for phylogeny to
determine what model best fit the data to test our hypothesis. Fit of PGLS and ANCOVA models
were compared with Aikake information criterion (AIC).

For the kinematic data set, we calculated averages and 95% confidence intervals for
pitch, yaw, relative joint angles, limb extension magnitude (r), and polar limb angles from
individual means. We used one-way analysis of variance (ANOVA) to compare pitch and joint
angles across species, accounting for variance across individuals. To test for differences in 3D
limb postures, r, azimuth, and elevation angles, we used repeated measures ANOVA, accounting

for variance within individuals, with a false discovery rate post hoc test.

1.3 RESULTS

1.3.1 Limb morphology

We sampled a diverse array of anuran species to characterize the relationship between
fore- and hindlimb lengths of four specialized walking anuran species and 55 other anurans
(Figure 1.4). For comparison, we included data from 33 mammalian quadruped species
(Biewener, 1983). Least-squares regression indicated mammalian quadrupeds exhibit nearly
equal fore- and hindlimb lengths with a slope closest to one (slope + SEM = 0.926 + 0.0117). We
found a strong correlation between the mammalian fore- and hindlimb lengths (R? = 0.995; P <
0.0001). In multivariate analyses, anuran hindlimb length scaled nearly isometrically with

forelimb length (slope + SEM =0.941 £ 0.047; see Appendix Table A.5). The regression lines
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show a significant effect of forelimb length and locomotor type, but no significant interaction.
These results suggest that the slope between fore- and hindlimb length is similar for all anurans
regardless of locomotor type (see Appendix Table A.5; ANCOVA: P =0.738; PGLS: P =
0.846). However, locomotor type has a significant effect on hindlimb length, with a significant
difference in the regression line intercepts (see Table A.5; ANCOVA: P =0.0003; PGLS: P =
0.005). PGLS was the best-fitting regression model based on the smallest AIC value (see
Appendix Table A.5). For Anura, Pagel's lambda indicated limb proportions were correlated with
phylogeny (see Appendix Table A.5). This confirmed anuran quadrupedal walkers have more

equal limb lengths compared with other anurans.

1.3.2 Footfall patterns

We examined footfall patterns to verify whether each species (K. senegalensis, M.
stelzneri, Phy. hypochondrialis, and Phr. bifasciatus) used a similar walking or running gait
(Figure 1.5). All four quadrupedal walking species used a diagonal footfall sequence, where the
movement for a given forelimb was followed by the contralateral hindlimb. The gait cycles
analyzed between forelimb and contralateral hindlimb pairs alternated in sequence. At any given
time within a stride, the frogs had two limbs or more in contact with the ground. According to
footfall sequence, duty factor varied across species with the fastest duty factor by M. stelzneri
and K. senegalensis, which overlapped in their range, whereas Phr. bifasciatus had the lowest
duty factor (Figure 1.6). Although Ahn et al., 2004 observed grounded running in K. maculata at
duty factors above 50%, we refer to these sequences as “walking” for consistency, based on our

measured duty factor. Phr. bifasciatus predominately used a single foot sequence walk, whereas
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K. senegalensis, M. stelzneri, and Phy. hypochondrialis mainly used a diagonal couplet footfall

sequence.

3.3 Body posture

We measured body pitch across quadrupedal walking species to determine whether these
frogs modulate pitch angle to accommodate for the difference between the fore- and hindlimb
lengths. Comparisons were made relative to predicted body pitch angles for each species.
Predicted body pitch angles were calculated from total anatomical fore- and hindlimb lengths
(assuming full limb extension) and illustrated as a point of comparison with the observed body
pitch across a stride (Figure 1.7). All quadrupedal walkers showed little variation in pitch. Pitch
angles did not deviate from zero enough to reach predicted negative pitch values. Despite limb
asymmetry, the boxes combined with whiskers indicated nonsignificant difference in body pitch
across species (one-way ANOVA; P = 0.995). Although pitch angles did not deviate
significantly from a horizontal orientation, we did detect consistent yaw (average range: K.
senegalensis —15.0 £2.5°t0 7.4 £ 0.8°; M. stelzneri —11.0 = 3.5° to 4.0 £ 0.2°; Phr. bifasciatus
—5.7 £ 1.1° to 7.1 £ 2.6°; Phy. hypochondrialis —5.4 + 9.8¢ to 14.5 + 4.8°) throughout the stride
cycle (Appendix Figure A.1.A-D). Yaw angles frequently returned to a value of zero at the
beginning of a new stride. However, when frogs were not walking in a perfectly straight line,

yaw angles did not return to zero at the stride transition (Appendix Figure A.1.E-H).

1.3.4 Limb posture
We measured joint kinematics to examine how forelimb extension or hindlimb flexion

may compensate for unequal fore- and hindlimb lengths (Figure 8; Appendix Figure A.2 and
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Appendix Table S3). From joint coordinates across each limb, we measured relative joint angle
extension and flexion across a stride. All frogs used similar fore- and hindlimb joint angle
patterns (see Supp. Table A.6). Specifically, forelimb joint angle changes followed a similar
pattern in the proximo-distal direction with average joint angles only varying across species at
the wrist (P = 0.0103). At mid-stance, elbow angle across species significantly differed (P =
0.0492), largely driven by greater elbow joint extension in M. stelzneri (Appendix Table A.6).
Likewise, hindlimb joint angles follow similar magnitudes. However, Phr. bifasciatus and Phy.
hypochondrialis deviate in the timing of hindlimb joint excursion. This shift in hindlimb timing
is also reflected their footfall patterns illustrated in Figure 1.5. Average ankle angle significantly
differed across species (P = 0.0024), largely due to a reduced joint angle in Phy. hypochondrialis
(Appendix Table A.6). A difference in hip joint range across species resulted from a smaller
relative hip joint angle range in Phr. bifasciatus (Appendix Table A.6).

We also examined the fore- and hindlimb postures by characterizing the magnitude of
limb extension, lateral abduction, and vertical retraction, using spherical coordinates and
reducing the limb to a 3D vector characterized by the magnitude of the vector (r), the elevation
angle, and the azimuth angle across a stride (Figure 1.3 and Appendix Figure A.3). We measured
these variables at mid-stance and at maximum limb extension (Figure 1.9). The ratio of the
vector magnitude to the total limb length (r:TL) was used to estimate the amount of limb flexion.
At mid-stance, elevation angle across all species were greater in the forelimb relative to the
hindlimb (Figure 1.9A; F =292.67, P < 0.0001). Post-hoc tests showed differences across
species were largely driven by variation in hindlimb retraction (Appendix Table A.7). Moreover,
a significant interaction between species and limb suggested the elevation angle difference

between the fore- and hindlimbs were different across species (F = 32.28, P = 0.0014). Between
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species azimuth angle in the fore- and hindlimb at mid-stance were different (Figure 1.9B; F =
11.96, P = 0.0124). Consequently, post hoc tests revealed that differences across species were
largely driven by greater lateral forelimb abduction in K. senegalensis (Appendix Table A.7, P =
0.002). Lastly, r:TL differed between species (Figure 1.9C; F = 11.18, P = 0.014), however there
was no difference between relative extension of fore- and hindlimbs within species. A significant
interaction suggested that the relative extension of the fore- and hindlimb for each species were
different (F = 9.369, P = 0.020), likely attributed to the slight variation in forelimb flexion and
hindlimb extension in M. stelzneri and Phr. bifasciatus (Appendix Table A.7).

At maximum limb r, elevation angle of the fore- and hindlimb differed between species
(Figure 1.9D; F = 6.124, P = 0.045), and within species (F = 60.46, P = 0.0006). There was a
significant interaction between species and limb (F = 33.70, P = 0.0013). This result was largely
driven by a significant decrease in forelimb elevation angle relative to the hindlimb in Phr.
bifasciatus (P = 0.005) and Phy. hypochondrialis (P = 0.028) whereas, in K. senegalensis and M.
stelzneri, both the fore- and hindlimbs achieved similar elevation angles. Though there was no
difference between species in azimuth angle, within species fore- and hindlimb azimuth angles
differed (Figure 1.9E; F = 12.82, P = 0.016). There is a significant interaction of species and
limb, suggesting this difference between fore- and hindlimb azimuth angle are different across
species. At maximum extension, fore- and hindlimb abduction were similar for K. senegalensis,
whereas fore- and hindlimb azimuth angles began to further differentiate in M. stelzneri (P =
0.0006), Phr. bifasciatus (P = 0.0009), and Phy. hypochondrialis (P = 0.0024). At maximum r,
r:TL, effective use of limbs differed between species (Figure 1.9F; F = 9.738, P = 0.0189), with
a significant difference in effective use of fore- and hindlimbs (F = 16.93, P = 0.009). The

interaction of species and limb suggests species are changing fore- to hindlimb flexion and
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extension relative to one another in different ways at maximum extension (F = 26.91, P = 0.002),

however each species effectively uses the entire length of the fore- and hindlimb similarly.

1.4 DISCUSSION

Our results support the hypothesis that quadrupedal walking frogs have more equal fore-
and hindlimb lengths compared with other anurans (Figure 1.4). It is clear that phylogeny and
locomotor type are critical predictors of hindlimb lengths in anurans. PGLS regression provides a
better fit of the data compared with a standard ANCOVA, and indicate frogs specialized in
quadrupedal walking have significantly reduced asymmetry in fore- and hindlimb lengths
compared with other anurans (Appendix Table A.5). This pattern is consistent with findings that
suggest walking species tend to have shorter hindlimbs relative to snout vent length (Astley,
2016). Our analysis indicates fore- to hindlimb length ratios in our walking frogs are similar to
those measured in small cursorial mammals (Figure 1.4; Biewener, 1983). Despite a shift toward
symmetric limb dimensions, walkers still retain significantly longer hindlimbs compared with
forelimbs. In fact, on several occasions we observed a complete walking stride impeded in K.
senegalensis when the hindlimb actually stepped on the ipsilateral forelimb, thereby delaying the
start of the next stance phase cycle (personal observation). These stride impediments were only
observed in K. senegalensis. It is likely such interference between the fore- and hindlimbs would
be more prevalent without the observed deviation from the ancestral body plan in walking
species.

The footfall patterns of all four species can be characterized as a walking gait with
alternating limb movements (Figure 1.5). Per Hildebrand's (1985) terminology these species

range variably in footfall sequence within a stride (Figure 1.6). This is consistent with the red-
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legged running frog (K. maculata) and tiger salamander (Ambystoma tigrinum), which have
similar kinematics to M. stelzneri and K. senegalensis (Ahn et al., 2004; Reilly, McElroy, Odum,
& Hornyak, 2006). This footfall pattern is similar to patterns typically seen in short-legged
mammals, which use a single-foot or diagonal-couplet gaits (Hildebrand, 1968). However, Ahn
et al., 2004 showed that duty factor and footfall patterns can be inconsistent with energy
exchange patterns associated with walking and running, making it somewhat difficult to formally
characterize quadrupedal frog gaits. Additionally, our kinematic results indicated that footfall
patterns alone do not reflect some of the nuanced features of the gait, limb and body postures
arising from the significant fore—hind asymmetry in limb lengths.

We hypothesized to accommodate longer hindlimbs walking frogs may locomote with
significantly more crouched hindlimbs than fore- limbs. We find little support for this hypothesis
using only observed relative joint angle kinematic comparisons in the fore- and hindlimbs
(Figure 1.8 and Appendix Table A.6). However, assessing relative joint angles to characterize
limb posture is not entirely appropriate for anurans that use substantial motion along other
planes. There are multiple ways to achieve a “crouched” posture by using a combination of
flexion, lateral abduction, or vertical retraction in a limb. We examined changes in 3D limb
posture to further address our third hypothesis. We found at mid-stance the forelimb was more
vertically protracted than the hindlimb (Figure 1.9A), with no clear difference in relative lateral
abduction or adduction between the fore- and hindlimb (Figure 1.9B). Across the walking frog
species, the effective use of the entire limb was similar in the fore- and hindlimb within a stride
(Figure 1.9C and F). Walking frogs utilize the entire length of each limb to a similar degree.

However, with slight fore—hind asymmetry in limb lengths these quadrupedal walkers seem to
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accommodate this length disparity in the forelimb with greater protraction in the forelimb as
shown during mid-stance.

Across a stride cycle these walking frogs seem to adjust the protraction and retraction of
the forelimb relative to a constantly retracted hindlimb from mid-stance to maximum extension
(Figure 1.9A and D). This is clearly demonstrated with little changes to elevation angle in the
hindlimb at mid-stance and maximum r, whereas the forelimb elevation almost doubles from
maximum r to mid-stance. Similar to larger mammals these walking anurans seem to exhibit
more upright forelimb postures (Fischer, 2002; Jenkins, 1971). Adjusting for an upright fore-
limb posture in walking anurans likely minimizes pitch perturbations, lowers joint moments,
moderates vertical forces, increases mechanical advantage, and reduces muscular loads in the
forelimb (Biewener, 1983, 1989D).

We find little support that walking frog species adjust lateral abduction in the hindlimb
relative to the forelimb as a mechanism to accommodate longer hindlimbs. There is little
variation in azimuth angle between fore- and hindlimbs at mid-stance, however at maximum r
the differential in azimuth angle between the fore- and hindlimb grows significant (Figure 1.9B
and E). Quadrupedal walking frogs still utilize a sprawling gait, however may maintain a more
abducted posture in the hindlimb throughout a stride in concert with a more vertically protracted
forelimb, which in part allows them to accommodate for limb length asymmetries. The hindlimb
vertical retraction, adjustments in forelimb protraction, and overall sprawled postures allow
walking anurans to locomote with minimal pitch adjustments. Additionally, the lateral forces
produced by limbs during a sprawled gait have been shown to increase stability in the horizontal
plane (Kubow & Full, 1999; Schmitt & Holmes, 2000) and reduce pitching and rolling moments

about the center of mass (Chen, Peattie, Autumn, & Full, 2006). Variation in limb postures may
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also have some important consequences for the joint moments and muscle forces required during
locomotion. These changes in limb postures in the sagittal plane for walking anurans likely alter
the limb effective mechanical advantage, with disproportionately retracted and flexed limbs
increasing the forces and moments required to support bodyweight during locomotion

(Biewener, 1989b). Similarly, a sprawled posture may reduce effective mechanical advantage
and require high muscle forces. In running geckos, the abducted limb posture results in ground
reaction force vectors that are oriented above the knee and elbow, and well above the hip and
shoulder, thereby resulting in higher joint moments (Chen et al., 2006). Future studies focused on
the effective mechanical advantage of sprawled gaits will likely elucidate the functional trade-
offs associated with this common limb posture.

We initially hypothesized asymmetry in the fore- and hindlimb lengths may result in a
constant downward pitch during walking. Our results do not support this hypothesis as the body
pitch did not vary significantly from a horizontal orientation (Figure 1.7). However, we did
observe somewhat substantial changes in yaw angle over a single stride (Appendix Figure A.1).
This observation is somewhat surprising given the short inflexible trunk of anurans. Significant
changes in yaw angle are commonly observed in short limbed tetrapods with elongate bodies,
where axial bending is thought to increase stride length (Ashley-Ross, 1994; Chen et al., 2006;
Farley & Ko, 1997; Hildebrand, 1980). In contrast, the yaw observed in walking frogs is not
likely to increase stride length significantly as it does not arise from axial bending but rather the
lateral displacement of the body in response to forces generated by the hindlimbs. Since the
hindlimbs are laterally displaced during walking they likely generate a relatively large
mediolateral reaction force that shifts the trunk position from side to side during subsequent

strides. This pattern is most notable in Phy. hypochondrialis where the lateral forces generated
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by the hindlimb shift the body over the contralateral forelimb during the period when the
diagonal pair is in contact with the substrate. Although it is unclear whether the lateral
displacement of the body affects stride length, it may minimize physical interference between
ipsilateral limbs by tucking the forelimbs under the body and out of the way of the hindlimb.

Our results suggest specialized walkers deviate from the extreme asymmetry in fore- and
hindlimb lengths common to most anurans (Figure 1.4; Astley, 2016). Despite this deviation,
walking species still have relatively long hindlimbs and retain the ability to jump. Though
performance may be somewhat compromised, changes to limb asymmetry may not directly
impact jump performance but predominately affect quadrupedal walking ability. For example,
we have observed K. senegalensis, M. stelzneri, and Phy. hypochondrialis not limited to walking
locomotion but also run, swim, and jump (personal observation). As seen in another specialized
anuran walker, K. maculata maintains average jumping capabilities in comparison with other
anurans (Porro, Collings, Eberhard, Chadwick, & Richards, 2017). In contrast, Astley (2016)
found walkers tend to have inferior jump performance and shorter hindlimb lengths relative to
body length. Since asymmetry in limb length appears to be maintained to preserve jumping
performance as a predator avoidance strategy, then quadrupedal walkers need to make kinematic
adjustments to accommodate their body plan. We show that one strategy used by four walking
species is to reduce the vertical protraction of their relatively long hindlimbs and locomote with a
highly-protracted forelimb posture similar to cursorial mammals (Schmidt, 2005).

Specialized walkers show modifications to limb length and kinematics on local and
evolutionary timescales. Although a sprawled posture has benefits, it also creates larger bending
loads and subsequently alters mechanical advantage and ground reaction forces. This shift of

specialized characteristics for jumping to walking in anurans provides another example of the
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difficulties in “re-evolving quadrupedal walking.” In a similar case, vampire bats specialized for
flight, have independently evolved a bounding gait (Riskin & Hermanson, 2005). Bats have
highly elongated forelimbs, a mechanical adaptation for flight, but no more elongated than
brachiating or knuckle-walking primates (Swartz, 1997; Swartz & Middleton, 2007). Such limb
asymmetries may have implications for a quadrupeds’ choice in gait and limb posture. These
transitions between locomotor modes and limb adaptations offers insight into the timescale of
modifications across tetrapod gaits and the associated trade-offs. Our study offers a basis for
understanding the conflicts across diverse locomotor modes, and how novel gaits shape limb

morphology, kinematics, and motor control strategies.
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Table 1.1 Average walking anuran performance values (mean + s.e.m).

Species Individual Trials SNVL (mm) Mass(g)  Lstide (M) Vstrige (CM/S)
K. senegalensis 1 5 28.02 1.64 4424028 21.29+1.95
2 5 3541 2.34 3.85+0.26 12.20 4+ 2.05
3 5 29.69 1.87 411+020 20.66 + 1.83
4 5 33.32 2.38 432+ 057 19.14+3.34
5 5 30.94 1.53 3.74+0.38 1443+271
M. stelzneri 1 2 29.47 1.58 295+ 0.22 16.84 +1.90
2 4 22.00 0.82 3.00+£0.33 15.65+1.23
Phr. bifasciatus 1 5 41.15 4.17 434+051 15.65+1.23
2 5 39.37 3.92 513+ 0.16 23.65 + 3.58
3 5 41.99 4.78 3.15+0.13 513+0.27
Phy. hypochondrialis 1 5 37.25 2.28 543+ 042 11.68 £1.50
2 5 34.25 1.99 469+0.13 16.18+2.77

SNVL, snout-vent length; Lstide, Stride length; Vsiide, Stride velocity. See Supplementary Material Table S1 for

average limb length details.
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Figure 1.1. Anuran phylogenetic relationships based on Frost et al. (2006) and Isaac et al.
(2012). Families of study species are in bold script. Bolded families indicate where quadrupedal
walking has evolved. However, not all species within those families are specialized walkers;
many still retain the ancestral jumping specialization. Lowercase letters correspond to pictured
study species from independently derived lineages: (a) tiger-legged monkey frog (Phyllomedusa
hypochondrialis), (b) bumblebee toad (Melanophryniscus stelzneri), (c) red-banded rubber frog

(Phrynomantis bifasciatus), and (d) Senegal running frog (Kassina senegalensis).



Changes in Limb Lengths Pitch Adjustments

-,

Figure 1.2. Schematic of three hypothetical solutions to how quadrupedal walking frogs
circumvent the constraints of an anuran body plan specialized for jumping. The associated
changes to achieve a quadrupedal gait can be morphologic or kinematic: (A) One way to achieve
this is through more symmetric limb dimensions. Otherwise, if limb dimensions remain
asymmetric frogs may adjust (B) with a downward body pitch to accommodate for a longer
hindlimb. Alternatively, (C) adjust limb posture; where forelimbs assume a more flexed or
extended limb posture than the hindlimbs.
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Figure 1.3. Schematic diagram of the coordinate system used to characterize 3D limb

posture. Polar coordinates were used to characterize the radial distance (r, blue vector), the
magnitude of limb extension from the shoulder and hip. Then, the vertical protraction of the limb
was characterized by the elevation angle (g, yellow angle). Lastly, the lateral abduction of the
limb was characterized by the azimuth angle (f, green angle).
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Figure 1.4. The relationship between fore- and hindlimb length of quadrupedal walking frogs
(N=4), relative to other specialized anuran locomotors (N=56) and mammalian quadrupeds
(N=33). Each symbol represents a different species. See Appendix A.5 for details on plotted
anuran species. The gray dashed line is the line of isometry, with a slope of one, it indicates
equal lengths between fore- and hindlimb. Approximate limb lengths (radius, humerus, tibia, and
femur) of Mammalia are displayed for reference, obtained from Biewener (1983). We calculated
solid regression lines from raw data points shown, whereas dotted regression lines are based on
PGLS. Results from PGLS between quadrupedal anurans and other non-walking specialized
anuran locomotors demonstrate quadrupedal walking anurans appear to have more equal fore-
and hindlimb lengths. PGLS statistics are given in Appendix A.5.
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Figure 1.5. Average footfall patterns over a single stride (meanzs.e.m.). Mean and standard error
calculated from video frames normalized to stride duration. (A) Kassina senegalensis (n=5), (B)
Melanophryniscus stelzneri (n=2), (C) Phrynomantis bifasciatus (n=3), and (D) Phyllomedusa
hypochondrialis (n=2). Stride cycle was defined from the first point of contact from the leading
forelimb (LFL), to just before the same LFL touched back down for a new stride. The footfall
order is the LFL, leading hindlimb (LHL), trailing forelimb (TFL), and trailing hindlimb (THL).
Dashed lines indicate same-side limb phase used to characterize locomotor gait in Fig. 1.6. The
footfall patterns show these walking frog species use similar alternating limb movements.

35



60

© M. stelzn

80 - e K. senegalen

® Phr. bifasciatus
© Phy. hypochondrialis

100 - IS | "N

Same-side limb phase (%)

T T T T

100 80 60 40 20 0
Duty Factor (%)

Figure 1.6. Average walking gaits of four quadrupedal walking frog species (meanzs.e.m.):
Kassina senegalensis (green; n=5), Melanophryniscus stelzneri (yellow; n=2), Phrynomantis
bifasciatus (maroon; n=3), and Phyllomedusa hypochondrialis (orange; n=2). Footfall patterns
were solely used to characterize walking patterns. All species used a walking gait with either
single foot or diagonal couplet sequence limb phases. Plot adapted from Hildebrand (1980).
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Figure 1.7. Comparison of average body pitch over a single stride and estimated body pitch from
total extended limb lengths. (A) Kassina senegalensis (green; n=5), (B) Melanophryniscus
stelzneri (yellow; n=2), (C) Phrynomantis bifasciatus (maroon; n=3), and (D) Phyllomedusa
hypochondrialis (orange; n=2). Box plots correspond to changes in body pitch over a stride
duration. Box-and-whisker diagrams show body pitch variation within a single stride. The boxes
represent 50% of the data range, whiskers represent the interquartile range, bold horizontal bars
represent the median, box height and whisker asymmetry indicate skewness of observations. The
dashed line is the predicted pitch angle, calculated from total limb length. For all four species,
pitch angle hardly deviates from 0 and differed from estimated pitch angles.
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Figure 1.8. Average relative joint angle changes over a stride in the fore- and hindlimb.
Kassina senegalensis (green; n=5), Melanophryniscus stelzneri (yellow; n=2), Phrynomantis
bifasciatus (maroon; n=3), and Phyllomedusa hypochondrialis (orange; n=2). The top row of
graphs shows the joint angle changes in the forelimb: (A) wrist, (B) elbow, and (C) shoulder.
The bottom row of graphs shows joint angle changes in the hindlimb: (D) ankle, (E) knee, and
(F) hip. A complete stride cycle is defined from the first point of contact of the leading forelimb
to just before the same leading forelimb touches back down. All averaged data are shown as a
solid line, with dotted lines that represent 95% confidence intervals. Relative joint angle patterns
are similar across species, however deviates in the timing of these changes throughout a stride.
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Figure 1.9. Average relative three-dimensional limb posture at mid-stance and maximum

limb extension (means.e.m.): Kassina senegalensis (n=5), Melanophryniscus stelzneri (n=2),
Phrynomantis bifasciatus (n=3), and Phyllomedusa hypochondrialis (n=2). Elevation angle,
azimuth angle, and normalized radial magnitude (r) measurements of the forelimb and hindlimb
were taken at mid-stance of the limb (A, B, C) and at maximum limb radial extension (r) (D, E,
F). P-values are given for each graph. At mid-stance, (A) elevation angle is significantly greater
in the forelimb than the hindlimb, however (B, C) there was no significant difference in azimuth
angle or limb radial magnitude. During maximum r, (D) elevation angle is significantly different
in the hindlimb, whereas (E) there was no significant difference in azimuth angle. Lastly, (F)
relative radial magnitude is significantly different across species, however there was no
difference between forelimb and hindlimb. These results suggest quadrupedal walking frogs
effectively use similar proportions for their fore- and hindlimb lengths across a stride, while
adjusting vertical extension in the fore- and hindlimb by increasing their elevation angle
throughout a stride. *Denotes significant difference within the forelimb and hindlimb of a
species, P<0.05. Significant forelimb pairwise comparisons across species indicated with letters
a, ab, b, etc., and significant hindlimb pairwise comparisons indicasted with X, y, xy, etc. Means
not sharing the same letters are significantly different (Tukey HSD, P<0.05). See Appendix A.7
for more detailed statistics.
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CHAPTER 2

Effects of compliance on jumping in Cuban tree frogs: disruption of the inertial latch mechanism

and elastic energy storage

2.1 INTRODUCTION

In habitats where there is large variation in the environment, whether navigating dense
foliage or other physical obstacles, it can be challenging for an organism to traverse. Organisms
encounter naturally occurring obstacles all the time. For instance, during running many
organisms use stabilizing mechanisms that can help adjust limb stiffness, posture, and muscle
force in response to various perturbations to the COM or terrain (Daley and Biewener 2006,
2011; Daley et al., 2006; Biewener and Daley, 2007; Gordon et al. 2015). The mechanical
properties of the environment can often shape locomotor patterns that can lead to changes in
motor function or even muscle properties (Biewener and Gillis, 1999; Nauwelaerts and Aerts;
2003; Azizi and Raoberts, 2010; Azizi, 2014; Cox and Gillis, 2016). However, sensory feedback
is not the only avenue for modulation and control, the mechanical properties of the
musculoskeletal system have been shown to also control whole-body and muscle kinetics
(Dickinson et al, 2000; Roberts and Azizi, 2011). More specifically, the use of tendinous elastic
structures can passively amplify muscle power or dampen, which have also been shown to aid in
stability (Wilson et al. 2001; Wakeling et al. 2002; Roberts and Azizi, 2011).

These tested perturbations often revolve around cyclic behaviors that allow for recycling
of kinetic energy from one hop or stride cycle to the next (McMahon 1985; Biewener and Gillis,
1999; Schnyer et al. 2014). For more impulsive systems, it remains unclear what differentiates an

organism capable of recovering from a perturbation or dynamic change in substrate. Studies on
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human movements on complaint surfaces have shown active modulation within the first step or
hop on a dynamic surface; increasing leg stiffness, changes in joint angle, and metabolic rates,
for greater locomotor efficiency (McMahon and Greene 1978; Ferris and Farley, 1997; Farley et
al. 1998; Ferris et al., 1998, Ferris et al. 1999; Kerdok et al. 2002).

Effective use of a complaint substrate has not been limited to humans, but also other
vertebrates, previous studies have shown gibbons and Cuban tree frogs, Osteopilus
septentrionalis, recover some energy from compliant substrates when jumping or leaping
(Channon et al., 2011; Astley et al. 2015). However, in the case of primate vertical clingers and
leapers and anole lizards, these organisms leave prior to elastic recoil of the substrate, lose
energy to substrate deformation, and therefore gave reduced efficiency and performance (Demes
et al. 1995; Gilman et al., 2012; Gilman and Irschick, 2013). What differentiates an organism
capable of recovering energy from a compliant substrate?

Substrates of varying mechanical properties from woody branch structures to sand have
been modeled as in-series mass, spring, and/or dampers which have substantial effects on
substrate interactions (James et al. 2006; Aguilar and Goldman, 2016). These substrates have
some energy associated with them that can either be stored or absorbed. On elastic substrates, an
organism uses several times its body weight to deform the substrate. Energy is stored within the
substrate. However, it takes some time for the substrate to accelerate its mass due to inertia and
recoil. Therefore, in order for an organism to regain the stored energy this requires correct take-
off timing. Otherwise, the organism loses a portion of the energy stored to the substrate,
decreasing efficiency. Jump performance off compliant substrates provides an interesting

paradigm into studying the mechanical interactions between the spring-like properties within the
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substrate and the spring-like properties within the whole organism at the scale of the muscle-
tendon; an example of two mass-spring systems in-series.

Cuban tree frogs provide an excellent model to investigate dual mass-spring dynamics
given previous studies have shown these species take advantage of the recoil energy in compliant
substrates and use tendon elastic energy to amplify muscle power (Astley et al. 2015; Roberts et
al., 2011). In our study we ask: “How do Cuban tree frogs optimize energy recovery from
compliant substrates?”” We test hypotheses on mechanisms that may allow for substrate energy
recovery. Frogs may modulate their performance by slowing limb extension rates to slow down
take-off timing. Effectively waiting for the substrate to accelerate its mass and then recoil to
accelerate the frog. This may be reflected with changes in motor pattern, differentially recruiting
muscles based upon changes in substrate compliance. A second possibility, muscles may be
recruited similarly, not actively altering musculoskeletal function. Alternatively, the mechanical
properties of the environment may govern locomotor performance and allow for substrate energy
recovery. We measured substrate and jump kinetics and limb kinematics of jumps from a
dynamically complaint substrate—a custom-made actuated substrate that allows for specific
adjustments in the substrate spring constant, k. Additionally, we use in vivo measurements of
EMG activity in the two joint extensor muscles, an ankle (m. cruralis) and knee extensor (m.
plantaris), to understand muscle recruitment patterns in response to compliant substrates. We
discuss the trade-offs in power amplified systems and the implications for understanding latch

dynamics on variable substrates.
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2.2. MATERIAL AND METHODS

2.2.1 Reactive motor set-up

To investigate jJump performance and motor response of Cuban tree frogs from compliant
surfaces, we designed a dynamic compliant substrate. The spring-like reactive behavior of the
servomotor was controlled by a BeagleBone Black controller, used to simulate a linear spring.
We used a feedback control system, programed based upon a linear spring equation,

Fygrr = — kx, (2.1)

where Fverer is the vertical ground reaction force of the frog, k, is the spring constant, and x is the
displacement of the platform. As a result, this reactive substrate directly tunes to the behavior of
the animal during jump take-off. The reactive substrate consisted of a jumping platform, created
with acrylic (6.0 x 0.3 x 5.0 cm; mass = 10.0 g), attached to the top the lever arm (mass = 25.3 g)
of a 50N dual-mode servomotor (Aurora Scientific Inc., Ontario CA, USA; 305-C-LR) lever arm
(Figure 2.1a). Servomotor force and length voltage outputs were calibrated relative to the center
of the acrylic platform.

The spring behavior of the reactive motor is governed by an open feedback control loop
implemented in C++ and running on a BeagleBone Black. Fverr measurements are broadcast by
the Aurora Scientific mechanical stimulator as analog signals in the £ 10 V range. A peripheral
16-bit sampling A/D unit (Texas Instruments ADS7813, Dallas TX, USA) on a custom printed
circuit board converted this signal to a digital force measurement, which is then passed via the
serial peripheral interface bus to the BeagleBone, where it is smoothed with a software-
implemented resistor-capacitor circuit filter. The smoothed force estimate, and a predetermined k

are used to calculate the displacement of a linear spring (platform) with the given k in the
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presence of the measured Fverr. The digital displacement value is then passed from the
BeagleBone to a peripheral 16-bit multiplying digital-to-analog converter chip (Analog Devices
AD7849, Norwood MA, USA), where it is converted to an analog control signal. The analog
position signal is sent to the Aurora Scientific mechanical stimulator which, in turn, controls the
position of the platform. This control loop executes at approximately 1.4 kHz. As a result, the
platform responds to external forces in a linear spring fashion with programmable stiffness
(Figure 2.2a, b). There was an approximate delay of 0.042 s due to hitting the limits of the length
step time response of the servomotor. Taking this delay into account, the inertial mass of the
compliant substrate was approximately 0.075 kg. This dynamic substrate does not act as an ideal
spring-mass, but a spring-mass-damper. However, the material properties of tree trunks and
subsequent branches naturally act as in-series spring-mass-dampers (James 2003; James et al.,
2006). Therefore, these frogs are less likely to experience a perfect spring mass system, but
rather a dampened spring mass.

Prior to entering the spring behavior control loop, the BeagleBone samples and averages
1000 force measurements. This average was used as a passive force estimate and subtracted from
forces measured within the control loop. Therefore, the displacement of the platform is a
function of active force in excess of the passive ground reaction force exerted on the platform
prior to a jump. All force and length data were collected at 10000 Hz using a 16-bit A/D
converter (National Instruments, TX, USA) and Igor Pro Software (Wavemetrics Corp., Lake

Oswego, OR, USA) for data acquisition.
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2.2.2 Jump trials

This study used eight, wild-caught, female Cuban tree frogs (O. septentrionalis),
purchased from a herpetological vendor (mean £ SEM; SNVL =79.26 + 2.27 mm, mass = 31.71
+ 3.07 g). Five individuals where used for kinetics and kinematics jump trials and six individuals
were used for EMG jump trials. To standardize across frogs and each compliant condition, a
predetermined k, was calculated relative to BW for each frog based on a desired displacement of
0.0, 0.3, 0.6, and 0.9 mm BW:-! that allowed us to test a range of k values from 237 - 1217 N/m.
The range of k values were constrained by the response time of the servomotor; k values smaller
than 100 N m! required too rapid of a time step for the servomotor to operate optimally. Despite
these constraints, the tested range of k values are representative of biologically relevant ranges
tested in various tree branch species that can span even greater stiffnesses (Kerzenmacher and
Gardiner, 1998; James 2003).

Frogs were placed on the platform and allowed to jump the distance of the arena (61.0 x
29.0 x 60.5 cm), which included places for refuge to incentivize jumping. The frogs were
encouraged to jJump with a gentle tap on the pubis-ischium with a cotton swab, however many
frogs jumped off the substrate voluntarily without probing. Experiments were performed in
temperatures ranging between 21.9 - 27.9 °C and percent humidity range between 31 - 47%. We
filmed jumping events using two high-speed video cameras (Phantom M120 Cameras, Vision
Research Inc., Wayne NJ, USA) positioned posteriorly and laterally to the individual and the
compliant surface (Figure 2.1b). Cameras recorded at 1000 frames s*. All servomotor force-
length data were synchronized to high-speed video data using an external trigger.

Each individual performed 5 jumps at each compliance (0.0, 0.3, 0.6, and 0.9 mm BW1).

Jump trials from a given compliance were selected at random, however each frog jumped off a
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single compliance during a jump session to detect any learning or increase in performance due to
experience on a certain compliance. Individual and jump sequences were accounted as factors
during statistical analyses. Jumps were chosen based upon robust performance with no foot or
limb slippage from the platform. Analyzed content was based upon the criteria that both limbs
began on the platform and ended with both hindlimb phalanges on the platform until the instant

of toe-off.

2.2.3 Hindlimb kinematics and kinetics

For each jump, we used MATLAB to calculate the three-dimensional (3D) position of the left
hindlimb relative to the platform. To calibrate the jumps, we used a custom calibration cube with
48 non-planar points with direct-linear transformation software from Hedrick (2008) in
MATLAB (The MathWorks, Natick MA, USA). Using the direct-linear transformation scripts
we manually tracked the tip of the longest phalange, metatarsal, ankle, knee and hip on the left
leg, the limb closest to the lateral view camera. In addition, we digitized the frog COM and five
separate landmarks on the substrate to characterize the position of the platform relative to the
frog.

Video data were used to determine the rate of limb extension and onset of joint extension
over a jump to characterize timing of elastic energy storage. Rate of limb extension was
characterized as the rate of change in the vector magnitude originating from the hip directed to
the tip of the longest phalange. Initially, limb extension traces were interpolated in Igor Pro to
minimize any noise due to manual digitization. 3D coordinates were used to calculate relative

knee and ankle joint angles during a jump within the local reference frame. Joint angles were
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also interpolated to reduce any noise, then differentiated with respect to time to calculate joint
angular velocities during jumps and determine timing of joint extension onset.

Total frog and substrate energies were calculated using both high-speed video footage
and force-length servomotor outputs. Servomotor force and length traces were interpolated using
Igor Pro to minimize noise. To characterize energy during loading and unloading phases of the
substrate, jumps were divided into two different phases: (1) the loading phase, defined as the
start of the jump until the time of maximum substrate deflection and (2) the unloading phase was
characterized as the time after maximum substrate deflection until right before the foot left
contact with the substrate (toe-off). Total substrate energy was calculated as the sum of the
inertial rotational energy and the spring potential energy of the platform,

Egup = (MupDXsupsup) + Gkg (Bxsup)?) (2.2),
where msub is the total mass of the acrylic platform and servomotor lever arm. Esu» was
characterized for the loading and unloading phases of the jump. The proportion of energy used
from the platform was characterized as efficiency (#); the proportion of energy recovered before

toe-off relative to the total energy loaded into the substrate,

Erecovere
p = Erecovered (2.3).

Eloaded

Total frog energy was calculated as the sum of the kinetic and potential energy of the COM,
Efrog = G Mprog Veom)®) + (Mfrogg Axcom) (2.4),

where Vcom and xcom Were calculated from the digitized COM of the frog. Lastly, Fverr was

differentiated with respect to time to characterize jump power. We calculated frog efficiency to

detect any increase in jump performance with increased exposure to a certain compliance, as the

proportion of energy recovered from the platform and the total energy of the frog COM at toe-

off.
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2.2.4 Electromyography

We studied two joint extensor muscles, m. cruralis and m. plantaris; a knee and an ankle
extensor. These muscles play an important role during the jump take-off phase. EMG transducers
were made with fine-wire bipolar electrodes (Medwire, Corp., Mt. Vernon NY, USA), by
twisting two bipolar wires together with the insulation stripped-off about 1 mm, with an
approximate offset of 1 mm. Customized ground wire and EMG electrode lengths were
determined based upon SNVL and limb segment lengths. A ground wire and two EMG bipolar
electrodes were soldered into a 6 pin microtech strip connector (Microtech, inc., Boothwyn PA,
USA) and cemented with epoxy, creating a transducer connector to carry signals, amplified at
x1000 (A-M systems, WA, USA).

Tree frogs were anaesthetized with immersion in 2L of tricaine methanesulphonate
solution (MS-222, 2.0g L) for 20 minutes. Following anesthesia, EMG transducers were
surgically implanted into muscles of interest. Incisions were made by scalpel over the dorsal
midline and along the skin covering each muscle. EMG transducers were fed under the skin and
along the left leg to each muscle. One electrode was implanted per muscle using a 22-gauge
hypodermic needle. Electrodes were sutured in place at the surface of each muscle using 6.0
suture silk. The ground wire was implanted subdermal along the dorsal side of the frog. All three
skin incisions were sutured closed with 4.0 suture silk, with the transducer sutured onto the
animals’ back. Frogs were allowed to recover for 24 h before jump trials were performed.
Muscle activities were recorded during compliant jump trials at all four compliant conditions.
While instrumented, frogs were recorded using the same previously explained experimental set-

up with high-speed video and force actuated platform. Five jumps per compliance were analyzed
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for each of the six individuals. After EMG jump trials tree frogs were euthanized by MS-222
submersion and a double pithing protocol.

EMG signals were filtered with a finite impulse response filter (Figure 2.2c, d) and
rectified using Igor Pro. EMG signals were normalized to the average maximum amplitude of the
rectified signal relative to each muscle (electrode). Muscle activity onset and offset timing were
identified and evaluated with respect to take-off timing. Then, rectified and normalized muscle
activity signals were integrated between onset and offset of muscle activity to calculate muscle
activation intensity during a jump. Previously mentioned joint extension velocities were used to
determine the timing of elastic energy storage defined as the start of extensor muscle activation

until the onset of the corresponding joint extension.

2.2.5 Statistical analysis

All subsequent statistical analyses were run in RStudio (v. 1.0.136, Boston, MA, USA). For each
variable, mean values per individual were calculated and used for mean and standard error
calculations across the different compliant substrates. To examine the effect of substrate
compliance on energy efficiency, max Viimb, and max jump power, we used a mixed-model
analysis of variance (ANOVA) to compare performance across compliance, accounting for
variance within individuals and jump sequence. Post-hoc comparisons were made with
Bonferroni corrections to examine the affect between various complaint substrates. To detect
whether there was learning or increased performance with exposure to a particular compliance
we performed linear regressions for each compliance. We used one-way analysis of variance
(ANOVA) to compare muscle recruitment intensities across compliance relative to each muscle.

In addition, we performed repeated measures two-way ANOVAs on muscle activation onset and
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offset accounting for variance within individuals. In addition, two-way repeated measures
ANOVA was also performed to test for changes in joint onset across extension timing across

compliance.

2.3 RESULTS

A total of 220 jumps were analyzed between six animals, with a total of 120 jumps
collected for EMG analysis. Frogs generally loaded about 3 - 4 times their body weight (Figure
2.2a). For compliant conditions, platform deflections ranged from a minimum of 0.5 — 2.5 mm.
Across all compliances, about 50% of the original energy stored into the substrate was recovered
before toe-off (Figure 2.3a). Therefore, not all energy stored was recovered prior to take-off.
There were no relationships between previous experience with a certain compliance and frog
efficiency performance (Appendix B Figure B.1). Therefore, we found regardless of exposure to
a particular substrate effective use of recoil energy did not change. Furthermore, these
comparisons were run across all performance variables tested with mixed-model ANOVAs, such
as Viimb and jump power. Regardless of the metric, these frogs did not improve their performance
with increased experience or repetitions on a particular compliance.

We examined limb kinematics and jump performance to determine whether there were
any changes in performance across these compliant substrates. We found a 20% decrease in limb
extension velocity with compliance (P < 0.001; Figure 2.3b). Viimb tended to decrease for
substrate compliances of 0.3 and 0.6 mm BW-! (P = 0.003; P = 0.0025). Although, Viimb on 0.9
mm BW-! compliant substrates were not statistically different from either solid jumps or

compliant jumps at 0.3 and 0.6 mm BW-L. This was largely driven by one individual on average
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having greater Viimo and high force and powered jumps on the most compliance substrate (Figure
2.3b, 2.4b).

These changes in limb velocity were also reflected in jump power. Jump power decreased
across compliance (P = 0.014; Figure 2.4). Jump power on solid substrates were statistically
higher than on compliant substrates 0.6 mm BW-! (P = 0.025). However, at the most compliant
condition, 0.9 mm BW-1, did not differ significantly between the solid substrate nor less
compliant substrates (0.3 and 0.6 mm BW-1). Given this observed decrease in jump performance,
we examined whether this performance was actively modulated by muscle activation.

The m. plantaris and m. cruralis roughly activated at similar times prior to any body or
joint movement across all compliance (Figure 2.2, 2.5). Despite nonsignificant relationships, a
later onset of muscle activation timing on more compliant substrates, tended to show a shorter
jump duration (Figure 2.5). However, muscle activation offset differed between muscles within
compliance (P = 0.027), although not a clear pattern on 0.3 and 0.9 mm BW-! substrates m.
plantaris and m. cruralis tended to continue activation until the timing of toe-off. Whereas, on
solid and 0.6 mm BW- offset occurred milliseconds prior to toe-off. Muscle activation
intensities did not change across compliance for both m. plantaris and m. cruralis (Figure 2.5a).
Despite no clear active modulation in the two joint extensor muscles jump performance was
compromised with decreased power on more compliant substrates.

Our results suggest the early onset of limb extension may be due to the displacement of
the compliant substrate, which in turn decreases power output by nearly half. Knee and ankle
joint extension onset appeared to be decoupled on compliant substrates (Figure 2.5b). Ankle and
knee joint extension onset occurred at significantly different times at compliances of 0.3 and 0.6

mm BW-! (Figure 2.5b). We characterized the timing between EMG onset and onset of relative
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joint extension (prior to any change in mechanical advantage) as the approximate timing of
elastic energy storage. On solid substrates, we found frogs have a greater time frame to store
elastic energy (Figure 2.5c), therefore introducing more energy to the system, which results in

higher force and power outputs, and thus a faster limb extension.

2.4 DISCUSSION

We examined jumps from various compliant substrates to investigate how the mechanical
properties of a substrate impact limb and muscle function. We hypothesized frogs may actively
optimize for energy recovery by modulating muscle activation patterns and therefore adjust limb
kinematics to recover elastic energy stored within a substrate. On average Cuban tree frogs
recovered about half the energy stored for each compliance. Decreases in the rate of limb
extension with compliance suggest these frogs are modulating limb kinematics, however muscle
activation patterns did not reflect these changes. We provide evidence that suggests Cuban tree
frog jumps operate via a feedforward control program, where once initiated there is likely little
modulation or adjustment at the muscle level. Joint kinematics and muscle activity show how the
interaction with a compliant substrate may be responsible for early on-set of joint extension. We
demonstrate a trade-off on compliant substrates, which reduces the timing for elastic energy
storage. However, a decreased timing in elastic energy and jump power allows for a slower rate
of limb extension and therefore slows down the timing of take-off. In turn, this allows for greater
energy recovery from the substrate. As a result, it is likely the inertial catch mechanism is
compromised on complaint substrates, which performs optimally on solid substrates.

Cuban tree frogs utilize substrate elastic energy, though they lose a portion of that energy

previously loaded during take-off (Figure 2.2). There was no significant change in performance
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due to increased exposure or repetition with a particular substrate (Appendix Figure B.1). Given
the large variation in substrate variability within a habitat, it may be more beneficial to adapt a
single jJump mechanism regardless of the variable mechanical properties of the substrate. Our
experimental set-up and efficiency results validate previous research demonstrating the use of
elastic recoil energy from surgical tubing (Astley et al., 2015). Given the limited range of tested
compliance, we did not find a clear trade-off in energy recovery, efficiency, or optimal
performance for a certain compliance. However, Astley, et al. (2015) has shown this apparent
trade-off on substrates may be apparent on substrates up to double our experimented compliance.
We note our tested perturbations are relatively small displacements, however we still find a
significant effect of compliance on performance. This shows the critical influence of
compliances on ballistic systems. We suspect to find even more pronounced trends with greater
displacement perturbations.

In the case of organisms that utilize substrate recoil energy, we find evidence that passive
muscle properties of the Cuban tree frog may play a larger role over active modulation. Initially,
we proposed to optimize energy recovery an organism must slow down the rate of limb
extension to await the substrate recoil; which must accelerate its own mass prior to recoil. This
lag between loading and unloading requires an organism to remain on the substrate long enough
to recover all recoil energy. We found rate of limb extension slows down with increased
compliance (Figure 2.3). A decrease in rate of limb extension allows these frogs to remain on the
platform until substrate recoil to regain a portion of the stored energy. Previously, Astley, et al.
(2018) showed a decreasing trend in take-off velocity of the COM, it is possible this may be a

result of changes in limb extension rate and timing.
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2.4.1 Feedforward jump mechanism

Across all substrates, we recorded muscle activation patterns to detect any changes in
recruitment intensity, onset, or offset. Given the significant decrease in the rate of limb
extension, we expected active modulation to coordinate with these changes. However, we found
no significant patterns in activation intensity or onset across both extensor muscles (Figure 2.5).
These results support the idea that Cuban tree frogs do not prioritize feedback information during
jump take-off but operate with a feedforward control program. At this timescale the performance
may be too short for active modulation (Kagaya and Patek 2016). Once a jump is initiated the
frog is no longer able to adjust performance. It is possible antagonistic muscle activation patterns
may play an active role resisting change in limb mechanical advantage.

Previous work on variable substrates have described the kinetics (Astley et al., 2015) of
the system and interactions, however our work uses variable substrates to provide additional
support for a feedforward mechanism and demonstrate the limited role of feedback and/or
proprioception during jump take-off. Our results provide evidence that visual, vestibular, and
proprioceptive feedback may not play a direct role in Cuban tree frog jumps. Organisms that use
elastic elements potentially give up the ability to respond to perturbations. It remains untested the
extent of visual, vestibular, and proprioceptive feedback incorporated in other species that do not
predominately use elastic energy storage, for example in toads. Cuban tree frogs have been
shown to use elastic energy to produce up to four times the power output of toads (Roberts et al.,
2011). This may change depending on how heavily an organism relies on elastic energy storage
to power a jump. In addition, toad species have been shown to modulate activation patterns in

anticipation for landing (Gillis et al., 2010; Akella and Gillis, 2011; Azizi and Abbott, 2012; Cox
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and Gillis, 2016, 2017). We propose the use of elastic elements comes at the cost of the ability to

respond to perturbations after the loading phase.

2.4.2 Trade-off in power amplified systems

Additionally, we found substrate compliance negatively impacted jump power (Figure
2.4). These frogs used the same jump motor program, however did not amplify power as well on
compliant surfaces. This highlights the fundamental trade-off between using the same locomotor
mode on power output. Cuban tree frogs are known for their high-powered jump performance
(Marsh and John-Alder 1994; Peplowski and Marsh 1997). A locomotor performance that
surpasses the limits of muscle force production (Roberts and Marsh, 2003; Raoberts, et al. 2011).
To overcome these constraints, Cuban tree frogs use an inertial catch mechanism to amplify
power by storing energy via elastic strain within the tendon (Astley and Roberts, 2012, 2014).
This allows for up to seven times the amplification of power (Roberts, et al. 2011). Our results
show how the mechanical properties of the substrate affect power amplification

We characterized the timing between onset of EMG and joint extension to approximate
the timing of elastic energy storage. We suspect a dynamic change in mechanical advantage may
cause a decoupling in joint extension, therefore variably ‘unlatching’ the catch mechanism. We
observed a significant difference between ankle and knee joint extension times with increased
compliance (figure 2.5b). A previous study by Astley and Roberts (2014) demonstrated the role
of poor mechanical advantage and high joint moments as possible mechanisms responsible for
power amplification in Rana pipiens, a frog species shown to use elastic recoil energy. Although
a physical latch has not been found, these resistive forces likely act as a catch or latching

mechanism that allow for elastic energy storage (Astely and Roberts, 2014). This poor
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mechanical advantage allows for the muscle to shorten and the tendon to stretch, storing elastic
energy all before any change in mechanical advantage or onset of joint extension in the limb
(Astley and Roberts, 2012). Once a force threshold is reached this results in a dynamic change in
mechanical advantage and release of energy from the tendon at a far more rapid rate than can be
stored or produced by the muscle alone. Given this, frogs on a solid substrate are able to
maintain a flexed limb with a small mechanical advantage, which allows for elastic energy
storage. While on a compliant substrate, the joint may be forced to extend sooner and begin limb
extension earlier, prematurely ‘unlatching’ the system. As a result, this increases mechanical
advantage and truncates the time of elastic energy storage. The sooner the “unlatching’ (onset of
one joint) the less time the extensor muscle has to store energy, the slower rate of joint and limb
extension, and therefore decreased jump power. We provide the first evidence of how an
organisms’ environment or substrate may interfere with the catch or inertial latching

mechanisms, thus creating a less effective latch.

2.4.3. Latch quality and variable substrates

Despite this trade-off, the use of elastic structures for optimal performance with greater
power outputs on solid substrates still provides benefits to jump performance on compliant
substrates. On a solid substrate we saw the example of an ideal latching mechanism that allows
for rapid energy release (llton et al., 2018). A similar timing in joint extension may allow for
more time to store energy, introducing more energy to the system upon release, ultimately
producing greater power output and fast limb extension. Whereas, a compliant substrate
essentially creates a less effective or less rigid latch, which dynamically slows down the rate of

energy release. This is analogous to increasing latch radius (creating a more rounded latch) in a
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recent power amplification model proposed by Ilton et al. (2018). Our results show the frog
latching mechanism can be manipulated by the mechanical properties of a substrate and performs
best under a poor latch condition that allows for slower release of energy in order to remain on
the substrate. A reduced rate of limb extension allows the frog to recover more energy from a
compliant substrate, since elastic energy storage timing has been disrupted, power output
decreases, and slows down the rate of limb extension enough to keep the frog on the substrate in
order to regain energy from the substrate. Recent work by Ilton et al. (2018) demonstrates the
importance of latch dynamics, which incorporates a motor, latch, mass/projectile, and spring in-
series. Our findings suggest these latch dynamics may be significantly effected during the
interaction of variable substrate properties. For example, by including an additional mass-spring
to model the substrate in-series with the actuated motor, mass-spring latching model the optimal
latch properties may change for optimal energy efficiency.

Here we demonstrate that recruitment intensity, and onset and offset timing of m.
plantaris and m. cruralis are not modulated with changes in substrate compliance. Additionally,
we use in vivo observations to experimentally show the first evidence of latch manipulation. Our
study provides further support, as well as others, for an inertial catch mechanism, suggesting this
dynamic change in mechanical advantage within the limb effectively acts as the latching
mechanism. Antagonistic muscle activation patterns may play a role in changes in limb
mechanical advantage and ‘unlatching’. Our study highlights the importance of further
investigation in understanding the dynamic interactions between latch mechanisms and
substrates. For instance, frog jumps from lily pads may provide a different latching interaction
when considering a highly viscous and dampening force from the environment (Aguilar and

Goldman 2016). Additionally, it is likely non-linear or exponential springs may have different
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effects on the latching mechanisms and therefore change performance. In light of these dynamic
changes in an organisms’ environment it raises the question of whether the evolution of a power-
amplified mechanism provides the most robust performance regardless of the type of substrate or

the environment.
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2.5 LIST OF ABBREVIATIONS
A/D, analogue-to-digital;

asub, Substrate acceleration;

BW, body weight;

COM, center of mass;

Efrog, total frog energy;

Eloaded, €nergy loaded into platform;
Erecovered, platform energy recovered during jump unloading phase;
Esub, total substrate energy;

EMG, electromyography;

Fverr, vertical ground reaction force;
g, acceleration of gravity;

k, spring constant;

Mirog, frog mass;

Msub, Substrate mass;

SNVL, snout-vent length;

Xcom, frog center of mass displacement;
Xsub, SUbstrate displacement;

Veom, frog center of mass velocity;

n, energy efficiency;

66



2.6 ETHICS
Animal husbandry and experimental procedures were approved by the University of California,

Irvine Institutional Animal Care and Use Committee (Protocol AUP-17-170).
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input: F(t)
output: x(t)
variables: k
delay <50 ms

t=-0.115s t=-0.058 s

t=-0.095s t=-0.048s

Figure 2.1. Experimental set-up for the dynamically compliant substrate. (a) The reactive motor
set-up built from a 50N Aurora servomotor and BeagleBone Black computer controller. The
BeagleBone controller was programed to function as a linear spring equation based upon a
predetermined spring constant, K, relative to body weight. Vertical ground reaction force (F, )
voltage inputs were sent from the servomotor to the BeagleBone. In response, the BeagleBone
voltage outputs were sent to the servomotor with a calculated length change relative to the
programed linear spring equation. Lateral and dorsal views of jumps were filmed using two high-
speed video cameras, recording at 1000 frames s to measure rate of limb extension (V, ),

changes in relative ankle (0,) and knee (6, ) joint angle, and timing of jump. Electromyography

(EMG) electrodes were surgically implanted to record muscle activity patterns in an ankle
extensor (m. cruralis) and a knee extensor (m. plantaris). Sample lateral view high-speed video
frames of a Cuban tree frog from (b) solid substrate and (c) the most compliant condition (0.9
mm BW).
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Figure 2.2. In vivo representative traces of recorded (a) vertical ground reaction forces and (b)
dynamic substrate length change in response to the feedback controller at four different
compliances: 0.0, 0.3, 0.6, and 0.9 mm per body weight (BW). (c, d) Relative electromyography
(EMG) activity patterns during the four complaint conditions for the m. cruralis (CR) and m.
plantaris (PL) muscles.
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Figure 2.3. O. septentrionalis kinetics and limb kinematics across variably compliances (N = 5;
mean SEM). (a) Energy recovery efficiency across variable compliant substrates. Across all
compliances O. septenrionalis recovered about 50% of the energy stored in the substrate before
jump take-off. (b) Maximum limb extension velocity across variable compliant substrates. Rate
of limb extension tends to decrease with increasing compliance (P < 0.001). Significant

differences across compliance are denoted with letters a, ab, b, etc., compliances not sharing the
same letters are significantly different (P < 0.05).
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Figure 2.4. Jump power across four compliant conditions (N = 5). (a) Average jump power
profile during a jump. All averaged data are shown as a bolded line with 95% confidence
intervals denoted with like-color shaded regions around the averaged traces. (b) Maximum jump
power with averaged individual data points represented as swarm plots with scatter plots (mean +
SEM) overlaid. Maximum jump power decreases with increasing compliance (P = 0.014).
Significant comparisons are indicated with a, b, and ab; means not sharing the same letters are
significantly different (P < 0.05).
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Figure 2.5. Average muscle activation patterns for m. cruralis, and m. plantaris during jumps
from various compliant substrates (N = 6; mean SEM). (a) There was no difference in muscle
activation intensity across compliance for both joint extensor muscles. (b) Bar graphs represent
EMG extensor muscle onset and offset, with onset of relative joint extensions represented scatter
plots. Muscle activation occurred around similar times across compliance, however offset
differed significantly (P = 0.033). Joint angle onset decoupled with greater compliances at 0.3
and 0.6 mm BW (P = 0.046; 0.039).
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CHAPTER 3

Trade-offs of power amplification on compliant substrates

3.1 INTRODUCTION

Many biological systems utilize power amplification to achieve fast ballistic movements.
This allows an organism to perform greater power outputs than what is possible at the muscle
level alone (Roberts and Marsh 2003; Roberts, et al. 2011). These mechanisms have been
uniformly characterized as a series of motors, elastic elements (springs), and latches (llton et al.,
2018). Broadly, latch mechanisms act as a resistive force that allows for the motor to develop
force and store energy in an elastic element. Upon unlatching, this stored energy can be rapidly
released at far faster rates than can be produced instantaneously (Roberts and Marsh, 2003;
Roberts et al. 2011). However, this performance can be affected by the radial latch qualities, or
rate at which energy is released, which ultimately affects the power output (llton et al., 2018).
These fundamental properties driving power amplification are still largely unknown and black
boxed. For example, it remains unclear what physical anatomical structures may characterize
each component. Whereas, the role of springs and elastic structures (e.g. tendons) in power
amplification has been well demonstrated (Roberts and Marsh 2003; Roberts and Azizi 2011;
Astley and Roberts 2012, 2014; Ilton et al., 2018), although decoupling these structures (the
latch, motor, and spring) is a continued challenge. Thus, we present a hypothetical model that
provides a unique opportunity to test the latch, spring, and motor interactions on variable
substrates, providing further insight into the latching mechanism. We validate our hypothetical
model using a biological analogue and novel experimental design using the plantaris muscle-

tendon-unit (MTU) of a bullfrog (Lethobates catesbeianus).
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We use the latch model from Ilton and colleagues (2018) to better understand substrate
interactions by placing a simple latch model on a compliant substrate (Figure 3.1). With this
model we decouple the latching components and ask questions like: If we change the quality of a
latch by making it less rigid, will it change energy recovery of the projectile spring (ki) and mass
(ma1) from the substrate spring (kz2) and mass (m2)? Modeling the dynamics between the mass (m1)
and substrate (mz, k2) also allows us to understand how substrates of a particular mass (mz) and
stiffness (k2) may affect latch dynamics and energy recovery (Figure 3.1). With our model we
predict a less effective latch would allow for a slower rate of energy release and greater energy
recovery from the recoil of a compliant substrate. We hypothesize this trade-off additionally
depends on the mass and inertia of the substrate and how long it takes for the substrate to recoil.
We take a reductionist approach to investigate this trade-off between the type of latch and total
energy recovery during power amplification. We design a dual servomotor set-up that tests a
range of latch types, controlled by the rate at which elastic energy stored is released from the
tendon of the plantaris MTU, and quantify energy recovery within the system. The aim of this
study is to further understand optimal latch dynamics and energy conservation when dealing with

compliant substrates.

3.2 MATERIAL AND METHODS

3.2.1 In vitro muscle preparations
Eight adult American bullfrogs (Lithobates catesbeianus, 92-126 g) were used in this
experiment. Frogs were purchased from Rana Ranch (Twin Falls, ID), a bullfrog vendor.

Animals were housed, and experiments were performed at the University of California, Irvine
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(UCI) according to the UCI Institutional Animal Care and Use Committee (IACUC) protocol.
We used an in vitro isolated muscle-tendon-unit (MTU) preparation approach using the bullfrog
m. plantaris. All frogs were euthanized with a double pithing protocol. A single leg was skinned
and isolated from the frog body by cutting through the acetabulum. Dissections were done at
room temperature (21.5 - 22.2 °C) in Ringer’s solution. The m. plantaris MTU was carefully
isolated from the proximal muscles of the leg. The proximal muscle attachment at the knee was
kept intact to minimize any potential nerve damage. Sonomicrometry transducers (1 mm,
Sonometrics Inc., London, Ontario, Canada) were implanted along a muscle fascicle to measure
fascicle length changes, Lrascicte (€.9. figure 2b). One transducer was implanted at the apex of the
muscle and another above the aponeurosis. Transducers were secured in place with 6-0 suture.
The sciatic nerve was isolated from the surrounding femur muscle tissue and instrumented with a
nerve cuff, made from silver wire and plastic tubing for stimulation. The tibia fibula was cut and
separated from the muscle. To mount the muscle, the plantaris tendon was cut above the ankle,
and secured to a custom-made tendon clamp. The femur was clamped and tied with Kevlar to a
rigid acrylic post, which kept the knee in place to avoid slippage. The tendon clamp was attached
to a 50N dual-mode servomotor lever arm (Aurora Scientific., Ontario CA, USA) using steal
cable. The 50N servomotor simulated spring-like reactive behavior, which was controlled by a
BeagleBone Black controller used to simulate different compliances relative to tendon
compliance (spring constant, k) (figure 3.1b). For more detailed information on the reactive
spring motor set-up reference Chapter 2.2 Methods and Materials. The femur post was tightly
screwed to the end of the 100N servomotor lever arm. The 100N servomotor simulated a latch-
like behavior that shortened by 30% Lo at four different shortening velocities (e.g. Figure 3.2e).

Slack and additional compliance were minimized from the system. Servomotor lever-arms where
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oriented side-by-side so that the MTU was mounted horizontally between the two lever arms. In
Vitro contractions were done at room temperature in an oxygenated ringer’s solution bath.

All dynamic muscle contractions were performed at optimum muscle lengths, determined
by fixed-end contractions under maximum twitch conditions. An optimum passive tension was
determined based upon a force-length curve. Optimum length (Lo) was defined at the plateau
region, where muscle force production was highest. The plantaris was stimulated via the sciatic
nerve using a Grass Stimulator (S48; Grass, West Warwick, RI; train duration, 600 ms; stim rate,
60 ms; pulse duration, 0.2 ms; amplitude, 9V). Continuous data acquisition (1000 Hz) of the dual
servomotor forces, lengths, and fascicle length were recorded during activations using a 16-bit
AJD converter (National Instruments, TX, USA) and Igor Pro Software (Wavemetrics Corp.,
Lake Oswego, OR, USA). Once Lo was determined a fixed-end tetanus contraction was
performed. Force was plotted against length to determine the k of the tendon, the slope between
force and length. Following, the reactive spring motor was programed to use the same measured
k of the tendon. A series of randomized dynamic muscle contractions were tested with the
programed reactive spring motor and the latch motor in-series (VL = 0, 0.05, 0.1, 0.2, 0.5 m s%).
Muscle preparations used for each latch velocity varied: n = 8 contractions for VL = 0, 0.05 and
0.2mstandn=4for VL =0.1and 0.5 m s*X. The muscle contractions occurred in two distinct
phases, pre- and post-latch phases. During the pre-latch phase, the plantaris was stimulated for
500 ms prior to servomotor unlatching to achieve full tetanus. After 500 ms, the post-latch phase
occurred at a predetermined velocity. These latch velocities were subsequently tested with

ksubstrate Values set at values ¥2 and ¥4 of Ktendon.
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3.2.1 Analysis

All data analyses were run in MATLAB (The MathWorks, Natick, MA) with a custom-
made script, which calculated variables of interest from acquired data. Whole fascicle length
measurements were corrected for by multiplying the ratio of measured sonomicrometry crystal
length by whole caliper measured fascicle length at Lo. Tendon length changes were extrapolated
based upon muscle fiber shortening lengths, as well as latch and substrate servomotor length
changes. Total tendon energy was characterized as the product of the tendon length (Ltn) change
and force output from the compliant motor (Fsub),

Eten = Lten Fsup (2.2).
Where Fsub was measured from the force of the reactive spring servomotor and was
representative of muscle force output (e.g. Figure 3.2a). Tendon energy was differentiated with
respect to time to characterize tendon power. Total substrate energy was calculated as,
Equp = %ksub Lsub2 (2.2),

where ksub is the predetermined k constant for the compliant substrate and Lsus is the length

change of the compliant substrate servomotor. Substrate efficiency () was characterized as,

Erecovere
n = 1- (e (2.3),

Estored

where Erecovered IS the total energy at the end of the post-latch phase and Estored is the total energy
stored prior to the latch initiation phase (pre-latch phase).

Statistical analyses were performed in RStudio (v 1.0.136, Boston, MA). Mixed-model
ANOVAs were performed for substrate efficiency and power, accounting for individual as a
random factor and interaction between latch velocity and substrate compliance. Tukey HSD

post-hoc analyses were run to test for differences within latch type and substrate compliance.
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3.3 RESULTS

We found energy recovery from a compliant substrate decreased with a more ‘ideal’, high
velocity latch. For a fast latch energy remained in the substrate by the end of the phase of rapid
energy release, which resulted in energy loss to the substrate (Figure 3.2d). The less ‘ideal’,
slower latch allowed for almost complete energy recovery during tendon recoil. Whereas, with a
high velocity latch the MTU lost nearly 40% of the energy stored, therefore making a perfect
latching mechanism less efficient in recovering energy in compliant environments (Figure 3.4a).
Latch shortening velocity had a significant impact on the energy efficiency (p < 0.0001), latch
velocities half as fast as the ‘ideal’ fast latch proved to be slow enough to recover even ~ 92% of
the energy stored (Figure 3.4). However, ksu» did not have a significant effect on efficiency,
demonstrating the k of the tendon may only impact the loading phase of power amplified systems
(Figure 3.3). Further demonstrating the importance of latch quality on compliant substrates for
efficient performance.

We found latch velocity and relative substrate compliance significantly affected tendon
power output (Vi, p < 0.0001; ksub, p < 0.0001). There was also a significant interaction between
latch quality and ksu» with tendon power (p = 0.0001), suggesting the springier the substrate the
lower the effect the quality of the latch has on tendon power (Figure 3.4). The same amount of
energy is loaded into the tendon during the pre-latch phase (Figure 3.4). This demonstrates the
trade-offs and cascading effects of latch quality are only important during the post-latch phase.
Lastly, in force traces and subsequent energy traces there were small irregular peaks after the
start of the latch, we suspect this is the result of the acceleration of the muscle mass and the delay
in reactive movement of the substrate servomotor arm that has a delay of about 17 ms, which

corresponds with the timing of the irregular peak from latch onset.
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3.4 DISCUSSION

Our work demonstrates how impulsive systems interact with dynamic substrates.
Efficiency of energy recovery from a compliant substrate decreases with a more rigid latch
(faster latch velocities). Additionally, tendon power is increasingly lost to the substrate at faster
latch velocities. This strongly suggests that the slower the latch, the lower the rate of energy loss
to the substrate. We discovered a trade-off in power amplified systems between latch quality,
power output, and efficiency on variable substrates. Whereas, on solid substrates latch quality
does not have the same effect, a more rigid latch allows for greater power amplification on solid
substrates (1lton, et al. 2018). Relative compliance of the substrate to tendon compliance did not
affect efficiency, however made a significant effect on tendon power outputs at the highest latch
velocity, where springier substrates decreased power output to the substrate with the use of the
same latch.

Our previous work (Chapter 2) also exemplifies this at the whole organism scale. Cuban
tree frog jumps off compliant substrates compromise the latching mechanism by inducing
premature limb extension. This truncating in timing of elastic energy storage and subsequently
decrease power output and rate of limb extension, is analogous to the slower velocity, ‘less ideal’
latch, hence the slower rate of limb extension. While on solid substrates, a non-complaint
environment provides the ideal conditions for elastic energy storage and a more ‘rigid latch’.
Hence, our work provides further support in the role of dynamic changes in mechanical
advantage, which changes elastic energy recovery on compliant substrates, effectively changing
the latch or catch properties (Astley and Roberts, 2012).

We found less-rigid latches allow for greater elastic energy recovery from compliant

substrates. We characterize the flow of energy in impulsive systems and provide a fundamental
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understanding of how biological systems, from the whole animal to the muscle level, interact
with their physical environments. Our research provides the potential to characterize latch
quality used by various biological and engineered systems using kinetics and compliant
substrates. Understanding how power amplified systems may be uniquely tuned for optimal
performance across variable substrates is currently unknown. However, by probing additional
questions around unique perturbations to impulsive systems and their latching mechanism may
further uncouple the individual components and dynamics (Aguilar and Goldman 2016). Future
work exploring mathematical latch models and physical robot models may allow for greater
manipulation of the latch and will greatly advance our understanding of the general principals

driving impulsive systems.

3.5 LIST OF ABBREVIATIONS

Erecovered, €nergy recovered from substrate;

Estored, €nergy stored in substrate;

Fsub, muscle force measured from compliant servomotor;
kien, tendon spring constant;

ksub, Substrate spring constant;

Lo, optimal muscle length;

Lten, tendon length;

MTU, muscle-tendon-unit;

VL, latch velocity
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Figure 3.1. (a) Duel spring-mass and actuated latch schematic model. The latch fastens the mass,
m,, in place and allows the mass to keep potential energy in the attached spring, k,. Below m: and
k, is a compliant substrate, modeled as a fixed secondary mass (m,) and spring (k,). An
accelerating motor loads both springs, and once the latch slides and releases, the energy stored is
also released from the system. The latch rigidity controls the rate of energy release from the
system. (b) Schematic of the analog in vitro muscle-tendon-unit (MTU) experimental prep using
the bullfrog plantaris muscle. The MTU was clamped and mounted between two servomotors.
One 100N motor simulates latch-like behavior, and the second, 50 N motor, simulates reactive
spring-like behavior. The analogues latches in the in vitro prep were tested by adjusting the
velocity (V) of a 30% L_length change. The muscle was maximally stimulated using a nerve

cuff. Sonomicrometry was used to measure fascicle length changes.
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(a) V,=05ms"’ —V,=0.06ms"

Figure 3.2. Representative in vitro plantaris tetanus measurements taken at fast (0.5 m s*) and
slow (0.05 m s?) latch velocities. The first 500 ms of the tetanus is the pre-latch phase,
characterized as the time leading up to unlatching, where energy is loaded into the system as the
muscle achieves complete tetanus, as (a) force, F_, ... plateaus. The shaded area, time after t =0

represents latch duration. This results in 30% (c) muscle fascicle shortening, L. .. Analysis
terminated at the end of unlatching (30% L ). Energy dynamics between the (d) compliant
substrate, E_, ... and (e) tendon, E_ , ., were characterized from changes in tendon length and
muscle force output, also F_, . Note the dashed lines comparing energy left in the substrate

with a fast latch versus a slower latch. About half the energy remains in the substrate with a fast
latch, however with a slower latch all energy is returned back to the muscle.
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Figure 3.3. Representative traces of tendon power (a) stored prior to latch release and (b) tendon
power lost to the substrate after latch on-set. Representative traces are from a fast latch condition
(0.5 ms-1) and a slow latch (0.05 m s-1). Power stored in pre-latch phase is the same across
latch conditions, however a fast latch loses a dramatically larger portion of power to the
substrate.
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Figure 3.4. Effects of latch velocity on (a) percent energy recovered from the substrate and (b)
tendon power output. Grayscale data points correspond with changes in ksubstrate relative to keendon.
Summary data for N = 8 muscle preparations with n = 8 contractions for VL. =0, 0.05and 0.2 m s
Yand n =4 for VL = 0.1 and 0.5 m s%. All data are means with s.e.m. + error bars. Illustrations of
latches under x-axis correspond to 30% fascicle length and shortening velocities. Greater latch
velocities (or more rigid latches) result in decreased energy recovery and increased tendon power
output. Energy recovery is truncated by half with greater latch velocities. The effect of variable
stiffnesses between the substrate and tendon separate out with fast latch velocities.
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Appendix Figure A.1. A comparison of average body yaw and heading angle over a single
stride. (A, E) Kassina senegalensis (green; n=5), (B, F) Melanophryniscus stelzneri (yellow;
n=2), (C, G) Phrynomantis bifasciatus (maroon; n=3), and (D, H) Phyllomedusa hypochondrialis
(orange; n=2). Traces correspond to changes in yaw angle over a single stride. Stride cycle is
defined as the first point of contact for the lead forelimb, to just before the lead forelimb touched
back down to start a new stride. All averaged data are shown by a solid line, with dotted lines
representing 95% confidence intervals. Changes in heading (E - H) demonstrate when yaw did
not return back to original stride start position frogs had changed heading direction. The box and
whisker plots represent 50% of the data range and interquartile ranges. Bold horizontal lines
represent the median, while box height and whisker asymmetry indicate skewness of
observation. In all four species, the start of a stride was characterized by a negative change in
yaw to about 50% of the stride cycle, followed by a positive change in yaw to conclude the
stride.

92



K. senegalensis M. stelzneri Phr. bifasciatus

wrist angle (°)

elbow angle (°)
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Appendix Figure A.2. Average relative joint angle changes over a stride in the fore- and
hindlimb— a reproduction of Figure 8. Kassina senegalensis (green; n=5), Melanophryniscus
stelzneri (yellow; n=2), Phrynomantis bifasciatus (maroon; n=3), and Phyllomedusa
hypochondrialis (orange; n=2). A complete stride cycle is defined from the first point of contact
of the leading forelimb to just before the same leading forelimb touches back down. All averaged
data are shown as a bold line. Thinner lines show individual trail traces.
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K. senegalensis M. stelzneri Phr. bifasciatus Phy. hypochondrialis

FL elevation (°)

HL elevation (°)

FL azimuth (°)

HL azimuth (°)
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Appendix Figure A.3. Average polar angles and relative radial distance changes over a stride in
the fore- (FL) and hindlimb (HL). Kassina senegalensis (first column, n=5), Melanophryniscus
stelzneri (second column, n=2), Phrynomantis bifasciatus (third column n=3), and Phyllomedusa
hypochondrialis (fourth column, n=2). The top two rows of graphs show the elevation angle
changes in the fore- and hindlimb across a stride. The middle two rows show azimuth angle
changes, and the bottom two rows show radial distance (r) changes relative to respective total
limb lengths (TL) within a stride. Stride cycle was defined as the point of first contact of the
leading forelimb until the leading forelimb touched back down. Bolded lines are averaged traces.
Thinner lines show individual trail traces. See Figure 1.9 for more summary analyses of
midstance and maximum extension of each limb.

94



L6609 WOVT S®D £LIE L891 ¥8°1¢C ! vpord 3a.102uty 9ep1RqOIPUd(

18609 WDOV1 S®D 19'6S 65°6¢ 1oy I DIDIALY DDLU sepneqoIpusg

[4V1%47 WOV S®O ph'Eg 80°0¢ LELT I vpoadriydind v3a.soully oepneqoIpUd(

08609 WOV1T S®D 6L'ST (427! €0°1¢ I Si3uij1q v3a.1uy 9ep1eqOIPUL(J

evoey

69609 WOV S®O 6L 1 F1THE ECIFOV9L  PSTFOSET ¢ aVoUDWDID] S2IDQOJ] Y oBpNERqOIPUL(

LOECY INOV'1 S®D 601C [6°€1 S6'LI ! smyppaanbuinb sappqoydjapy depneqoIpudd
N 1D Aer-X 8968 ¥$°6¢C 16°6€ I snipjoUIq SKPOPPOE] oepLIo)SESNRI)

S908LI

9908L1 B

L908LT NOV'T S®D SYIFEI00l €1 +8I'68  860FLE99 ¢ WDIINA L0ISPIND.L) sepLiojsesner)
Na 1D Ael-X  08'p¢ 0Ll 9L°61 I SNUIPSDADULS STTUDUIOYIND)) AeprULWOYIN))

1L€891

L9€791 WOV1 8RS +0'1 F €8°0F S EFS0°CT L6°0F STYT z uodajqoso.d auajo.uay) JepIUS[ONUR)

C

! VOH S®D 650F009¢ 870+ v¥6'81  OV'E+SLST ¢ Liouz)as snosiudiydounjapy oepruoyng
NWa 1D Aer-X 1199 01°¢g 161 I saua)31iad snijrouy oepruojng

LEVY9

0v¥y9 WOV S®DO YOI +S8Cr 1€°0+79°¢C S0+ L86E ¢ sniia sndojoyy sepruoyng

08LSY OV S®O Ivve ILTC 6I'1¢ ! 1jja44nds sndojayy Jepruojng

SoeLTl

90¢€LTI

LOELTT WOV S®O l6€E+S6'1Y Cre+yoee  tsF9L0Y ¢ suaosoust sndojapy oepluojng

10€LT WOV1 S®D 6L Sy LTST 9°6¢ I 42310110 sndojayy oepruojng

8LCIT

6L0T11

(44881

€801

L9811

18811 WOV S®D T9TF89¢E LT'T+ 098I PETFS60€ 9 SnAOUDI Snlxuy sepruoyng
nWa 1D Aer-xX  96°/8 LY'9C 1€°8¢ I ryjuand snjAovpoaynajy  depireydookyoerg

sal suonod[o) uoneredory LHS +TH LASF1d LHS FIAS u saroadg Amuue g

‘soneA UBdW YIFUS[ quuI| s910ads pue uonewIojul uowdads ueinuy IS d[qe ], Areyuswdjddng

95



[4923)

1232904

[€VDV WOV'1 S®D VIl FLS' 1V 88°0 F 8161 Y0+ £€T6C € DULIDADPDI SLIODPNaS JepIAH

768991

€68991

768991 WOVT S®D S60F L9V roF L8 9¢€'0 F LY VT € puoydAyon.q S1LLOVPNISY JepIAH

C

I VOH S®D ¥L'0F 0S0S LS'0F 19°8C ST +00°8¢ z syviipuoy20ddy vsnpauiojdy g SepIAH

OYvLI1

L¥¥LIT NOV'1 S%®D 9SLIF6TSY 0TSFO008T  98E+I89C ¢ Da|NI2DI VLo oepIAH

43¢

8¥0SY INOV'1 S®O 99°¢€ + 8101 LY’ 1 +7S0S 0STF I¥'L9 (4 112y D]AF] oepIAH

6208L1

0ceel WOV'1 S0 LTSF89CS 9L'1 F¥T6CC OV F0I'1¢ z snpAu3 S110y oepIAH

0018L1

SYISLI NDOV1 S®D 900F9I¥¢E EITF€6'1C 0S°0 F06°SC e wn10131pysn3up snydoy.Lidg  SepIiAIoepoISYINAT]
na LD Ker-X  70°0% Ivel 6C'CC I 125503 snjAjovpooynaly  depIIAIEPOIYIN|Y

0018L1

SYIS8LI WOV'1 S0 900+ LOSE ClIFPeel 0S0FL91C z Wn107131p1sn3up snjdjovposoyInalyg  JeplA1oepOIYINI[H

7908L1

S008LI WOV1 S®D I80F9IPE 0I'0F €6°1C SL'0F06°SC T pu2IsvIp SN)AoVPoLaYINaIg  SePIIAIOEPOIdYINSY

SLIYY WOV S®D 6LVC €811 0z'61 I snpugnd sa1pqoudyYy aepnRqOIPUS(]

LTT8EY WOV S®D SleL 0L'6€ 8L'EY I DIDINODULIUIA DASWONIUDY aeprRqOIpPUd(

76609 WOV S®D 8T61 LT0T 6L€ET I oyund v3vydoQ 9BpNERQOIPUS(]

ceLey INOVT S®D S6°0¢ 8681 ¥9°0¢ I po1U0LYSTY PIVYdOQ) 9ep1RQOIPUR(

1,609 WOV S®D 96'SH 9L'8C 80°9¢ I suppuLy auliydouuvpy 9epNERqOIPU(]

S9Thy INDV'T S®DO €l€e 66'91 v€'ST I SHIDIUN.LY $2IDQOAPUDT aepneqoIpua

£Coey INOV1 S®D €6ty 00°¢C ¥6'6¢ I SNLI0JOUI] S2)DGOIPUI(] 9epNeqOIPULJ

Yrivy NOV1 S®D 6665 T8¢ [4N4 I 1vd sniyajsojo) 9epNRqOIPUdJ

696¢Y WOVT S®D  L80¢ 434! LL'1T I puaquia Snyjajsojo) aepreqoipusg

LOSTY NDVT S®D 6L'6¢ 9161 9L°SC I sypuIn3uy snyjaisojo) aepneqoIpusg

al ;UOTR[[0D uvoneredory (HS FTH JAS F1d 1S FIAS u soroadg Aqrure,q

96



SEI8LI

8TI8LI NOV'1 S®D OLTFEI'ITI  6STF809r 06 TF9¢SL ¢ njdoq puvy epruey
€TI88LI
0CI8LI WOV1 S®D VW EFETTY STTF 09I C6'6 + 8LYT C snuvotioup snudiydojuopO aeprukiydojuopQ
16791
€16291 WOV e[S €91 F TS'8S P81+ S6°CE LTTF90°¢9 C 18]70Y21U DIULIODID P oepIYOBIBQOAIN
€
C
I VOH S®D T90F L9ty ¥9°0 ¥ ££€°0¢ 6T T+ 001y T smp185vfiq spupwoulyJ oepIIAYOIIA
€98791
798791
§98791 WOVT [EEI N
WA 1D Ker-x SI'0F+9°SI 6C0F8S6 ELOFCLSI 1% pisn audiydo.jsvo JepIAYOIOTA
WA LD AerX 686C LS€1 €T€T [ puviazjoq audsydojduvpy 9ePIIAYOIIA
969791
00L291
669791
869791 WOV [eR[AS  €TO0FSIES P8OFS90C 8V 0FO6V0E ¢ sisuaupypzoul 2uliydo.sjsvo QBPI[AYOIOTA
01
6
8
L
9
S
¥
€
(4
I v S®D VvLOF 100V 0L0+F¥L¥C 6L°0F LS'TE 01 S1SU2]D32UdS DUISSDY aeprjoradAy
658991
798991
€98991 WDOV1 S®D 9T+ 09°CE 0S'0F bEVI SS0F ¥9°ST < A2f10N.1D S11ODPNIST oepIrAH
I suonoo[jo) uopneredorg LHS +TH LdS + 14 1dS FTAS u saroadg e

97



“Ioquunu uonsmboe uorod[[0 03 puodsariod srquNU ([

"qe 1Z1Z 9y} JO uonoa[[od Jeuostad st Ty (AS[ISY "D AIUSH JO UONII[0D

[euosiad st VH Ajunop) se[aSuy so Jo wnasnjp A10isIy [emjeN st NDV' ‘eseqejep auljuo qdIoISI( ST N :SMO[[0) S dIe SUONRIAAIQ]E UOTIS[[0))y
"SISJOUI[IW UL USALS T SJUSWIAINSEIA

"uBOW Y} JO JOLID pIepuels ‘HS ‘yISud] quijpury “JH YISuo] quIAI0) “T ‘YISUS[-IUA-INOUS “TAS :SUONRIAAIQQY

98

Na 1O Aer-X  16°8T 9°¢l IL'1T I snppuiagnd snjaovpo.ayinalg depnuewoqens
Wa LD Aer-X 9¢'¢S 6€°LI 0t°0¢ I wnip|2)s DuIpPo]Y | seprioydooeyy
Wa LD Ael-X  01'6S 6L°¢T €Ive I sonba sajppaddjoq depuoydooeyy
Wa 1D Ae1-X €879 60°1C 09°€¢ I mpavmuiaL snioydoovyy depuoydodeyy
WA LD Aer-X #0001 LY S Y09 I snpudis smnojyg aepLoydooeiy
na LD Aer-X  7'8¢ €eSI Y1vC I wnupdwidjo.01u SmINDIY J oepuoydooeyy
N LD Aer-X 6569 09'%C $6'9¢€ I sipiowaf smnvjry g asepioydodeyy
Na LD Ael-X  60'9% €961 ¥8°LT I xvpsduoona) sagppaddjoq oepuoydooeyy
na LD Aer-X 70011 12K4 % 91°19 I 2310112 sajppaddjod oepuoydooeyy
NA LD Aer-X  89'68 09°¢¢ I8y I snord SnppX1OAN seprioydooeyy
Na LD Aer-X  LT'T9 69°LT 0€°S¢ I §N20J001IP1 SNIVXLINY oepuoydooeyy
Na LD Ael-X  88'8¢ 9°1¢ YTLT I SU2IS2NA SPUDULOATY ) oepuoydooeyy
na LD Aer-X  $6°TL 65°6C 1€°9% I ppydaddxo viia3.1ong oepuoydooeyy

€89791

[44¥4%!

89791 NDV'1 e[S 01'6CF0€L0T  OI'SIFLI'TY 8691 F8I'19 ¢ suaidid sappqoyyry oepruey

«al suonoe[[o) uoperedorq HS +TH LAS+1d LHS FIAS u soroadg Aqmuue g




Appendix Table A.5. Regression models of anuran logio hindlimb length with logio forelimb

length as the covariate.

Statistical Model N  Slope (+ SE) y-intercept (+ SE) AlIC
Conventional ANCOVA:
FL Length + Locomotor Type 56 1.113+0.066 Other Anura 0.186 + 0.089 -107.62
Walkers -0.157 + 0.040
PGLS:
FL Length + Locomotor Type 54  0.941 £ 0.047  Other Anura 0.402 + 0.082 -137.22

Pagel’s 1 =1.0

Walkers -0.125 + 0.043

Note: Analysis of covariance (ANCOVA) indicates the non-phylogenetic model. Phylogenetic generalized
least squares (PGLS) indicates phylogenetic model analysis. Slope is the regression slope and allometric
exponent, with the standard error (SE), which was not significantly different between locomotor types.
Akaike Information Criterion (AIC) is used to compare models, a smaller value indicates a better fit. For both
models locomotor type was always significant in intercept (all P<0.001), indicating limb lengths are more

symmetric in specialized anuran walkers.
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Appendix Table A.6. Summary of three-dimensional relative joint angle kinematics
(mean + s.e.m) during minimum and maximum limb extension, r, of a stride in
quadrupedal walking species: Kassina senegalensis (n=5), Melanophryniscus stelzneri
(n=2), Phrynomantis bifasciatus (n=3), and Phyllomedusa hypochondrialis (n=2).

Joint angles at limb phase

Joint comparisons  Maximumr (°)  Mid-stance (°) Range (°) Average (°) 8
K. senegalensis
Wrist 156.09 + 2.15  145.25 + 1.94 13.10 £ 2.23 144.05 + 0.64
Elbow 126.02 + 432  67.87 +£4.332 58.15 + 5.25 90.21 + 3.22
Shoulder 96.12 + 3.04 138.77 + 2.78 42.65 + 5.33 129.55 + 1.89
Ankle 119.18 + 1.26  113.11 4+ 3.86 9.07 £ 2.05 84.42 +1.45°
Knee 89.89 + 2.26 85.48 +4.43 11.28 + 2.46 71.62 £ 1.67
Hip 130.84 + 3.33  128.27 + 4.02 4536 +46° 111.07 £ 1.92
M. stelzneri
Wrist 159.37 +9.66  136.41 + 7.04 27.53 + 1.96 134.27 + 8.86
Elbow 138.00 +5.62  96.08 4 5.34° 4192 +£0.28 109.65 +2.81
Shoulder 76.13 £ 3.39 120.23 £+ 6.63 4410 £ 3.25 120.43 + 4.00
Ankle 130.65 + 15.08 123.80 + 18.43 8.60 £+ 2.62 98.25 + 6.47°
Knee 11353 + 6.33  98.89 + 15.89 14.64 + 9.57 7490 £ 1.81
Hip 133.09 + 0.51  128.07+3.67 34.214+16.40% 116,59 +5.32
Phr. bifasciatus
Wrist 15441+ 7.15 131.98 + 4.34 22.44 + 2.86 126.72 + 2.99
Elbow 112.30 + 8.82 63.14 +3.262 49.17 + 6.53 89.06 £ 7.21
Shoulder 97.76 £ 3.92 145.07 £ 4.52 47.31 £ 0.61 136.63 + 2.85
Ankle 118.84 + 11.47 118.31 + 15.69 12.19 + 2.66 88.57 + 7.14°
Knee 75.69 + 2557 103.72 +14.17  29.33 + 10.70 74.96 + 8.65
Hip 113.05 + 10.55 127.83 + 4.26 9.91+6.05° 100.96 + 2.15
Phy. hypochondrialis
Wrist 151.18 + 4.02  136.17 + 0.72 17.72 £ 2.03 132.08 + 0.64
Elbow 129.45 + 4.25 7398 +1.01% 55.47 £ 5.26 103.03 + 0.45
Shoulder 80.54 + 6.57 145.35 + 0.23 64.81 + 6.79 127.45 + 1.66
Ankle 95.59 + 2.12 98.33 + 6.77 11.30 +£ 0.33 64.71 4+ 0.29°
Knee 97.25 + 6.22 108.15 + 2.47 16.13 + 3.46 71.35+1.97
Hip 128.25 + 551 13361 +3.05 21.73+6.34% 104.32 + 4.50

Superscript letters: Designate significant (P < 0.05) relative joint comparisons across species. Means not
sharing the same letters are not significantly different.
Joint angle range was calculated as the difference in joint angle between maximum r and mid-stance.
8Joint angle average was calculated during the stance phase for each limb across a stride.
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Appendix Figure B.1. The relationship between jump sequence and frog efficiency. Each color
represents a different compliant condition. Each frog jumped off a single compliance. Experience
with a given compliance was accounted for to detect any increase in performance or potential for
learning. Linear regressions show not relationships between jump performance variable, frog
efficiency, and experience with a given compliance across all individuals (N=5).
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