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ABSTRACT 

Running on land is fraught with challenges. Changes in topography, material 

properties, and the general heterogeneity of terrain necessitate the ability to sense, 

process, and compensate for changes quickly and repeatedly. Failure to do so 

successfully has potentially fatal consequences on an animal’s survival. I used lizards as 

an experimental model to examine how animals move successfully across complex 

terrain, because they are found in a vast range of habitat types and have a foot shape 

conserved across many families. I found that sprawled running appears to confer 

surprising robustness against large surface drops without any decrease in running 

speed, through the interplay between changes in body and limb posture. Increased 

combinations of foot placement and positioning result in more stable solutions than are 

otherwise possible among animals with erect limb postures. Using high-speed x-ray to 

visualize subsurface foot motion while running on sand, I discovered that lizards often 

found on fine sand spread their toes to distances known to maximize particle-particle 

interactions for force production on sand. Finally, I used a hopping robot outfitted with 3-

D printed bio-inspired feet to show that the toe spacing pattern used by sand specialist 

lizards increases jump height for both stiff and flexible foot models. In summary, this 

work illuminates how adaptations for complex terrain may not be largely driven by 

selection for foot shape, but rather through modifications of behavior and functional 

morphology which likely confer robustness during locomotion across a variety of terrain. 
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CHAPTER ONE: INTRODUCTION 

1.1 Related Work And Motivation 

The heterogeneous nature of the terrestrial environment constantly challenges 

locomotor stability. It requires stride-to-stride adjustments to return to a more periodic 

and stable motion. Instability can have drastic consequences on the reproductive 

success of an individual, including risk of predation, the loss of prey items, and the 

potential to have catastrophic limb failure, such as bone fracture. However, our inability 

1) to predict changes in a locomotor system after perturbations in a heterogeneous 

environment; 2) to apply basic models of biomechanics across taxa; 3) to describe and 

quantify stability in animal systems, leaves both a gap in understanding biological 

systems and predictive behaviors for robotic systems. Therefore, understanding the 

underlying mechanics of terrestrial locomotion and potential compensations for a 

changing environment is essential to understand how animals can traverse a variety of 

terrain.  

Biomechanists have been inspired by the beauty of locomotion in the natural 

world to examine the impact that form, function and the physical interaction between 

organisms and their environment has on locomotor performance. Locomotion in the 

terrestrial environment is filled with constant threats to locomotor performance, including 

changes in material properties, surface heights, and obstacles which necessitate 

changes by the organism in order to navigate. As the terrestrial environment is as varied 

as the morphology of the taxa that interact with it, biomechanists have sought to simplify 

the scope of potential problems to solve, but also discover overarching patterns seen 

across animal locomotion.  
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To model bouncing modes of locomotion like running and hopping, bodies can be 

represented as mass on a spring, called the spring loaded inverted pendulum model 

(SLIP) (Blickhan, 1989). This model predicts that there is a sequential and serial nature 

of kinematics, such as timing characteristics like stride length, stride frequency, and limb 

cycling, as well as the kinetics, or the force generation of a locomotor system. The 

center of mass (CoM) is the point along the body which represents the weighted average 

of the position of all the parts of the body. This simplification is used as the mass in the 

SLIP model and its movement follows a sinusoidal pattern as it moves from stride to 

stride (Blickhan, 1989). As a result, there are distinct in-phase fluctuations of kinetic 

energy (KE), the energy a body possess due to its motion, and potential energy (PE), 

the energy a body possess due to its relative height (Cavagna et al., 1977; Heglund et 

al., 1982). This means that both energies reach their minimums at midstance—where  

the center of mass’ net velocity is zero and is at its lowest height—and their maximums 

at touchdown and toe off (Blickhan, 1989; Blickhan and Full, 1987; Cavagna et al., 1977; 

Heglund et al., 1982).  

While the SLIP model accurately predicts movement in the sagittal (antero-

posterior) plane, it does not take into consideration lateral excursions of the CoM. This 

becomes problematic when describing the three-dimensional mechanics of a sprawled 

runner, i.e., a posture in which the legs and feet straddle the hips of the animal, 

commonly seen in insects, amphibians, and reptiles. Sprawled postures increase medio-

lateral (side-to-side) force production and movement of the CoM (Farley and Ko, 1997), 

and is an essential component in understanding the passive mechanisms of stability in a 

sprawled runner (Kubow and Full, 1999; Schmitt et al., 2002). In order to fill this gap, the 

lateral leg-spring model (LLS) model describes dynamics and stability in the horizontal 
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(coronal) plane. The LLS model combines SLIP mechanics with additional movement in 

the frontal plane and allows for the modeling of sprawled organisms (Schmitt and 

Holmes, 2000; Schmitt et al., 2002). This medio-lateral force production results in 

additional stability, as it increases the ability of passive controls to counteract potential 

compensations due to equal and opposite force generation side-to-side (Jindrich and 

Full, 2002; Kubow and Full, 1999; Mongeau et al., 2014; Spence et al., 2010; Ting et al., 

1994).  

SLIP and LLS assume that there are active and passive controls of locomotion 

that result in the cyclical stride-to-stride nature of locomotion (Blickhan, 1989; Ting et al., 

1994). Active control mechanisms refer to the combination of reflexes and 

proprioceptive, or sensory, feedback from nerve endings throughout the length of the leg 

which signal changes in the terrain and joint loading (Pearson, 1995; Pearson, 2000). 

There is a delay in the resulting muscle mediated compensation, due to the transmission 

and processing of signals to and from the brain and spinal cord. In contrast, passive 

controls include the viscoelastic properties of muscle and tendon, referred to as 

“preflexes”. Preflexes engage instantaneously to compensate for forces acting on the leg 

(Jindrich and Full, 2002). The combination of these control mechanisms results in a 

proximo-distal gradient of control in which distal joints can rapidly adjust to changes 

passively, while more proximal joints are controlled by consistent feed-forward strategies 

(Daley et al., 2006a; Daley et al., 2007; Müller et al., 2015). 

While predicting every possible means the body could compensate for changes 

in the locomotor environment is impossible, the SLIP and LLS models allow for a range 

of adjustments that a locomotor system can make to adapt to changes in the terrain and 

give potential measures to try to compare compensations across taxa. These 
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adjustments include leg stiffness (Shen and Seipel, 2015), limb retraction rate (Seyfarth 

et al., 2003), angle of attack (Blum et al., 2010; Seyfarth et al., 2002), and net energy 

production (Daley et al., 2006a). However, most of this work has been done on 

parasagittal bipeds and insects, and not much is known about lizards.  

Lizards are unique in that they are a sprawled tetrapod with an environmental 

range including both terrestrial and arboreal habitats, and a diversity of surface types, 

including sand and water. The sprawled posture is indeed a very ancient one, and 

throughout time, there has been a shift away from the sprawled posture to a parasagittal 

posture completed in the Early Triassic, as seen in birds and mammals (Kubo and 

Benton, 2009). Unlike sprawled movement, parasagittal movement has greater economy 

of motion and mostly limits movement of the limbs to the sagittal plane (Snyder, 1952). 

When humans adopt a sprawled posture with bent legs, famously described as 

“Groucho running”, humans decrease their vertical stiffness (McMahon et al., 1987). This 

limb compliance resulted in humans consuming up to 50% more O2, making this posture 

highly inefficient (McMahon et al., 1987).  

Does this mean that sprawled locomotion is inefficient for lizards? Absolutely not. 

Running with postures out of an animal’s normal operating range is metabolically costly 

to adapt, likely due to differences in muscle attachment points and lever arms (McMahon 

et al., 1987). Lizards have different muscle attachment geometry to humans, which 

facilitates this style movement. Much is known about compensatory strategies of bipedal 

parasagittal runners like humans do over perturbations; however, little is known about 

compensatory strategies in bipedal sprawled runners (Daley et al., 2006a; Daley et al., 

2007; Moritz and Farley, 2006; Müller et al., 2015). 
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Lizards readily change both limb and running posture to contend with changes in 

the natural terrain, both for topography as well as material properties, like running on 

granular media. Lizards can adopt bipedal poses at high running speeds and as a 

compensation for obstacle crossing, a trait also seen in some cockroaches (Kohlsdorf 

and Biewener, 2006; Parker and McBrayer, 2016; Ting et al., 1994). However, little is 

known about how this posture is advantageous for navigating obstacles, nor how the 

kinetics of compensation work in a sprawled bipedal runner. When running on granular 

media, like sand, lizards switch from running with spring like feet on hard terrain, to 

paddle-like dampers on granular media (Li et al., 2012). However, it is unknown whether 

this postural shift is seen in different species of lizards, or if it is a postural adaptation 

used by the sand running specialist studied in the experiment. The diversity in habitat 

and posture of lizards lends well to studying the effects that environment have on 

maintaining locomotion in animals specialized for running on challenging terrain with 

non-linear material properties, like granular media, or if this can be seen in animals who 

do not regularly interact with this terrain. 

1.2 Significance 

The research presented in this thesis examines the role of postural changes and 

multi-functional foot use in navigating challenging terrain. I will establish that the high 

variability of the sprawled system both in limb placement and displayed compensations 

amongst different species are both robust tools in contending with complex terrain. At 

the time of writing, I believe that this is the first comparative biomechanical work which 

examines the impact of an animal’s toe spread on running performance. Additionally, 

this work is one of the first to examine and quantify sprawled bipedal limb stiffness and is 

the first to do so in three-dimensional space (3-D). 
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1.3 Aims 

 Examine responses to ecologically relevant obstacles and perturbations to 

understand the role that kinematics and kinetics has on morphologically 

independent compensations. 

 Examine the geometry and morphology animals use while navigating complex 

terrain, such as drops in surface height or granular media, using comparative 

animal studies as well as physical modeling 

 Establish whether geometry, morphology and kinematics changes can have a 

measurable effect on performance. 
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CHAPTER TWO: BASILISKS RUNNING OVER DROPS 

2.1 Abstract 

Lizards can be found on a variety of heterogeneous substrates and terrain. 

Successful navigation of these substrates is essential to their survival through the 

acquisition of prey, evasion of predators, and avoidance of injury. Much is known about 

compensatory strategies of bipedal parasagittal and crouched runners over 

perturbations; however, little is known about compensatory strategies in bipedal 

sprawled runners. To further illuminate the role of posture in perturbation response, we 

ran basilisk lizards (Basiliscus vittatus) over flat terrain as well as drops of 40% their leg 

length. Basilisks were able to accomplish this task without any detriment to their speed. 

In general, they shortened their stride while keeping stride frequency and duty factor 

constant. Adjustments to the perturbation happened quickly. Lizards landed in the drop 

with a more upright body angle and touchdown angle using a wider step than the flat 

condition. During the step following the step landing in the drop, the lizards narrowed the 

width of the step, reached an intermediate body angle, and returned to unperturbed 

touchdown angles. When controlled for mass and randomized by individual, the lizards 

experienced decreased decelerative ground reaction forces while all other forces and 

force impulses remained constant. Lizards also lengthened their effective leg length and 

stiffened their limbs during the first half of stance. This response suggests that lizards 

adapt to perturbations much like their previously studied crouched parasagittal 

counterparts, the guineafowl and humans.  
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2.2 Introduction 

2.2.1 Sprawled Vs Erect Running 

The sprawled posture, where the limbs are abducted and straddle the hips of an 

animal laterally, is an ancestral state seen in insects, amphibians, and reptiles (Gatesy, 

1991). This is in direct contrast with the “newer” parasagittal posture (adoption was likely 

completed in the Early Triassic), where during ground contact the limbs are adducted 

and fall within the same plane as the hips as seen in birds and mammals (Kubo and 

Benton, 2009). Animals using a sprawled posture show increased medio-lateral force 

production relative to their parasagittal counterparts (Chen et al., 2006; Farley and Ko, 

1997). In multilegged systems, this movement results in added stability, due to the ability 

of passive controls to counteract potential compensations through equal and opposite 

force generation medio-laterally (Jindrich and Full, 2002; Kubow and Full, 1999; 

Mongeau et al., 2014; Spence et al., 2010; Ting et al., 1994). However, when 

parasagittal animals, like humans, adopt a sprawled posture, they consume up to 50% 

more O2 making this posture highly inefficient (McMahon et al., 1987). It is hypothesized 

that this shift from sprawled to parasagittal postures has allowed mammals to grow 

larger in size by decreasing the mass-specific muscle force by increasing the 

mechanical advantage of muscles (Biewener, 1989; Biewener, 1990). 

However, there are very ancient reptiles, like crocodiles, which adapt a sprawled 

posture secondarily, which suggests that the sprawled posture has evolved multiple 

times (Reilly and Elias, 1998). The crocodilian sprawled posture differs greatly than that 

of lizards, in that the distal limb components of crocodile running and walking are the 

main producers of force. The crocodilian sprawl likely comes from erect ancestors and is 
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not a true sprawl, like that seen in cockroaches and lizards, and instead represents a 

“semi-erect” posture (Blob and Biewener, 2001; Gatesy, 1991).  

2.2.2 Bipedalism In Lizards 

Generally, quadrupedally running lizards display sprawled gaits that are very 

similar to that of other quadrupedal animals (Farley and Ko, 1997; Irschick and Jayne, 

1999). Quadrupedal lizards show SLIP dynamics and differential leg function between 

fore and hind limbs, but as expected with the sprawled condition, they have increased 

lateral trunk bending and mediolateral movement that is not seen in parasagittal animals 

(Chen et al., 2006; Farley and Ko, 1997; McElroy et al., 2014; Ritter, 1992). This 

movement is more similar to that of sprawled hexapods. Lizards, interestingly, can 

display both bipedal and quadrupedal running postures. In comparisons of quadrupedal 

to bipedal running in lizards who display both postures regularly, bipedalism is not a 

consequence of speed, but instead is a continuum, whose appearance varies with the 

morphology of different species (Irschick and Jayne, 1999).  

Basilisk lizards represent an interesting niche within lizard biomechanics. 

Famous for their predilection for running on water (Glasheen and McMahon, 1996; 

Hsieh, 2003; Hsieh and Lauder, 2004), these lizards also routinely run bipedally, both on 

hard terrain, as well as on water and granular media. Bipedalism in lizards has 

enraptured scientists, due to the novelty of a sprawled quadrupedal animal actively 

adopting an alternate posture. The choice to forgo a seemingly more stable base of 

support with more limbs in contact with the ground for bipedalism has been explored by 

the likes of Aerts, Clemente, and colleagues (2003, 2008); however, the maintenance of 

bipedal running in lizards still has large areas to be explored. 
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Bipedalism in lizards has appeared multiple times throughout evolutionary 

history, suggesting this novel posture continues to have performance benefits (Clemente 

et al., 2008). However, lizards who preferentially adopt bipedal posture rather than a mix 

of quadrupedal and bipedal postures remains a rare trait. In trying to understand how 

bipedality is achieved in quadrupedal runners, theories about postural goals and 

mechanisms have been proposed and tested. As far back as the late 40s and 50s, 

sprawled bipedalism has been of interest, especially in contrast to parasagittal running 

seen in mammals and birds (Snyder, 1952). Earliest published observations noted that 

the large postural muscles of the back must be playing a formative role in bringing 

lizards into a bipedal stance (Snyder, 1952). It was additionally observed that there was 

large multi-degree of freedom movement in sprawled runners in contrast to the 

constrained movement of parasagittalism. With their large wind-milling lower limb orbits, 

Snyder hypothesized that there was a lack of economy of movement that was not seen 

in parasagittal systems and was the consequence of the sprawled condition (Snyder, 

1952; Snyder, 1962). 

Generally, it was hypothesized that early bipedalism was the consequence of the 

onset of sudden acceleration and was maintained through constant acceleration while 

running (Aerts et al., 2003; Clemente et al., 2008). This phenomenon was equated 

almost to a side effect. Bipedalism was not shown to offer advantages in performance, 

neither in speed nor endurance (Clemente et al., 2008). However, these studies did not 

look deeply into lizards who use bipedality as their preferred posture. While performance 

did not change, researchers did acknowledge that there may be potential benefits to 

bipedality for maneuverability and obstacle crossing that were not considered when 

examined using a flat trackway (Aerts et al., 2003; Clemente et al., 2008). Through 



 

11 
 

active control of center of mass (CoM) position, the potential for controlled and sustained 

bipedalism without acceleration could be achievable and take advantage of these 

unstudied benefits (Clemente et al., 2008). 

Bipedalism at sustained speeds and without constant acceleration was then 

shown to be achievable through a combination of postural changes and asymmetric 

ground reaction forces (GRF) in lizards who prefer bipedality (Van Wassenbergh and 

Aerts, 2013). By adopting a lifted trunk posture, lizards displace the position of their CoM 

backwards towards their hips and add angular momentum to help maintain trunk lift (Van 

Wassenbergh and Aerts, 2013). Additionally, by altering spring mass model (SLIP) 

mechanics, they show asymmetric GRF profiles in the vertical component, which is 

consistent across quadrupedal sprawled running lizards (Aerts et al., 2003; Farley and 

Ko, 1997). While this study illustrated that bipedality was not a side effect of acceleration 

and can be a sustainable running posture for multiple strides in sequence, it remained to 

be seen why this posture may be advantageous to lizards. 

We know that bipedalism in sprawled animals is not a ubiquitous occurrence, and 

that body form plays a large role in the lizard’s ability to use bipedalism to its advantage. 

While bipedal running looks remarkably similar during level running across differing body 

forms, when crossing obstacles, lizards with elongated trunks and long tails showed 

preferences for bipedalism (Kinsey and McBrayer, 2018). This is likely due to their 

greater ability to move the CoM posteriorly in order to maintain bipedal posture, 

especially with their thick long tails. Thus, lizards with greater exaggerations of this 

posture maintain bipedality over a larger number of strides, and potentially derive greater 

benefits from this posture during obstacle crossing (Kinsey and McBrayer, 2018). With 

the combination of the sprawled posture with crouched leg positioning, where the joints 
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of the legs maintain flexion while running, lizards have compliant limbs with large 

capabilities for leg extension. This has been shown in other crouched runners, like birds 

and cockroaches, to be extremely helpful for overcoming perturbations (Blum et al., 

2011; Daley and Usherwood, 2010; Daley et al., 2006a; Spence et al., 2010; Ting et al., 

1994). 

2.2.3 Perturbations Used To Test Compensation Mechanisms 

There is a rich history of challenging running animals with obstacles and 

perturbations to understand how they navigate their natural environments. The 

navigation of perturbations is dependent upon posture and there seems to be a basis for 

a number of different combinations of postures and stiffnesses which may help navigate 

different perturbation types. Much of the history of biomechanical study is rooted in 

studying parasagittal running in both erect (i.e., humans) and crouched runners (i.e., 

birds). Humans have been challenged on a large variety of surfaces and it is the bulk 

where this history comes from. Bouncing movements like running and hopping have 

been used to understand the roles of limb stiffness, body posture, kinematics, and 

terrain type have on altering performance (Ferris and Farley, 1997; Ferris et al., 1998; 

McMahon and Cheng, 1990; Müller et al., 2016).  

2.2.3.1 Compliant Trackways 

Surface stiffness has impacts on both kinematics and performance especially 

among humans. Compliant surfaces inhibit running performance as they increase 

ground contact time and step length, while decreasing running speed and force 

(McMahon and Greene, 1979). As surfaces become more compliant, human’s legs 

become stiffer, and when surfaces become more stiff, human’s legs become more 
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compliant (Ferris et al., 1998). However, this reciprocal change in stiffness was not seen 

in the dynamics of the CoM, as vertical limb stiffness (Kvert) was shown not to change. 

When sprawled cockroaches run on elastic surfaces, however, cockroaches can 

maintain forward speed without changing their step frequency, but instead lowering their 

CoM and base of support, and increasing their stability through feedforward control 

(Spence et al., 2010). 

Hopping shows similar mechanics to running on compliant surfaces. Humans 

hopping on a variety of damped surfaces do more work than on hard surfaces (Moritz 

and Farley, 2006). Perception of expected surface stiffness plays a large role in jump 

stiffness. When hopping onto a harder than expected surface, the legs became 

compliant and the average leg stiffness was similar to that of when jumping on expected 

hard surfaces (Moritz, 2004a).  

2.2.3.2 Running Over Elevated Obstacles 

Changes in surface height is commonly used to perturb locomotion in humans 

(Grimmer et al., 2008; Müller et al., 2014; Voloshina and Ferris, 2015), cockroaches 

(Sponberg and Full, 2008), birds (Birn-Jeffery et al., 2014; Daley et al., 2006a; Daley et 

al., 2007), and lizards (Olberding et al., 2012; Parker and McBrayer, 2016). Remarkably, 

where we expect there to be large energetic or postural changes to maintain locomotion, 

the adjustments made are much more subtle than expected. Humans only increase 

energy expenditure by 5%, while running on a track of uneven terrain (Voloshina and 

Ferris, 2015). Despite their minimal change in energy expenditure, humans display 

variability in step-width and step-length, increased their ankle work, and muscle activity 
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increased. They also increased their leg stiffness and most of these changes were 

consistent between walking and running (Voloshina and Ferris, 2015).  

Lizards are also used to study compensations across a wide range of rough train, 

but few of these studies have included kinetic analyses (Farley and Ko, 1997). 

Quadrupedally running lizards use all four limbs to pull their body up and over higher 

obstacles, with the hindlimbs propelling the animal over the top (Kohlsdorf and 

Biewener, 2006). The higher the obstacle, the more the lizard pauses and adjusts hand 

and foot contact positions resulting in decreased locomotor speed and stride frequency. 

Lizards also relied on jumping over obstacles or adopting bipedal postures to navigate 

these repeated obstacles (Kohlsdorf and Biewener, 2006). However, bipedality was not 

advantageous as the spacing between objects begins to become smaller than they can 

comfortably place their hind feet (Parker and McBrayer, 2016). While most species of 

lizards studied maintained their sprawled posture while navigating obstacles, others use 

what I term parasagittal mimicry, or the adduction of the limb to positions similar to 

parasagittal animals in order to navigate obstacles (Druelle et al., 2019).  

2.2.3.3 Human And Avian Comparisons Over Drops 

While direct comparisons of taxa contending with perturbations remains difficult, 

compensations while running through drops in terrain has been established in both 

bipedally running birds and humans (Müller et al., 2016). Guinea fowl can navigate drops 

of 40% of their leg length, through a combination of conversion of PE to horizontal KE, 

absorption of energy through negative muscular work, or conversion to vertical KE, as 

well as through postural changes in touchdown angle and limb extension (Daley et al., 

2006a; Daley et al., 2007). Placement of the limb relative to the body causes the distal 
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joints to act as either springs or dampeners, depending upon where the ground contact 

takes place, which is the result of constant limb cycling and feed forward mechanisms 

(Daley et al., 2007).  

Humans’ control strategies differ depending on environmental condition and 

environmental cues, as humans alter their CoM position in preparation for drops, even 

when they didn't see them. Once humans were exposed to the drop condition, they 

lowered their CoM position by 25% of the possible drop height in preparation for  

camouflaged contact (Ernst et al., 2019). When drops were visible, humans alter GRF 

not only in the perturbed step, but the step before and additionally alter limb stiffness 

(Müller et al., 2012; Müller et al., 2014; Müller et al., 2015; Müller et al., 2016). 

2.2.4 Stiffness Plays A Large Role In Perturbation Compensation 

A common theme among perturbation experiments which include kinetic 

analyses using a force plate is the estimation of limb stiffness. Generally the two most 

commonly used methods of estimating stiffness create estimates using peak force 

production and the maximum displacement of the leg length, Kleg, or the displacement of 

the CoM, Kvert (Farley and González, 1996; Ferris and Farley, 1997; Ferris et al., 1998). 

This involves calculating the stiffness based on a spring with a linear stiffness function, 

where stiffness is measured by dividing peak force by a displacement. However, there 

are other methods which examine stiffness that results through the least amount of total 

actuation of the limb using an estimation of a radial leg spring which has been shown to 

more accurately model the spring in the leg of kangaroo rats, wallabies, dogs, goats, and 

humans (Lee et al., 2007; Lee et al., 2014). Though this method has not gained 

widespread use in the biomechanical community.  
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2.3 Purpose Of This Study 

There is little literature on kinetic compensations for perturbations in sprawled 

animals, especially lizards. This study seeks to fill this gap in knowledge by examining 

bipedally running lizards as they run through drops of 40% of their leg length, in the vein 

of the bird and human literature. This is one of the first papers of which I am aware to 

examine the kinetics of bipedally running lizards in three-dimensional space and attempt 

to categorize their steady state running style. This paper also uniquely examines 

stiffness in a sprawled system in three-dimensional space. 

2.4 Methods 

2.4.1 Subjects 

Four sub-adult brown basilisk lizards (Basiliscus vittatus; snout-vent length 

(SVL): 9.88 ± 0.136 cm, mass: 30.0 ± 8.81 g) were purchased from a reptile wholesale 

supplier (Underground Reptiles) and housed in 144L mesh cages (Reptarium Enclosure, 

Apogee, Dallas, TX). Lizards were fed three times weekly with a diet of cockroaches 

(Blaptica dubia) or crickets dusted with vitamin (Supervite, Repashy Ventures, 

Oceanside, CA) and calcium (ReptiCalcium, Zoo Med Laboratories, Inc., San Luis 

Obispo, CA) supplements. Rooms were maintained on a 12:12 hour light: dark cycle at 

28-31 °C. Water was provided in bowls ad libitum and lizards were also misted daily. All 

experiments were performed in accordance with protocols approved by Temple 

University’s Animal Care and Use Committee ACUP #5133. 
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2.4.2  Experimental Setup 

  

Figure 1: Schematics of experimental treatments. Lizards were run along (A) a flat 

trackway and (B) a trackway with a visible surface drop equivalent to 40% of the lizard’s leg 

length (ΔH). Points that were tracked for motion analyses, as well as some of the calculated 

angles and lengths, are shown in (A). Identifications for step-to-step analyses are shown in 

(B). See text for more details on motion tracking and analyses. 
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Kinetic and kinematic data were collected as lizards ran down a 4.8 m long 

trackway covered with 150 grit sandpaper to provide traction. A six degrees of freedom 

force transducer (ATI Mini-40, ATI Industrial Automation, Apex, NC) was integrated into 

a custom-built force platform and embedded in the middle of the trackway, recording 

ground reaction forces (GRF) at 5000 Hz, and synchronized with high-speed video. 

Running was recorded using six synchronized infrared cameras (Raptor-E; Motion 

Analysis Corporation, Santa Rosa, CA, 120Supplement 2) filming at 500 frames per 

second. Lizards’ body and hind limbs were marked with reflective markers to facilitate 

motion tracking (Figure 1A). The points were tracked and reconstructed in three-

dimensional space using Cortex (v 2.5.0.1160) and analyzed using custom MATLAB 

code (R2022a, Mathworks, Natick, MA). Models were created for each lizard to speed 

data processing and interpolation of missing data using the interpolation tools in Cortex. 

The axes of the force plate were oriented according to the right-hand rule, with 

positive-X pointing parallel to the running direction and positive Z pointing vertically 

upwards (Figure 1B). During the drop condition, the force plate was lowered to 40% of 

the lizard’s total leg length (ΔH). Total leg length, Ltot, was calculated as the sum of all 

segment lengths from hip to the tip of the fourth toe (Figure 1B).  

Only those trials in which the lizard ran bipedally through the filming volume 

without touching the walls were accepted for analysis. Trials were additionally screened 

for constant velocity and were accepted if the average percent difference in velocity was 

below 15%. Kinetic data was recorded for trials where the lizards hit the force plate with 

the entirety of the foot’s contacting surface. The number of kinematic only and kinetic 

trials are listed in Table 1.  
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During perturbed running trials, each trial consisted of at least three steps, which 

we labeled as “pre”, “drop” and “post”, facilitating comparisons among these separate 

events. “Pre” steps are steps which occurred before the perturbed surface, with pre-1 

designating the last step outside the perturbation of the foot which would later initiate 

perturbation contact and pre-2 designating the last step outside the perturbation of the 

foot which contacted the perturbation second. The drop step is the step which first 

contacted inside the perturbation, and the post step is the step which follows 

perturbation contact, with post-inside designating that the step occurred within the 

perturbation and post-outside indicating that the step occurred outside the perturbation 

and on the elevated surface (Figure 1B). 
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Table 1: Summary Statistics For Experimental Design By Lizard 

 Number of Trials 
Mass 

(g)  
SVL 
(mm) 

Total 
Leg 

Length 
(mm) 

% Difference Velocity 

 Flat Drop       Flat Drop 

  Kinematic Kinetic Total Kinematic Kinetic Total           

Bas09 12 3 15 10 5 15 39 105 117 
5.17 +/- 
0.200 

6.43 +/- 
0.749 

Bas10 0 10 10 7 6 13 
34.3 
+/- 

1.11 

106 +/- 
1.13 

114 +/- 
0.442 

12.2 +/- 
0.911 

7.76 +/- 
0.936 

Bas26 1 7 8 6 3 9 
24.6+/-
0.167 

91 
111 +/- 
0.246 

8.00 +/- 
0.970 

6.75 +/- 
0.940 

Bas31 3 5 8 7 1 8 17.5 89 97 
4.37 +/- 
0.598 

4.73 +/- 
0.471 
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2.4.3 Kinematics 

Points marking the anterior, middle, and posterior portions of the back, first tail 

segment, as well as the hip, knee, ankle, tarsal-metatarsal phalangeal joint, and fourth 

toe tip for both legs (Figure 1A) were digitized and then filtered using a fourth-order, 60 

Hz low-pass Butterworth filter. We calculated five variables to characterize the stride: 

mean total velocity (UTot), mean stride length (StrdL), mean stride frequency (StrdF), 

mean duty factor (DF), and step width (StpWth). UTot was calculated as the derivative of 

the position of the mid-body point relative to time in three-dimensional space. StrdL was 

calculated as the total three-dimensional distance traversed from the first to the final foot 

down of a single foot, divided by the number of strides. StrdF was calculated by dividing 

the number of strides in a trial by the amount of time from the first foot down to the final 

footfall by the same foot. DF was calculated as the ratio of the duration of time the foot 

was in stance phase to the duration of the stride; then, a single mean value was 

calculated for each trial. StpWth was measured as the medio-lateral distance between 

touchdowns of opposite feet. Using position data, we visualized the limb trajectories in 

the sagittal (XZ), dorsal (XY), and coronal (YZ) planes. 

We calculated three segment angles (Figure 1A) relative to the horizontal and in 

3-D: (1) Limb touchdown angle (ΦTD), consisting of the angle formed by the line 

extending from the hip to the toe (L) upon initial toe contact with the ground, (2) the tail 

angle (ΦTail), calculated from the segment created between the tail and posterior back, 

and (3) body angle (ΦBA), calculated from the segment created between the posterior 

back to anterior back (Figure 1A). To explore compensatory mechanisms associated 

with drops in terrain, level running was compared with the drop and post steps. The 
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means of StrdL, StpWth, ΦBA, and ΦTD were analyzed during these separate events 

(Figure 1B). 

2.4.3.1 Kinetics 

Force-plate data were filtered using a fourth-order, 60 Hz low-pass Butterworth 

filter. Kinetic and gravitational potential energies of the CoM were calculated from force 

data (Cavagna, 1975; Cavanagh and Lafortune, 1980; Farley and Ko, 1997). The mass-

specific force was integrated once with respect to time to obtain instantaneous CoM 

velocity (u) and integrated again to obtain instantaneous CoM position (s). Initial 

conditions for velocity were calculated according to the path-matching technique 

presented by (Daley et al., 2006a). Potential energy (EPE) was calculated as: 

Eq. 1 
𝑬𝑷𝑬 𝒎𝒈𝒔𝒛 

 

for which m is the lizard’s mass, g is the acceleration of gravity, and sz is the 

vertical position of the CoM. Total Kinetic energy (EKE) was calculated as: 

Eq. 2 

𝑬𝑲𝑬  
𝟏
𝟐
𝒎 𝒖𝒙𝟐 𝒖𝒚𝟐 𝒖𝒛𝟐  

for which ux, uy, and uz refer to the fore-aft (x), mediolateral(y), and vertical (z) 

components of velocity. Total energy, ETot, is the sum of EKE and EPE. 

Previous studies exclusively evaluate stiffness only using the vertical, z, 

component, as the leg spring is primarily moving in the sagittal plane in parasagittal 

organisms (Daley et al., 2007; Ferris et al., 1998; Moritz, 2004a; Moritz and Farley, 

2003). However, for this study, both leg stiffness and vertical limb stiffness were 

calculated using in 3-D, necessitated by the increased medio-lateral excursions of the 
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sprawled limb posture. Leg stiffness (Kleg) was calculated as the projection of total force 

in the direction of the leg at midstance over the displacement of the leg from touchdown 

to midstance as well as midstance to foot off. Midstance was defined as the instance 

when the fore-aft position hip first passes the fore-aft position of the tip of the fourth toe. 

The projection of the force onto the leg was calculated as: 

Eq. 3 

𝑭𝒑𝒓𝒐𝒋
𝑭𝑻𝒐𝒕 𝒎 𝒅 ∙ 𝑳𝒎 𝒅

𝑳𝒎𝒊𝒅
 

Where 𝑭𝑻𝒐𝒕 𝒎 𝒅 ∙ 𝑳𝒎 𝒅, is the dot product of the 3-D force vector at midstance and 

the 3-D leg length vector, and 𝑳𝒎𝒊𝒅 is the leg length at midstance. The limb stiffness was 

then calculated as: 

 Eq. 4 

𝑲𝒍𝒆𝒈
𝑭𝒑𝒓𝒐𝒋
∆𝑳

 
 

Where ∆L is the change in leg length. For landing stiffness, ∆L was taken from 

touchdown to midstance, and takeoff stiffness, ∆L was taken from midstance to toe off. 

My version of vertical stiffness (Kvert) was calculated as the total force at midstance over 

the displacement of the CoM (∆s). For landing stiffness, ∆s was taken from touchdown to 

midstance, and takeoff stiffness, ∆s was taken from midstance to toe off. 

Eq. 5 

𝑲𝒗𝒆𝒓𝒕
𝑭𝒕𝒐𝒕
∆𝒔

 

 

2.4.4 Statistical Analysis 

Kinematic and kinetic variables were modeled using linear mixed effect models 

with total leg length or mass respectively and treatment as factors, if significant, with 
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individual ID as a random effect in RStudio (nlme; Team 2020, PBC, Boston, MA). P-

values were obtained using ANCOVAs (ANOVA, R) with a 95% confidence interval. For 

comparison between flat, drop and post steps, variables were modeled using linear 

models evaluated using ANOVAs, and then post-hoc pairwise tests were conducted with 

Tukey honest significant difference tests (TukeyHSD, R), when comparing across 

multiple groups with an ∝=0.05. All tests were performed in RStudio (Team 2022, PBC, 

Boston, MA, USA). Unless otherwise stated, all means are presented as means ± s.e.m.  

2.5 Results 

2.4.1 Kinematics 

All four basilisks consistently ran with a sprawled bipedal gait, with no 

observations of quadrupedal locomotion or forelimb strikes due to instability. During Flat 

(control) running, the lizards ran with relatively constant Utot at 1.83 +/- 0.033 ms-1 with 

an average percent difference in velocity of 5.91 +/- 0.417 %. The maximum Utot 

recorded was by Bas 31 at 2.41 ms-1. The lizards ran with a noticeably crouched limb 

posture with low ΦBA at ground contact at 26.95° on average.  

During swing, hip greatly abducts, which resulted in all joints distal to the hip orbit 

up and above the hip. Sagittally (Figure 2A), the largest orbit height is made by the toe, 

with the more proximal joints rising to similar heights above the hip. During swing, the 

most medio-lateral movement of the limb appears to be done by the knee and toe. 

However, while the ankle, metatarsal-phalangeal joint of the fourth toe (foot), and toe tip 

have linear trajectories during stance, the knee notably does not and moves laterally 

away from the hip during stance (Figure 2B, curved blue arrow). 
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Figure 2: Lizard limbs follow similar trajectories during flat and drop conditions. 

Trajectories for one stride shown for the right leg shown in the sagittal (xz), dorsal (xy), and 

cranial (yz) planes for the (A-C) flat and drop (D-F) conditions. Joints of the body are colored by 

the following convention: hip (black circle), knee (blue), ankle (yellow), base of the fourth toe 

(green), and tip of the fourth toe (red). Open circles represent the position at touchdown. Solid 

lines represent position during stance and dashed lines represent position during swing. 
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During the Drop trials when the lizard is running in the lowered surface, the 

trajectories at first look seem surprisingly similar to level running, however there are 

some noticeable differences. Sagittally (Figure 2D), we see limb lengthening in the 

lowered position in all the joints relative to the hip throughout stance, but the trajectories 

keep their orbital shape. During the swing following stepping into the lowered surface, 

the knee and toe reach similar heights relative to flat running, while the ankle and foot do 

not rise above the hip. Dorsally (Figure 2E), the foot and ankle are positioned more 

medially compared to flat ground running, while the toe and knee remain lateral to the 

hip, indicating more erect limb positioning and out-toing of the foot. Cranially (Figure 2F), 

we can see that the animals’ effective limb length (L) is extended and remains stable. 

Lizards are surprisingly robust to drop perturbations. They were able to maintain 

speed while navigating the drop (Figure 3A; Table 2). They ran with similar StrdF and 

Figure 3: Lizards minimally alter kinematics when navigating drop 

perturbations. Lizards ran with the same (A) average total velocity, (B) stride length, 

and (C) stride frequency between flat (green) and drop (orange) conditions. 

However, lizards decreased their (D) duty factor significantly in the drop condition. 

Significance denoted by *. 
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StrdL (Figure 3B, C). DF significantly decreased (Table 2) during the drop step to 0.264 

+/-0.012. This indicates they contacted the ground for an even shorter period during the 

perturbed stride than during flat running. Lizards also maintained a greater effective limb 

length at both touchdown and midstance while inside the drop (Table 2), compared to 

level running. Means and standard deviations for these variables are reported in Table 

15. 

Table 2: ANCOVA Report Kinematic Variables by Treatment 

  numDF denDF F-value p-value  

Velocity 
Intercept 1 81 3764.27 <0.001 *** 

Treatment 1 81 4.714 0.033 * 

Stride Length 
Intercept 1 66 570.703 <0.001 *** 

Treatment 1 66 0.856 0.358  

Stride Frequency 
Intercept 1 66 385.355 <0.001 *** 

Treatment 1 66 0.51 0.478  

Duty Factor 
Intercept 1 66 1227.16 <0.001 *** 

Treatment 1 66 70.462 <0.001 ** 

Effective Limb 
Length at TD 

Intercept 1 33 1689.384 <0.001 *** 

Treatment 1 33 9.131 0.005 ** 

Total Leg 
Length 

1 33 6.537 0.015 * 

Effective Limb 
Length at 
midstance 

Intercept 1 31 610.018 <0.001 *** 

Treatment 1 31 21.342 <0.001 *** 
Total Leg 

Length 
1 31 1.844 0.184  
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To further evaluate the timing of compensations, we examined kinematic 

variables at two time points, the drop and post steps, (defined as seen in Figure 1B), 

relative to average flat ground running. When the post step occurred within the lowered 

surface, I referred to it as post-inside (purple, Figure 4). When the post step occurred 

outside the lowered surface, I referred to it as post-outside (pink, Figure 4). As the 

lizards are technically introduced to two perturbations, one going in and coming out of 

the lowered surface, it seems essential that postural changes occur rapidly to be able to 

maintain speed while running through the perturbations. 

Overall, the lizards did not rely heavily on stride length changes but instead used 

a combination of postural angles and step width (Figure 4, Table 3). While entering the 

drop the lizards land with more erect touchdown and body angle, as well as a wider step 

(Figure 4B, C, D). The lizards correct for such a wide step with a narrower than the 

unperturbed step in both post-inside and post-outside steps. Body angle lowers to an 

intermediate pitch compared to the more erect drop angle and the flatter unperturbed 

angle (Figure 4C). Touch down angle returns to its flatter unperturbed state (Figure 4D).  

Table 3: ANOVA Results of Body Position Variables by Step 

 

    Df Sum Sq Mean Sq F-value p-value   

Body Angle  
Step 3 1812 604 8.496 3.49E-05 *** 

Residuals 126 8958 71.1       

Stride Length 
Step 3 37147 12382 3.8108 0.01211 * 

Residuals 111 360666 3249       

Step Width 
Step 3 55905 18635 11.334 1.65E-06 *** 

Residuals 106 174277 1644       

Touch Down 
Angle 

Step 3 6157 2052.4 21.31 4.99E-11 *** 
Residuals 114 10981 96.3    

Tail Angle 
Step 3 815 271.67 3.68 0.014 * 

Residuals 121 8932 73.81    
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Figure 4: Lizards rely on postural compensations to reliably navigate drops in 

terrain. While lizards increased (B) step width, (C) body angle, (D) touchdown angle, into 

the drop step, (A) stride length did not change. Although (D) foot touchdown angle for 

post step type was statistically indistinguishable from control, (A) body angle and (C) step 

width still showed signs of continued perturbation. X-axis labels correlate with definitions 

in Fig. 1B. 
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The lizards also use their crouched posture to increase L as they enter into the 

drop (Figure 5). During flat running, the lizards produce very symmetrical leg length 

changes where touchdown and take off occur with similarly extended limbs. However, 

during drop steps, lizards touch down with an extended limb and continue this pattern of 

throughout compression. L remains extended at toe off relative to its starting length. 

While control of body posture proved to be a reliable means for mitigating 

consequences of the drop perturbation, the lizards’ limb position represents a system 

with high degree of freedom, and large orbital trajectories. To visualize and simplify limb 

movement, I examined the positions of the distal joints at touchdown relative to the hip, 

during flat running, the drop step and the post steps (post-inside and post-outside are 

Figure 5: Lizards maintain lengthened limbs throughout all portions of stance in 

drop steps relative to flat running. Average leg length as a percentage of total limb 

length is shown surrounded by a one standard deviation fill for all steps from Flat 

(orange) and Drop (green) steps. 
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combined). By mapping the positions of the knee, ankle, foot, and toe at touchdown and 

creating convex hulls of joint positions, we can visualize the variability of limb placement. 

The flat area contains all touchdowns recorded for each leg during the flat running trials, 

the drop area contains all touchdowns recorded during the drop step in perturbed trials, 

and the post area contains all touchdowns recorded during the post step in perturbed 

trials, as indicated in Figure 1B. When looking at the flat areas (solid, no fill; Figure 6), 

we see that the areas of joint placement increase in size moving distally indicating highly 

variable distal joint placement, with the knee having the smallest area and the toe having 

the largest area.  

During the “drop” step (dashed, orange fill), universally, there is a narrowing of 

the regions occupied by the joints for each joint and plane. Limb lengthening can be 

seen in the previously unexplored joint positions where the flat and drop regions do not 

overlap. However, large portions of the drop regions fall within the flat regions, 

suggesting that the large variability of the flat positions prove useful during the perturbed 

condition.  

During the post steps (dotted, purple fill), the regions occupied by the joint either 

remain constrained relative flat running or increase in size. As with the drop region, the 

post area occupies large portions of the flat region and has few novel joint position 

combinations relative to flat running, and even less novelty than the drop area. 



 

32 
 
 

Figure 6: Lizards limit variability in leg position at touchdown during the drop step. All 

joints in the sagittal planes (A, C, E, G) and frontal planes (B, D, F, H) for the knee, ankle, 

foot, and toe points respectively show decreased area occupied by the joint at all drop 

touchdowns (dashed, orange fill) compared to flat touchdowns (solid, no fill). Post-drop steps 

(dotted, purple fill) show intermediate decreases (C, G, E, G) or overcompensation (A, B, F, 

H). Percent difference from flat control conditions for the drop step are shown in orange and 

for the post-drop step in purple. 
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2.4.2 Kinetics 

In general, the lizards ran with spring-mass dynamics in both the flat and drop 

conditions (Figure 7). Average GRF traces show that the lizards modulate fore-aft force 

(Fx) generation with regions of deceleration in the first half of stance followed by 

acceleration. They also showed non-negligible force generation in the medial (Fy > 0) 

direction, as expected for their sprawled posture.  

Figure 7: Lizards run with slip-like dynamics through flat and drop conditions. 

Ground reaction force traces for flat and drop conditions with forces normalized for body 

weight. Average forces in the fore-aft (Fx, grey), medio-lateral (Fy, blue), and vertical (Fz, 

red) are shown over the period of ground contact. A one standard deviation region 

surrounds the mean in each direction for flat trials (unpatterned) and drop trials (dotted 

pattern). 
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Lizards did not alter peak accelerative Fx, peak Fy, or peak Fz force with 

condition. Peak decelerative Fx production did differ between the two conditions with the 

drop condition producing significantly lower decelerative forces (Figure 8A, Table 4). 

Additionally, lizards did not show significant differences in force impulse (J) in any 

direction or in total (Table 4). Comparisons between limb stiffness in both the first half 

and second half of stance reveal a significant trend toward compressive springs during 

drop trials as compared to extension springs during level running in the first half of 

stance (Figure 9A). The other measurements show similar relative mixtures of extension 

and compression for both Flat and Drop trials. Examining the absolute value of stiffness 

regardless of the direction of displacement, the magnitude of stiffness only changes in 

Figure 8: Lizards decelerate less through the drop condition. Lizards maintained peak 

force production in the (B) accelerative Fx, (C) Fy and (D) Fz directions. However, lizards 

increased peak deceleration (A) during drop trials. Flat trials are shown in green and Drop in 

orange.  
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Figure 9: Differences in lizard limb stiffness largely due to switches from compression 

to expansion springs. Lizards show changes in limb stiffness only in Kleg during the first half 

of stance (A). This significance however is due largely to the change in sign as limb 

shortening through stance results in a positive value for limb stiffness. Kvert in the first half of 

stance (B), and KLeg and Kvert in the second half of stance (C, D) all do not show significant 

changes. Significance is noted by an asterisk. 
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 Kvert during the first half of stance, from 165 +/- 34.5 N/m during the Flat 

condition and 68.5 +/- 11.2 N/m during the Drop condition.  

We also looked at changes in energies to understand how the increased 

potential energy (PE) was converted while hitting the drop (Daley et al., 2006a) (Figure 

10). As expected, we see a decrease in the change in potential energy, as the lizards 

are hitting the ground from a larger height and are not reaching CoM heights similar to 

their take off height from the ground and are remaining in the lowered surface. This was 

the only statistically significant change when randomized by individual. However, there 

was marginal significance in the change in horizontal kinetic energy (KEx) (p= 0.075). 

Figure 10: Lizards do not significantly alter change in energies in response to 

change in PE.  
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Table 4: ANCOVA Results Kinetics 

    numDF denDF F-value p-value   

Max Fx Deceleration 

Intercept 1 34 132.754 <0.001 *** 

Treatment 1 34 3.277 0.079 . 

Mass 1 34 4.336 0.045 * 

Max Fx Acceleration 
Intercept 1 35 29.445 <0.001 *** 

Treatment 1 35 0.084 0.774   

Max Fy 
Intercept 1 35 29.593 <0.001 *** 

Treatment 1 35 0.954 0.335   

Max Fz 

Intercept 1 35 271.965 <0.001 *** 

Treatment 1 35 2.685 0.11  

Mass 1 35 9.563 0.004 ** 

Force Impulse X 

Intercept 1 34 8.261 0.007 ** 

Treatment 1 34 2.946 0.095 . 

Mass 1 34 0.762 0.389   

Force Impulse Y 
Intercept 1 35 6.928 0.013 * 

Treatment 1 35 1.264 0.269   

Force Impulse Z 

Intercept 1 34 35.603 <0.001 *** 

Treatment 1 34 0.579 0.452  

Mass 1 34 0.647 0.427  

Total Force Impulse 

Intercept 1 34 38.404 <0.001 *** 

Treatment 1 34 0.689 0.412  

Mass 1 34 0.405 0.529   

Kleg Landing 
Intercept 1 31 6.001479 0.0201 * 

Treatment 1 31 11.10457 0.0022 ** 

Kleg Take off  
Intercept 1 33 7.464748 0.0100 * 

Treatment 1 33 1.985077 0.1682  

Kvert Landing  
Intercept 1 32 0.0023746 0.9614  

Treatment 1 32 0.394489 0.5344  

Kvert Take off 
Intercept 1 31 0.8216958 0.3717  

Treatment 1 31 1.7414009 0.1966  

Abs(Kleg) Landing 
Intercept 1 31 4.736061 0.0373 * 

Treatment 1 31 2.861158 0.1008   

Abs(Kleg ) Take off  
Intercept 1 33 12.378718 0.0013 ** 

Treatment 1 33 2.668001 0.1119  

Abs(Kvert ) Landing 
Intercept 1 32 30.279372 <0.001 *** 

Treatment 1 32 4.719716 0.0373 * 

Abs(Kvert ) Take off 
Intercept 1 31 38.75679 <0.001 *** 

Treatment 1 31 0.08695 0.7701  



 

38 
 

    numDF denDF F-value p-value   

Delta KEx 
Intercept 1 35 0.85353 0.3619  

Treatment 1 35 3.366679 0.075 . 

Delta KEy 
Intercept 1 35 0.9078613 0.3472   

Treatment 1 35 0.1308416 0.7197   

Delta KEz 
Intercept 1 35 1.2160542 0.2777  

Treatment 1 35 0.4156968 0.5233  

Delta PE 

Intercept 1 35 0.593781 0.4461   

Treatment 1 35 6.797427 0.0133 * 

Mass 1 35 1.1243841 0.2962   

Delta Ecom 
Intercept 1 35 0.0147946 0.9039  

Treatment 1 35 0.85353 0.3619   
 

2.6 Discussion 

The goal of this study was to examine the kinematics and kinetics of sprawled 

bipedal lizards as they navigate running over drops in terrain to understand how they 

contend with perturbations. The lizards in this experiment were able to maintain a 

bipedal posture over large distances of four or more strides with each leg, however the 

viewing volume limited our ability to catch all the strides per run, as the size of the lizards 

and the points used to mark them are within the lower range of the capabilities of our 

Motion Analysis System. However, we were able to film areas of consistent velocity 

running for multiple strides per leg, which lends support to the theory that quadrupedal 

lizards who preferentially adopt bipedalism are able to maintain this posture without 

constantly producing an righting moment through constant acceleration like previously 

hypothesized (Aerts et al., 2003; Clemente et al., 2008; Van Wassenbergh and Aerts, 

2013). 
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2.6.1  Variability Within The Sprawled Bipedal System 

The sprawled posture is a multi-degree of freedom system, which can achieve a 

large operational workspace, which we can define as space which contains all the 

potential end-effector poses. This space is a subset of ℝ4 defined by the x, y, and z 

positions of the toe and the angle relative to the axis of rotation, which defines the limb’s 

orientation. Not all orientations and positions achieve the task of running bipedally, so 

this space can be further subsetted into all the end-effector poses which achieves the 

task of bipedal running, called the task space. While this is a great tool for visualizing 

where the tip of the limb is in space, it does not contain information on the combination 

of joint positions which produced this outcome. The joint space, or all the possible 

positions each of the joints can reach, contains areas that are not accessible for our 

given task, whether it be because of obstacles due to orientation, or they result in invalid 

poses. By subsetting the joint space into what is called the configuration space, or the 

subset of joint space without invalid poses, we can further visualize how the end-effector 

pose is created by the combination of ranges of joint angles. 

During steady state running, bipedally sprawled lizards perform large limb 

movements in which all joints distal to the knee pin-wheel around the hip, almost like a 

freestyle stroke during swimming (Snyder, 1952; Snyder, 1962). Unlike their parasagittal 

counterparts, basilisks display extreme feats of hip abduction, which results in large 

elliptical orbits of the distal joints which surpass the height of the hip during swing 

(Figure 2). These elliptical orbits are seen in lizards like Callisaurus draconides and Uma 

scoparia when running bipedally (Irschick and Jayne, 1999). However, their orbits have 

much greater levels of abduction than lizards like Dipsosaurus dorsalis or 

Cnemidophorus tigris, whose distal limb segments do not rise above the hip (Irschick 
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and Jayne, 1999). This contrasts to quadrupedal running in these lizards, where the 

orbits are much flatter.  

The basilisks maintain a sprawled and crouched posture throughout stance, 

while lateral rotation through the hip which allows the knee to remain centered over the 

foot throughout (Figure 2B). This allows the body to remain sprawled while keeping the 

hip’s trajectory from translating medio-laterally as the body pivots about the foot. In doing 

so, the lizards are limiting roll and medio-lateral movement and keeping the CoM 

movement along the path of travel. During swing, the large orbits taken by the limb are 

possible due to the large configuration space of the hips. Interestingly, the flexion of the 

limb as it reaches its peak orbit places the distal joints as medially as possible. This 

suggests that this may be an attempt to direct the movement of the foot posteriorly 

before touchdown and minimize force production medio-laterally similar to swing leg 

retraction (Blum et al., 2010; Seyfarth et al., 2003); however the direct consequence of 

this needs to be explored further. 

Despite their lack of economy of motion within the direction of travel, the lizards 

run extremely quickly for their body size at around 1.8 ms-1. The orbits shown are similar 

to what has been shown for them running on water and match early descriptions of 

sprawled running dating back to the 50s (Hsieh, 2003; Snyder, 1952). The configuration 

spaces help visualize the cumulative effect of multiple degree of freedom joints in series, 

as the lizards have many possible combinations of joint positions that they use on 

normal flat ground (Figure 6; solid, no fill), which increase as we move distally till our 

representation of the task space as seen through the toe placement. While this increase 

could be a function of added length, there are not large differences in area between the 

ankle and the MTP. These large operating ranges allow the animal to be able to 
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effectively locomote with a variety of segment orientations relative to the hip and each 

other. We can think of these postures as the running playbook from which lizards can 

choose potential plays to navigate potential challenges in the terrain. New perturbations 

encountered likely can be combated with combinations previously explored, thus not 

necessitating novel and potentially unstable postures. 

2.6.2 Lizards’ Postural Changes Are Robust Compensations 

Drops in terrain have been shown repeatedly to be a challenge for animals. 

While birds can navigate drops of 40% of their leg length, when the drop was visible the 

birds occasionally refusal to enter the lower surfaced or fell, despite overwhelming 

success when surprised by the drop (Daley et al., 2006a). Humans navigating drops of 

10% of their leg length are harnessed to limit the potential for injury at this much smaller 

drop, and the navigation of which resulted in increases in ground reaction forces (Moritz, 

2004; Müller et al., 2014). Basilisk lizards, however, navigated these large perturbations 

with relative ease. Lizards maintained their average speed during the stride landing 

inside the drop relative to flat ground running. They did so without changes to their stride 

length or stride frequency, only showing decreases in their duty factor (Figure 3).  

This change alone does not explain how lizards are so robust to this terrain. 

Looking at a stride-to-stride comparison of average flat running and the drop and post 

step shows the timing of these compensations (Figure 4). Much of the postural changes 

look to be the result of falling into the drop, as seen in the more erect touchdown angle 

and body angle. This could be the consequence of the maintenance of limb cycling 

(Daley et al., 2007; Müller et al., 2015). For example, when the limb fails to hit the 

ground entering the drop, the limb hits the ground at a later portion of swing, resulting in 
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higher touchdown angles. However, this is not readily apparent in stride length. The 

stride lengths that we calculated are measured in 3D. As a result, there is large 

variability. One could imagine that if the leg length of the animal stayed the same as it 

was rotating, the stride length would be a function of the angular velocity of the limb, 

meaning that changes in fore-aft distance, could be masked by changes in vertical 

displacement. However, the lizards are increasing their effective limb length and taking a 

wider step, both of which would decrease the vertical component of distance, yet the 

stride length remains constant (Figure 4). To evaluate the existence of this level of 

control, additional studies using electromyography (EMGs) to determine the timing and 

magnitude of muscle activation patterns would need to be explored (Daley et al., 2007) 

In this study, the step following the drop step could represent two different 

events—either recovery from the drop step and preparation for the step out, or recovery 

from the drop step and execution of the step out of the lowered surface. Surprisingly, 

these are not statistically different for any of the above measured kinematic parameters 

(Figure 4). One thing to note is that the drop step and the post-inside step are seemingly 

similar events. A foot moves from an elevated surface and is lowered into a drop. 

However, these events are frequently dissimilar. The stride length, step width and 

touchdown angle are all lower in the post-inside step than they are during the drop step.  

Seemingly if the lizards’ limb placement during the drop step was the result of 

hitting at a later period of leg swing without control, then why does the post-inside step 

fail to do so? Potentially as the animal landed with a more upright posture during the 

drop step, they load their limb rapidly and it compresses, thus the following limb is 

positioned for a truncated orbit before it too hits during the post-inside step. However, we 
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see that the limb is extended throughout the stance period (Figure 5) and at the start of 

swing it remains extended.  

When the limb steps outside the drop in a post-outside step, however, we see 

very similar values to flat running. Stride length, body angle, and touchdown angle all are 

similar; however, stride width narrows. This could from the increased elevation limiting 

forward limb progression or could be the result of overcompensation from the much 

wider previous step. Both steps up onto elevated surfaces as well as steps down have 

been shown to be energetically costly (Voloshina and Ferris, 2015) and warrant 

preparatory changes in posture, stiffness and energetics in both bipedally running 

parasagittal animals as well as in quadrupedally running lizards, yet the difference these 

steps post drop are minimally different from level running (Aminiaghdam and Rode, 

2017; Birn-Jeffery and Daley, 2012; Birn-Jeffery et al., 2014; Ernst et al., 2019; Grimmer 

et al., 2008; Kohlsdorf and Biewener, 2006; Müller et al., 2012; Müller et al., 2016; 

Voloshina and Ferris, 2015).  

2.6.3 Variability Can Be An Asset Against Perturbations 

Due to the large joint spaces inherent to the sprawled system, lizards likely have 

a large playbook of joint positions that confer increased robustness to perturbations. 

When faced with a novel challenge, one can imagine that in a system with large joint 

spaces, a number of potential solutions to a novel task have been previously explored, 

while potentially not relied upon for steady state running. In all joints and planes, the 

drop step caused the lizard to narrow their operational range of postures (Figure 6). 

While these drop configuration spaces occupy the lower subspaces of the flat running 

configuration spaces, there are still wide areas of overlap, representative of redundant 
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task spaces between perturbed and steady state running. There are also novel 

combinations that did not occur during flat running, however, for most joints, this was far 

outweighed by established combinations. With this analysis however, we cannot 

understand the relative cost of exploring outside the established range, however, looking 

at the change in energies, we can assume this is minimal as energy was not seemingly 

lost (Figure 10). 

During the next step following the drop, there is a much less predictable pattern. 

Frequently this narrowing of configuration spaces persists. However, some configuration 

spaces have expanded past their steady state running spaces, most likely representing 

the steps that landed outside the drop and a posture to combat a new obstacle. These 

steps are not only dealing with just the fallout from the previous perturbation but 

potentially are preparation for the next event as well. 

Much like someone hitting a nail with a hammer, striking a beat on a drum, or 

hitting a golf ball the more proficient and experienced humans are, the more ways in 

which they can move their multi-segmented arms to complete the task. Those without 

the experience have significantly less ways in which they can approach the problem nor 

have the ability to economically adapt to increase accuracy when accomplishing a task 

(Allen and Franz, 2018; Altenmüller et al., 2020; Button et al., 2003; Langdown et al., 

2012) . Additionally, low variability in foot placement has been shown to be indicative of 

decline in peripheral sensory function in those with diabetes and indicative of fall risk 

(Bruijn et al., 2013). Lizards running across the trackway, have high variability in joint 

placement at touchdown. This means that relative to the hip, the joints have numerous 

combinations of placement and trajectory where the lizards are successful while running 

on even terrain. Tasks that must be completed outside this operating range or at the 
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fringes of this range would require additional motor planning, muscle recruitment, and 

potentially, energy (Altenmüller et al., 2020; Williams et al., 2014). 

2.6.4 Kinetics 

We show that bipedally running basilisks produce SLIP like kinetics while 

producing relatively large mediolateral force production common to sprawled runners 

(Chen et al., 2006; Farley and Ko, 1997; Hsieh and Lauder, 2004; Lee, 2011; McElroy et 

al., 2014), unlike that seen in parasagittal organisms (Lee, 2011; Nilsson and 

Thorstensson, 1989; Walter and Carrier, 2007). Similarly to compensations seen in 

birds, the increased energy of landing into the lowered is surface is being converted 

such that it most similarly matches flat ground running, while not sacrificing performance 

(Birn-Jeffery et al., 2014; Blum et al., 2014; Daley et al., 2006a; Daley et al., 2007). The 

lizards decelerate less once hitting the force plate inside the drop while other peak 

forces and force impulses stay consistent between the two conditions. Hidden in the 

peaks, the average force graphs tell a different story about the timing of force production 

and its role in compensation for the perturbation. Force profiles of lizards running across 

drop perturbations rapidly diverge from their flat counterparts while reaching similar 

peaks at midstance. However, following around 40% of the stance phase, these traces 

converge and look nearly indistinguishable from one another. This energy is converted 

quickly to maintain CoM dynamics similarly seen in cockroaches and birds (Daley et al., 

2006a; Daley et al., 2007; Jindrich and Full, 2002; Spence et al., 2010).  

Through comparisons between erect and crouched runners like humans and 

birds, a common theme has emerged. Erect runners, due to their already extended 

limbs, rely on changes in stiffness to compensate for changes in surface height and 
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material properties, while crouched runners rely on changes in limb lengthening and limb 

positioning relative to the body at touchdown (Blum et al., 2011; Ernst et al., 2019; Ferris 

and Farley, 1997; Ferris et al., 1998; Ferris et al., 1998; Moritz, 2004a; Moritz and 

Farley, 2003; Müller et al., 2015; Müller et al., 2016; Voloshina and Ferris, 2015). In 

general, there is a lack of kinetic information on lizard locomotion, but there are even 

fewer studies which look at limb stiffness outside of the sagittal plane. This is largely due 

to the prevalence of studies on parasagittal organisms whose force production lies 

overwhelmingly in the sagittal plane. This has necessitated examining novel approaches 

to estimating stiffness calculations when forces are produced in three dimensions. 

Current methods used by biomechanics including Kvert and Kleg (Ferris and Farley, 1997; 

McMahon and Cheng, 1990) or through estimations through minimizations of total 

actuator work (Lee et al., 2007; Lee et al., 2014) can be translated to a three 

dimensional system, this is the first study to our knowledge which does so. By using a 

blended approach of acknowledging limb shortening both vertically and medially and 

taking the component of force being transmitted through the limb we hope to better 

represent stiffness in a sprawled system. Additionally, unlike that predicted in the SLIP 

model, basilisk lizards’ peak force and maximum compression do not happen 

concurrently so traditional means of stiffness calculation do not give an accurate 

representation of stiffness in this system. While the impacts of stiffness are still 

developing, there are marketed stiffness magnitude changes between our calculation of 

Kleg which suggests that lizards do not strictly follow the crouching negates the need for 

compensation through stiffness. 

Overall, basilisks are limiting their CoM dynamics while running though the drop 

to maintain the consistency of the CoM height. Frequently, we measured periods of limb 
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lengthening by midstance that is likely the result of a combination of leg lengthening and 

stiffness because the leg does in fact compress as seen in the effective limb length 

plots. Parasagittal organisms like birds and humans have shown propensities for leg 

lengthening and limb stiffening, however we see that the amount of compression is 

limited during drop steps. By shifting the body position upwards though increased body 

angles, tail angles and touchdown angles, the lizards are likely centering the CoM 

posteriorly and closer to their base of support, while allowing the springy distal elements 

of the toes and foot quickly come into contact with the surface to load their viscoelastic 

tendons (Aerts et al., 2003; Blum et al., 2011; Daley et al., 2006a; Jindrich and Full, 

2002; Spence et al., 2010). 

2.7 Conclusion 

This chapter showed that basilisk lizards running over drops of 40% of their leg 

length are able to compensate by using a combination of an erect body posture, limb 

lengthening and slight changes to their limb stiffness. This approach marries techniques 

seen in both humans and birds. Through the exploration of large task spaces due to their 

high degree of freedom limb morphology, basilisks limit the need for novel body segment 

arrangements to solve complex perturbations. In doing so, the lizards limit the movement 

of their center of mass and rapidly return to kinematics similar to flat ground running. 

Understanding the role of feedforward versus feedback levels of control necessitates 

further analysis both in the angular velocity of the limbs as it cycles as well as in the 

activation and timing of muscles relative to the onset of the perturbation. Without this, it 

is unclear whether there are anticipatory changes happening or whether the postural 

changes seen are the result of embodied intelligence—the combination of morphology 
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and geometry which produces changes in movement without sensory feedback—or 

changes in the timing of impact paired with constant limb cycling.  
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CHAPTER THREE: LIZARDS RUNNING ON SAND 

3.1 Abstract 

Despite the ubiquity of granular media in the terrestrial environment, how animals 

run across it is not well understood. However, results from a previous study comparing 

running performance among three species of lizards representing a desert generalist 

(Crotaphytus bicinctores), a desert specialist (Callisaurus draconoides) and a fluid 

specialist (Basiliscus vittatus) showed that they ran at remarkably similar speeds on both 

hard level terrain and flat granular terrain. While sand specialists ran with the highest 

maximum speeds on both surfaces, observed differences in stride kinematics did not 

sufficiently explain the relatively few performance differences that were present. To 

further explore how dynamic foot-ground interactions influence performance while 

running on level granular media, we used high-speed video radiography to visualize foot 

movement while submerged within granular material. We found that sand specialists 

intruded into the granular media less deeply and with a flatter foot touchdown angle 

compared to desert generalists and fluid specialists. Additionally, the sand specialists 

spread their toes at a ~2-3 particle diameter distance where we have previously 

observed peak force production in granular media for two parallel intruders. When 

comparing performance across the three species, toe-spread and foot touchdown angle 

seem to be correlated with running performance. How and why these kinematic 

variables may correlate with running speed on granular media will be explored in greater 

depth. 
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3.2 Introduction 

The terrestrial environment is full of challenging obstacles for animals navigating 

acrost it. As biomechanists, we have studied numerous influences on terrestrial 

locomotion, like obstacles, perturbations, and terrain type as mentioned at length in the 

previous chapter. However, the sheer richness in the material properties of the substrate 

that terrestrial animals interact with constitutes a constant challenge to locomotion. 

Granular media poses a particularly challenging yet ubiquitous media, as it includes 

things like sand, snow, gravel, and soil. This media’s properties as a non-Newtonian fluid 

causes it to behave non-linearly with shear rate (Li et al., 2013). As a result, it undergoes 

state changes that move the material from a solid like state at rest to a fluid-like state 

when sheared.  

Terrestrial animals who encounter granular media must be able to manipulate 

these state changes in order to obtain prey, escape predators, and perform other routine 

locomotor activities. For example, it is known that the impact of a foot on granular media 

can elicit fluidization with the right combination of packing fractions and limb frequency 

(Li et al., 2009), with propulsive force being produced coincident with some amount of 

material solidification (Van Der Meer, 2017). Successful locomotion across granular 

media therefore necessitates animals being able to sense and manipulate these state 

changes, all the while navigating terrain that exhibits heterogeneous material properties, 

such as grain size or differences in compaction. Failure to gain enough purchase to 

facilitate forward locomotion can result in slipping, inefficient forward progression, or 

even falling (Li et al., 2009; Li et al., 2013). 

Modeling the movement of granular media following impact is still a relatively 

new and poorly understood field, especially when it comes to active intrusions at high 



 

51 
 

speed (Van Der Meer, 2017). Resistive force theory (RFT) dictates that the relationship 

between Fz varies linearly with penetration depth and can be approximated through 

relationships between limb geometry, depth and surface area (Ding et al., 2011; Kang et 

al., 2018; Li et al., 2013). Additionally, through simulations and experiments in parallel 

rods intruding to granular material has shown that spacings between 3 and 5 particle 

diameters, regardless of size, show increased net- work relative to other spacings, 

potentially due to particle-particle interactions and arcing (Pravin et al., 2021; To et al., 

2001). However, how this relates in practice to legged animal locomotion isn’t well 

understood. 

Sea turtles exhibit a series of plant and pivot moves in order to keep the sand 

from fluidizing, and to create a “solid” surface to push back against, similarly to a starting 

block with sprinters, to generate forward movement (Mazouchova et al., 2010). Humans 

while walking and running on sand consume 2.1 and 1.6 times more energy respectively 

than performing the same gait and speed on hard surfaces due to mechanical work done 

on the sand (Lejeune et al., 1998). Lizards’ running performance is negatively impacted 

on granular material with low friction due to lack of grip (Brandt et al., 2015). The 

propensity for fluidization causes lizards to run unstably with lower velocities and higher 

duty factors (Bergmann et al., 2017). 

Interestingly, the zebra-tailed lizard (Callisaurus draconoides), a lizard found in 

dry river washes, is able to maintain its running speed on granular material, and shows 

shifts from spring-like feet on hard surfaces to paddle-like feet while running on granular 

media (Li et al., 2012). This shift suggests that they use their tendinous feet to store 

energy at stance on hard surfaces, and as dampers on sand whose dynamics facilitate 

solidification for greater forward progression.  
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Morphological adaptations for running and burrowing in sand can be seen in 

lizards such as the fringed-toed lizard, Uma scoparia, who can be found living on sand 

dunes in the Mojave Desert with small scales lining the borders of the phalanges, or in 

the Namib sand gecko, Pachydactylus rangei, native to the Namibia Desert who has 

developed webbing between its toes (Bauer and Russell, 1991). However, due to the 

ubiquity of granular media in the terrestrial environment, morphological adaptations for 

granular media remain the exception. There is a common foot shape found among the 

Iguania suborder, of which zebra-tailed lizards are a member, which is used for 

locomotion across hard packed material, soft granular media, as well as running on 

water and includes the basilisk lizards studied in the previous chapter.  

In this work, we seek to understand the role of foot kinematics while running on 

granular media, while examining the performance of lizards representing sand 

specialists, desert generalists, and fluid specialists. By using three species of lizards 

who share similar foot shape and body size, we intend to isolate the kinematic changes 

that increase performance, rather than morphological. Additionally we can ask questions 

about the role of habitat generalization, as it has been previously shown that lizards 

living in rocky areas are more robust to changes in substrate rugosity compared to 

arboreal lizards (Collins et al., 2013). We hypothesize that all the lizards will move from 

spring-like feet on the hard ground to paddle like feet on the granular media, resulting in 

a switch from a digitigrade posture, where the toe tips contact the ground first, to a 

plantigrade posture, where the sole of the foot comes into contact along with the toes, as 

previously shown in zebra-tailed lizards (Li et al., 2012). However, as the sand obscures 

the foot throughout stance, video radiography is essential to understand the sub-surface 

kinematics of the foot. 
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While traditional videography has been used for well over 50 years to capture 

animal movement, bi-planar highspeed video radiography is a relatively new tool to 

visualize animal movement. High speed X-ray has become relatively popularized 

through X-ray reconstruction of moving morphology (XROMM), a technique in which 

position coordinates of bones are derived from high speed X-ray are overlayed with 

micro-CT scans (Brainerd et al., 2010). Typically, the markers used in XROMM are 

typically surgically implanted into the bones of the subject, which allows for highly 

accurate video reconstruction (Brainerd et al., 2010; Kambic et al., 2014; Mayerl et al., 

2016). However, animals typically used in this technique are much larger than the lizards 

routinely studied in the lab, and their bones, especially in the feet, would be much too 

small to identify with traditional methods. 

To be able to answer how lizards use their kinematics to effectively run across 

granular media, I quantified kinematics using light and x-ray video. Desert generalists 

(Crotaphytus collaris), who can be found on a variety of desert substrates, sand 

specialists (Callisaurus draconoides), who are commonly on loosely packed sand and 

sand dunes, as well as fluid running specialists (Basiliscus vittatus) were tested to 

compare running performance on flat hard surfaces as a control and flat loosely packed 

granular media (poppy seeds). In this way, we could understand how effective 

generalism is on specialized substrates, and how flexible specialists are to novel 

substrates.  
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3.3 Methods  

3.3.1 Subjects 

This study examined three species of lizards, zebra-tailed lizards (Callisaurus 

draconoides), basilisk lizards (Basiliscus vittatus), and collared lizards (Crotaphytus 

collaris). These lizards represented a sand specialist (Zebra-tailed), a fluid specialist 

(Basilisk), and a desert generalist (Collared). For the first part of this study, the lizards 

were purchased through reptile wholesalers (Underground Reptiles, Deerfield Beach, 

FL; Back Water Reptiles, Rocklin, CA) and were housed at Temple University. For the 

second part of this study, the desert species were collected in the Mojave Desert funded 

through a Fellowship of Graduate Student Travel (FGST) grant obtained by Catalina 

Mantilla, Ph.D. through the Society of Integrative and Comparative Biology in 2019. The 

Fluid specialists were purchased through a reptile wholesaler (Back Water Reptiles, 

Rocklin, CA) and were brought to the University of Chicago. 

Lizards were housed individually and were fed three times weekly with a diet of 

cockroaches (Blaptica dubia, Blaberus disicoidalis, and Eublaberus posticus) or crickets 

dusted with vitamin (Supervite, Repashy Ventures, Oceanside, CA) and calcium 

(ReptiCalcium, Zoo Med Laboratories, Inc., San Luis Obispo, CA) supplements. Rooms 

were maintained on a 12:12 hour light: dark cycle at 28-31 °C. Water was provided in 

bowls ad libitum and lizards were also misted daily. All experiments were performed in 

accordance with protocols approved by Temple University’s Animal Care and Use 

Committee ACUP #4852 as well as the University of Chicago’s Animal Care and Use 

Committee ACUP #72565. Collection of lizards in the state of California for research use 

was approved by the California Department of Fish and Wildlife permit ID: GW-

190390002-19039-001 awarded to Catalina Mantilla. 
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Table 5: Summary Statistics of Lizards Used in Light Video 

 Number of Trials    

ID 
Hard 
Flat 

Flat 
Granular 

Mass (g) SVL (cm) 
Leg Length 

(cm) 
Bas 09 10  39 10.5 11.3 
Bas10 10  35.12 +/- 1.26 10.7+/- 0.158 11.1 
Bas 31 10  17.5 8.9 9.7 
Bas 32  10 21.1 9.5 9.87 
Bas 35  10 19.1 9.1 9.45 
Bas 36  10 21.4 9.3 9.08 

Collared 01 10 10 25.8 +/- 2.20 7.5 8.01 +/- 0.328 
Collared 02 7 10 19.3 +/- 0.315 7.78 +/- 0.097 7.12 
Collared 04 10 10 21.5 +/- 1.64 8.00 +/- 0.205 7.97 +/- 0.236 

Zebra 01 10 10 11.2 +/- 0.280 7.2 7.50 +/- 0.303 
Zebra 02 10 10 12.3 +/- 1.08 7.79 +/- 0.336 7.47 +/- 0.026 
Zebra 04 9 10 11.5 +/- 0.478 7.86 +/- 0.108 7.70 +/- 0.302 
Zebra 05 12 12 14.1 7.6 7.02 

3.4 Above Ground Analysis 

3.4.1 Experimental Setup 

3.4.1.1 Above Ground Setup 

 For the control condition, kinematic and kinetic data were collected as the lizards 

ran down a 2m long trackway covered with 150 grit sandpaper for traction. The trackway 

was surrounded on three sides by plywood walls, as well as a clear sheet of acrylic 

along one wall to facilitate forward movement as well as filming with light video (Figure 

11 top). For the flat granular condition, the lizards were filmed as they ran through a 2m 

long fluidizable trackway filled with poppy seeds (Packing fraction, Φ = 0.517, Figure 11 

bottom). Prior to each trial, the trackway was fluidized using an industrial blower to 

ensure consistency in Φ and to smooth the running surface.  
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Kinematics were recorded using a high-speed camera (Photron Fastcam, SA3) 

at 500 frames per second (fps) and 1/30000 s shutter. The laterally positioned camera 

filmed through a Plexiglas window for both conditions and dorsally through an angled 

mirror attached above the trackway in the hard ground condition. The lizards’ bodies and 

limbs were marked with non-toxic correction fluid (Liquid Correction Fluid, Paper Mate, 

Oak Brooks, IL) to facilitate motion tracking. Runs were digitized using Ty Hedrick’s 

digitizing software (Hedrick, 2008). All additional analyses were conducted using custom 

MATLAB code (Mathworks, Natick, MA).  

 

Figure 11: Photos of hard (top) and fluidizable trackways (bottom) used in 

part one of research approach to generalists vs. specialists running over 

granular media. 
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3.4.1.2 Sub Surface Setup 

Lizards were filmed using high speed bi-planar video radiography (University of 

Chicago XROMM facility) at 500 fps and a shutter speed of 1/1000 s-1 (Figure 13). Daily 

settings of the emitters and receivers is listed in Table 6. Additionally, there was a 

synchronized high-speed light   camera also filming at 500 fps lateral to the trackway. 

The lizards’ hindlimbs were each marked with nine radio-opaque steel beads using 

Figure 13: Experimental setup at the University of Chicago 

II 
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Φ
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Figure 12: Labeling schematic and body measurements for granular media analysis. 
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eyelash glue (Figure 12). The beads were placed on the knee, ankle, tarsometatarsal 

phalangeal joint of the fourth toe, mid-way down the length of the fourth toe, the tips of 

toes 2,3,4 and 5, as well as a point on the medial portion of the foot to create a plane. 

The total mass of the 18 steel beads was 0.3 g. The lizards ran through a 1.52 m long 

custom-built Plexiglas trackway filled with poppy seeds (Φ =0.47). Between each trial, 

the poppy seeds were mixed then smoothed by hand to maintain consistency in 𝜙 and 

maintain a flat running surface.  

Table 6: Variable IIS Settings by Day 

Date Treatment KV mA Angle Camera 1 Angle Camera 2 

6/17/2019 Level 100 16 90 92 

6/18/2019 Level 100 16 112 109 

6/19/2019 Level 100 16 112 109 

6/25/2019 Level 90 20 90 92 

6/26/2019 Level 100 20 90 92 
 

Each day, the filming volume was calibrated using a combination of calibration 

cubes and grids. To process the data, videos were undistorted, 3D positions of the 

camera were calculated, and markers were tracked using XMALab (Brainerd et al., 

2010; Knorlein et al., 2016). Data were then exported and processed in MATLAB using 

custom code. Due to calibration protocol, the coordinate system was misaligned to the 

global system, therefore the x-ray data needed to be reoriented such that +X was 

pointing downstream of the lizards’ running direction, +Y pointed to the left, and +Z was 

pointing vertically upwards as defined by the right-hand rule (Figure 12). 

 For this I researched different data compression methods and decided to reduce 

frames where the lizards touched the ground (confirmed by light video) to create an 
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estimate for the plane where z=0. In this way, each day and XMALAB calibration could 

be independently translated then rotated, and the process could be automated.  

I concatenated the three-dimensional coordinates for every foot fall for each trial 

collected on a given day and subtracted the centroid of the cloud of points from the data. 

This cloud of points then technically represented a plane which spans across x and y, 

where z = 0. By using Singular Value Decomposition (SVD), the normal of the plane can 

be found and used in a rotation matrix to bring the data into a coordinate system defined 

by the right-hand rule. The SVD of a matrix 𝐴 ∈ ℝ    produces the following 

decomposition: 

Eq. 6 

𝐴 𝑈𝑆𝑉 , 

Where 𝑈 ℝ    and 𝑉 ℝ    are orthogonal matrixes, and 𝑆 ∈ ℝ    is a diagonal 

matrix containing the singular values σ1 ≥ σ2 ≥ ꞏ ꞏ ꞏ, ≥ σr ≥ 0, r = min(m, n). When using 

SVD to assign a plane to a cloud of points, a good fit is known when the last singular 

value σr approaches zero. We saved this value as a measure for goodness of fit for all 

our planes. The normal of the plane can be found in the final column of the V matrix. We 

then used this vector to translate our data using 𝑍 𝑍
⋅

, where A is our cloud of 

points. 

To begin the rotation of this data, we needed to find the angle between our SVD 

derived plane relative to the horizontal or xy-plane (θ) and the axis of rotation u = (ux, uy, 

uz). In order to do this, we needed a unitized axis of rotation (u) relative to the xy-plane 

[0,0,1] calculated as: 
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Eq. 7: 

𝒌 𝟎,𝟎,𝟏 ; 

𝑚
𝑉 𝑘

|𝑉|
 

𝒖
𝑚

|𝑚|
 

And the angle between the planes (θ) calculated as: 

Eq. 8: 

𝜃  𝜋 arctan
𝑘 𝑉
𝑘 ⋅ 𝑉

 

Using the axis of rotation u and angle θ, we then multiply the following rotation matrix R 

to each trial collected on a given day: 

Eq. 9: 

𝑅

𝑐𝑜𝑠θ 𝑢 1 𝑐𝑜𝑠𝜃 𝑢 𝑢 1 𝑐𝑜𝑠𝜃 𝑢 𝑠𝑖𝑛𝜃 𝑢 𝑢 1 𝑐𝑜𝑠𝜃 𝑢 𝑠𝑖𝑛𝜃

𝑢 𝑢 1 𝑐𝑜𝑠𝜃 𝑢 𝑠𝑖𝑛𝜃 𝑐𝑜𝑠θ 𝑢 1 𝑐𝑜𝑠𝜃 𝑢 𝑢 1 𝑐𝑜𝑠𝜃 𝑢 𝑠𝑖𝑛𝜃

𝑢 𝑢 1 𝑐𝑜𝑠𝜃 𝑢 𝑠𝑖𝑛𝜃 𝑢 𝑢 1 𝑐𝑜𝑠𝜃 𝑢 𝑠𝑖𝑛𝜃 𝑐𝑜𝑠θ 𝑢 1 𝑐𝑜𝑠𝜃
 

This resulted in globally rotated data where the average of all the touchdown z 

positions was z = 0.  

3.4.2 Data Analysis 

3.4.2.1 Kinematics 

Successful trials, regardless of pose, occurred when the lizard ran across the 

trackway with deviations in velocity of less than 20% with at least three strides per leg in 

the hard flat condition. For the flat granular condition restrictions were not placed on 

deviations in velocity. Trials were deemed successful when the lizard was already 
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moving once it entered the viewing volume and continued running as it exited the 

viewing volume. Trials collected from both experimental setups were filtered using a 

fourth-order, 60 Hz low-pass Butterworth filter. Locomotor postures were defined as 

follows. Bipedalism occurred when only the hindlimbs were in contact with the ground 

while running through the filming volume. Quadrupedalism occurred when all four feet 

contacted the ground in a consistent manner with trotting. A mixed posture was recorded 

during postures which had event which violated the definitions of bipedalism and 

quadrupedalism, including single stabilizing foot placements in mainly bipedal running, 

and failure of forelimb placement during quadrupedal running. 

We calculated five variables to characterize the stride: mean average speed 

(UTot), mean stride length (StrdL), mean stride frequency (StrdF), and mean duty factor 

(DF). UTot was calculated as the derivative of the position of the mid-body point relative to 

time in two-dimensional space and was normalized by the total leg length (Ltot). Ltot was 

measured as the sum of limb segment lengths from hip to the tip of the fourth toe. StrdL 

was calculated as the total two-dimensional distance traversed from the first to the final 

foot down of a single foot, divided by the number of strides. StrdL was then normalized 

by the total leg length. StrdF was calculated by dividing the number of strides in a trial by 

the amount of time from the first foot down to the final footfall by the same foot. DF was 

calculated as the ratio of the duration of time the foot was in stance phase to the 

duration of the stride; then, a single mean value was calculated for each trial.  

The subsurface kinematics was examined through touchdown angle (ΦTD), foot 

stiffness, max toe depth, and the toe spread. ΦTD consisted of the angle formed by the 

line extending from the hip to the toe (L) upon initial toe contact with the ground relative 

to the horizontal. Foot stiffness was calculated as the maximum hyperextension angle of 
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the toes measured as the angle between the segments from ankle to metatarsal-

phalangeal joint (MTP) and MTP to the tip of the fourth toe. Smaller hyperextension 

angles represented stiff feet, while increasing hyperextension angles represented more 

flexible feet. Maximum toe depth was calculated as the maximum penetration depth of 

the tip of the fourth toe in the vertical direction (z). Toe spread was as the 3-dimensional 

distance between the toes, and was measured between toes two and three, and three 

and four. 

3.4.2.2 Statistics 

Kinematic variables were modeled using linear mixed effect models with total leg 

length (Ltot), species, and treatment as factors, if significant, RStudio (nlme; Team 2020, 

PBC, Boston, MA). P-values were obtained using ANCOVAs (ANOVA, R) with a 95% 

confidence interval. Post-hoc pairwise tests were conducted with Tukey honest 

significant difference tests (TukeyHSD, R), to compare across species and treatment 

with an ∝=0.05. All tests were performed in RStudio (Team 2022, PBC, Boston, MA, 

USA). Unless otherwise stated, all means are presented as means ± s.e.m.  

3.5 Results 

3.5.1 Above Surface Kinematics 

The lizards in this study showed a variety of running postures. As expected, the 

fluid specialists ran consistently with a bipedal posture and were infrequently recorded 

using a mixed posture only twice out of the 58 trials analyzed. Both instances occurred 

while running on granular media. The sand specialists showed a preference for running 

quadrupedally across both surfaces but had higher incidence of using a mixed posture 
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than the fluid specialist (1 out of 32 granular trials, and 7 out of 29 hard trials). The 

desert generalists adopted postures seemingly at random with 11 quadrupedal, 11 

mixed, and 5 bipedal trials on the flat hard surface and 13 quadrupedal, 5 mixed, and 12 

bipedal trials on the flat granular surface.  

The sand specialist showed the fastest top speeds across both surfaces; 

however, they did not consistently outperform the other species (Figure 14). On the solid 

surface, the sand specialist and desert generalist ran at similar average speeds and ran 

significantly faster than the fluid specialist (Figure 14,   

Figure 14: Fluid specialst maintain their average speedewhile running across both 

treatments. Sand specialsts showed highest maximum speeds on the two surfaces. Desert 

species slow on the granular media. Fluid specialsts are denoted in green, desert generalists in 

orange, and sand specialists in purple.  
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Table 7). Both the desert generalist and sand ran more slowly on the granular 

media, while the fluid specialist did not. Both specialist type lizards showed increased 

variability while running on the granular media.  
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Figure 16: Sand specialists ran with the highest stride frequencies on both treatments, 

when controlled for velocity. Fluid specialists and desert generalists showed similar stride 

frequencies to one another and significantly decreased their stride frequency on the granular 

surface. Fluid specialists are denoted in green, desert generalists in orange, and sand specialists 

in purple. 

Figure 15: Sand specialists maintain their stride length across treatments, while desert 

generalists and fluid specialsits shorten stride length. Fluid specialists are denoted in green, 

desert generalists in orange, and sand specialists in purple.  
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Fluid specialists took the longest strides on both treatments, while the desert 

species ran with similar stride lengths (Figure 15, Table 17, Table 7). Sand specialists 

were the only species to maintain their stride length across the two surfaces.  Fluid 

specialists and desert generalists showed similar stride frequencies to one another and 

significantly decreased their stride frequency on the granular surface (Figure 16, Table 

7). All lizards showed higher variability on the granular surface. Quantifying duty factor 

for lizards running on granular media is particularly difficult, because the media obscures 

the extraction of the foot and complicated the definition of stance. For this study, foot off 

was denoted as the frame before the toe tip was visibly cleared the surface. With this 

method, desert species showed similar duty factors to one another regardless of 

treatment and kept their feet in contact with the ground for greater proportion of the 

stride (Figure 17, Table 7). All three lizards increased duty factor on the granular media 

compared to hard ground. Means for all the kinematic variables used in the above 

ground analysis can be found in Table 17 in the supplements.  

Figure 17: All lizards increased duty factor while running on the granular media. Desert 

species ran with significantly heigher duty factors than the fluidsspeciaists. Fluid specialsts are 

denoted in green, desert generalists in orange, and sand specialists in purple. 
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 As mentioned previously, the desert generalists showed much larger ranges of 

postural preferences than the specialists. This change of posture comes at the cost of 

performance on the different treatments (Figure 18, Tukey HSD ∝=0.05, Table 8 ). While 

running on the hard flat ground, the desert generalist runs at significantly higher speeds 

when adopting a bipedal or mixed posture and slows when running quadrupedally. Both 

quadrupedal and mixed postures have highly variable performance. While running on 

the granular media, the mixed gait outperforms the purely quadrupedal posture. Means 

of normalized speed can be found in Table 18 in the supplements.  

  

Figure 18: Quadrupedal gaits limit performance of desert generalists on both hard flat 

terrain and flat granular media. Bipedal gait shows increased performance to quadrupedal on 

hard flat terrain. Mixed gaits show increased performance relative to quadrupedal on flat granular 

terrain. Bipedalism is shown in light blue, mixed gaits are shown in dark blue and quadrupedalism 

is shown in green, moving from left to right per treatment. 
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Table 7: ANCOVA Effects Results from Above Ground Study 

    Sum Sq Df F value 
Pr 

(>F) 
  

Velocity (LL/s) 

Treatment 208.2 1 14.21 <0.001 *** 

Species 329.5 2 11.24 <0.001 *** 
Treatment*Species 71.37 2 2.436 0.091 . 

Residuals 2491 170    

Stride Length 
(LL) 

Treatment 9.615 1 41.04 <0.001 *** 
Species 21.05 2 44.94 <0.001 *** 

Treatment*Species 0.890 2 1.901 0.153  

Residuals 36.08 154    

Stride 
Frequency 

Normalized Velocity (LL) 43.19 1 59.98 <0.001 *** 
Treatment 4.739 1 6.582 0.011 * 
Species 152.3 2 105.7 <0.001 *** 

Treatment*Species 4.467 2 3.102 0.048 * 
Residuals 121.0 168    

Duty Factor 

Normalized Velocity (LL) 0.0816 1 33.62 <0.001 *** 
Treatment 0.2832 1 116.7 <0.001 *** 
Species 0.1655 2 34.12 <0.001 *** 

Treatment*Species 0.0254 2 5.237 0.006 ** 
Residuals 0.4100 169    

 

Table 8: Two-way ANOVA Results for Normalized Velocity in Desert Generalists 

  
Sum 
Sq 

Df 
F 

value 
Pr(>F)   

Treatment 104.6 1 6.749 0.012 * 
Gait 441.9 2 14.26 <0.001 *** 

Treatment*Gait 68.61 2 2.214 0.120  

Residuals 790.1 51    

 

3.5.2 Sub-surface Results 

Results of a three-way ANOVA showed that was no significant effect for running 

speed between these two datasets (F-value (2,388,2) = 0.4538, p=0.6355), so we 

considered the results of the two datasets to be comparable.  



 

69 
 

 While running on the hard surface, all three species of lizards ran in a digitigrade 

posture, where the toes are contacting the ground first, followed by the ankle (Figure 

19). Fluid specialists exhibited large ranges of variation, however on average they ran 

with a digitigrade posture. The lizards all shifted from digitigrade posture on the hard 

ground to a plantigrade posture on the granular media resulting in significantly more 

acute touchdown angles relative to the horizontal (Table 9,Table 10). Sand specialists 

flattened touchdown angle the greatest compared to the fluid specialist and desert 

generalist, resulting in a touchdown angle similar to desert generalists. Fluid specialists 

maintained more upright touchdown angles on the flat granular terrain relative to the 

desert lizards. The desert generalist’s relatively flat touchdown angles may be the result 

of gait, but this has yet to be tested.  

Sand specialists were the only lizards who maintained foot stiffness between 

hard flat and flat granular terrain (Figure 20). During hard flat running, desert generalists 

Figure 19: Lizards shift from a digitigrade posture to a plantigrade posture while running 

on granular media. All species of lizards show larger touchdown angles on hard flat terrain. Fluid 

specialsts are denoted in green, desert generalists in orange, and sand specialists in purple. 
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ran with very compliant feet relative to the other species who maintained similar angles 

of foot flexibility. While running on granular terrain, desert species either maintained 

stiffness or increased stiffness, while fluid specialists’ feet became more compliant. Fluid 

specialists and desert generalists showed inverse responses between the two surfaces. 

Fluid specialists’ feet became more compliant when running on granular media, while 

desert generalists drastically stiffened their feet.  

Sand specialists intruded into the granular media almost half as deeply than the 

fluid specialists and desert generalists (Figure 21, Table 19).  

Figure 20: Sand specialists maintain foot stiffness between hard flat and flat granular 

terrain. Fluid specialists and desert generalists show inverse responses between the two 

surfaces. Fluid specialists’ feet become more compliant when running on granular media, while 

desert generalists drastically stiffen their feet. Fluid specialsts are denoted in green, desert 

generalists in orange, and sand specialists in purple. 
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We also examined the average spacing of the toes between the two conditions 

(Figure 22). For the distance between the smaller and more medial toe, toe two, and toe 

three (see diagram Figure 22B) , both desert species have similar ranges which occupy 

around 6.5 – 7 pd (Figure 22A), while the fluid specialists’ distances average around 10 

pd (Supplemental Table 19). The distance between the largest and more lateral toe, toe 

four, and toe three, both the fluid specialist and desert generalist have increased 

spacings compared to toes two-three. Fluid specialist have significantly increased 

spacings, resulting in each lizard having different pairwise spacings. Means for all sub-

surface variables can be found in Table 19.  

 

Figure 21: Sand specialists intrude into the sand less deeply than desert generalists 

and fluid specialists. Desert generalists and fluid specialists intrude similarly deep into the 

granular media. Fluid specialsts are denoted in green, desert generalists in orange, and sand 

specialists in purple. 



 

72 
 

 

Figure 22: Sand specialists alone have toe spacings which consistently occupy 

spacings which have been shown to produce higher work in parallel intruders. In both 

spacings between toes 2-3 (A) and 3-4 (B) sand specialists maintain spacings which occupy 

portions of the 90% boundary of peak work shown experiments on parallel intruders (green, 

filled area). Fluid specialists never occupy this area and desert generalist only occupy this 

area in the smallest of toes. Fluid specialsts are denoted in green, desert generalists in 

orange, and sand specialists in purple. 

A B 
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Table 9: ANOVA Results for Subsurface Analysis 

 Source DF 
Sum of 

Squares 
Mean 

Square 
F Ratio Prob > F 

Duty Factor 

Model 5 0.373 0.075 22.9 <.0001 

Error 129 0.421 0.003   

C. Total 134 0.794    

Velocity (LL/s) 
Model 5 443 88.6 6.73 <.0001 
Error 129 1699 13.2   

C. Total 134 2142    

Touch Down 
Angle 

Model 5 6827 1365 29.3 <.0001 
Error 109 5077 46.6   

C. Total 114 11905    

Spacing 23 mean 
min 

Species 2 146 73.0 19.0 <.0001 
Error 70 268 3.84   

C. Total 72 415    

Spacing 23 mean 
max 

Species 2 268 134 20.0 <.0001 
Error 70 470 6.71   

C. Total 72 738    

Spacing 23 mean  
Species 2 191 95.6 18.7 <.0001 

Error 70 358 5.11   

C. Total 72 549    

Spacing 34 mean 
min 

Species 2 353 177 83.4 <.0001 
Error 81 172 2.12   

C. Total 83 525    

Spacing 34 mean 
max 

Species 2 669 335 95.9 <.0001 
Error 81 282 3.49   

C. Total 83 951    

Spacing 34 mean 
Species 2 586 293 117 <.0001 

Error 81 204 2.51   

C. Total 83 790    

Foot Angle 
Model 5 22606 4521 49.2 <.0001 
Error 120 11035 92.0   

C. Total 125 33641    

Toe Depth 
Species 2 458 229 28.9 <.0001 

Error 73 579 7.93   

C. Total 75 1036       
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Table 10: ANOVA Effects Test Results 

  Source DF 
Sum 
Sq 

F value Pr(>F)   

Duty Factor 

Treatment 1 0.039 11.9 <0.001 *** 

Species 2 0.088 13.4 <0.001 *** 

Treatment*Species 2 0.006 0.885 0.415  

Velocity 
(LL/s) 

Treatment 1 99.9 7.58 0.007 ** 
Species 2 51.1 1.94 0.148  

Treatment*Species 2 163 6.19 0.003 ** 

Touch Down 
Angle 

Treatment 1 2372 50.9 <0.001 *** 
Species 2 568 6.09 0.003 ** 

Treatment*Species 2 317 3.40 0.037 * 

Foot Angle 
Treatment 1 2241 24.4 <0.001 *** 
Species 2 2274 12.4 <0.001 *** 

Treatment*Species 2 8113 44.1 <0.001 *** 
 

3.6 Discussion 

3.6.1 Spring-like To Paddle-like Feet 

As seen in similar type of experiments all the lizards unsurprisingly experienced 

destabilization while running on the granular media (Bergmann et al., 2017; Collins et al., 

2013). When looking at the average velocity of the lizards running between the hard flat 

condition and the flat granular condition, we see that the zebra tailed lizards are 

outperforming one of the two lizards on each of the two surfaces and show the fastest 

maximum running trial per condition relative to leg length (Figure 14). Across all the 

above ground kinematic parameters studied the sand specialist shows the least variable 

behavior while running on granular media, and less drastic compensations, especially to 

its desert counterpart. The fluid specialist, while maintaining its speed across the two 

conditions does so through statistically different approaches to stride length stride 
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frequency and duty factor, suggesting that it’s steady state approach to running on hard 

terrain is not advantageous for running on the granular media.  

The desert generalist also significant changes in these categories, but 

additionally shows much variation in approach seen in the large inter quartile ranges in 

Figure 14-17. Given the range of running postures it uses, its logical that it would have 

large variability as it switches from posture to posture. Interestingly, the performance of 

the desert generalist based on speed tells a story that the generalist approach it takes to 

posture results in gaits that are significantly detrimental to performance, as while the 

quadrupedal gait maintains similar speeds on both terrains, it is incredibly ineffective 

relative to the bipedal and mixed postures. This could very well be that this is speed on 

the granular media falls into the swimming category described in the SandBot 

experiments (Li et al., 2009). “Swimming like” behavior was reported at low packing 

fractions or with high stride frequency that was dependent on velocity. While the desert 

generalist is not showing increases in the number of steps per time, it might just be 

enough to fluidize the media and get marred under the surface, which we will explore 

shortly. 

The sand specialist lizard, on the other hand, does show decreases in average 

speed, but the maximums of these values are not dissimilar between hard and granular 

conditions. Additionally, it is the only lizard not to drastically change kinematic strategies 

between the two conditions. Moderate changes in stride frequency and duty factor 

suggest that the surface is a challenge, but only slight variations to hard surface running 

will help maintain performance. 

With the subsurface analysis we see support to our hypothesis that all lizards will 

be moving from spring like to paddle like feet on the granular treatment. Uniquely, it is 
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here that the sand specialist shows an extreme change in approach. The stark shift from 

digitigrade to plantigrade posture quantified though a roughly 30° decrease in touchdown 

angle is indicative of a switch to paddle like feet (Li et al., 2012). While all lizards show a 

trend to plantigrady, again there seems to be a mismatch in approach seen in the desert 

generalist, despite their plantigrade posture.  

The interaction with this shift in posture to the outcome of foot stiffness is 

layered. During running on hard terrain, elastic elements in the leg and foot, like the 

Achilles in humans and the broad elastic sheets in lizard feet are loaded quickly upon 

touchdown and release their stored energy before takeoff (Lejeune et al., 1998; Li et al., 

2012). Large degrees of hyperextension of the toes are indicative of the potential for 

loading. We see lizards displaying larger degrees of hyperextension during flat hard 

running. However, we see an inverse relationship between hyperextension strategies 

between the fluid specialist and desert generalist. The desert generalist stiffens it feet 

and which could mitigate the flow of material and result in a larger relative surface area 

for while interacting with the media. The fluid specialist does the opposite and increases 

the relative amount of hyperextension compared to running on a hard surface. It would 

be worth examining the timing of hyperextension relative to stance and this could be 

informative, as hyperextension could be beneficial in the latter half of stance to limit 

intrusion depth as the body pivots about the foot, by creating a smaller relative surface 

area translating through the media which could be concentrating the direction to the foot 

ground interaction into the direction of travel rather than pointing downward, or causing 

the foot to intrude deeper into the material. 

However, we see that the desert generalist and fluid specialist both get equally 

marred in the material and have high toe intrusion depths, while the sand specialist 
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reaches only a few particle diameters deep. With the results of the parallel intrusion 

experiment in mind, we examined the inter-toe spacing of the toes marked. Consistently, 

only the sand specialist maintained spacings that have been shown to produced 

increased net-work in experiments and simulation of 3-5 particle diameters (Pravin et al., 

2021). These spacing increases the propagation of extra strong forces between 

neighboring particles in the massed mass region of material moving together with the 

bottom of the intruder and those on the margins. Force chain propagation of through 

neighboring particles decays with distance from the intruder, resulting in less momentary 

jamming of particles as the intruders increase in distance. Here, we see that the fluid 

specialist will only have interactions due to this spacing only very close to the base of the 

foot, which will happen similarly in the desert generalist, especially between toes 3-4. 

The sand specialist will experience this phenomenon along the total length of the toes, 

where this distance is maintained. We hypothesize that this produces a region of 

functional webbing, where the jamming and re-jamming of particles between the toes 

causes a decrease in flow, allowing the foot to behave as if the surface area between 

the toes was actually solid (Pravin et al., 2021). 

3.7 Conclusion  

In conclusion, I believe that this data presented helps to support a shift in foot 

use from a spring-like to a paddle-like foot between hard and granular terrain. All species 

of lizard show shifts in their foot posture from a from a digitigrade posture to a 

plantigrade posture on granular media. The most successful of these, the sand specialist 

does this while maintaining their flexibility, uses optimum toe spacing to facilitate 

damping of the surface, thus limiting intrusion depth. I additionally hypothesize that this 

foot posture could be increasing the overall “solid” surface area of the foot due using to 
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particle-particle interactions that occur between 3-5 particle diameters. However, further 

studies are needed to show the role of foot flexibility in running on granular media, and 

to show that this foot orientation and posture actually produces jamming enough to 

measurably alter running performance. This can be achieved in two ways, firstly through 

further simulation work of more realistic models of feet, through discrete element 

modeling to quantify and visualize the movement of particles under these conditions and 

quantify the relative presence and volume of very strong forces (Pravin et al., 2021). 

This is currently being completed by Dr. Swapnil Pravin as a follow up to his informative 

work. 

The second route to explore whether toes spacing can have measurable effects 

on locomotor performance is to use physical modeling, either through the use of a linear 

actuator or robotic mechanism to quantify performance, while limiting interacting events. 

The final chapter of this thesis uses a unidirectional robotic hopper to do just that by 

mounting 3D printed model feet to the robot and measuring jump performance. 
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CHAPTER FOUR: LIZARD INSPIRED ROBOTIC HOPPING 

4.1 Abstract 

Running on dry sand is challenging in part because sand can make multiple 

transitions between solid-like and fluid-like states during a step. Empirical and 

computational results from forcing parallel rods into granular media show that a spacing 

of 3-5 particle diameters (pd) amplifies the net work performed. Sand specialist lizards 

like Callisaurus draconoides, commonly known as zebra-tailed lizards, have toe spacing 

within this region of amplification, which may improve locomotor performance. We 

hypothesized that similar toe spacings on a bioinspired foot would result in greater jump 

heights for a hopping robot. We 3-D printed abstracted feet with a rectangular region 

flanked symmetrically on both sides by three square rod “toes.” Relative foot dimensions 

were inspired by the foot geometries of zebra-tailed lizards, a sand specialist capable of 

running at 20 leg lengths/s on both solid and sandy surfaces. Feet were attached to a 

robot hopper and jumped in a box filled with 3.4 mm glass beads. We tested feet with 1, 

3, 5, and 7 pd toe spacings. A square foot with the same total surface area served as a 

control. We allowed the robot to jump twice during each trial before catching it and 

preparing the material for the next jump. Jump height and intrusion depth differed 

dramatically between the first and second jumps. However, the 3 and 5 pd feet had 

consistently higher jump heights and consumed less energy relative to jump height.  

4.2 Introduction 

The interaction of an intruder moving through granular material is a very active area 

of research, with implications for robotics (Li et al., 2009; Roberts and Koditschek, 2019; 

Zhang et al., 2013), biomechanics (Hosoi and Goldman, 2015; Lejeune et al., 1998; Li et 
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al., 2012; Li et al., 2013), and industry (To et al., 2001). The ubiquity of granular media 

and the unique challenges that it poses have inspired a large branch of research into 

studying and predicting its non-linear behavior under a variety of conditions. However, 

most of this work focuses on the outcomes of passive intrusions experimentally and in 

simulations (Van Der Meer, 2017), and only recently included into active intrusions into 

granular media (Kang et al., 2018).  

Recent work in our lab and others has sought to understand the fluid mechanics of 

granular media from a biological perspective to gain greater insight into how feet are 

manipulating these state changes in order to facilitate locomotion (Aguilar and Goldman, 

2016; Hosoi and Goldman, 2015; Li et al., 2009; Li et al., 2012; Li et al., 2013; Pravin et 

al., 2021). Most of what is understood is through examining the interaction between 

force with depth to aid in modeling terrestrial locomotion (Kang et al., 2018; Li et al., 

2013), as well as using robots to understand the role of limb cycling on packing fraction 

(Li et al., 2009) or limb stiffness on jump height and energy use (Roberts and 

Koditschek, 2019). Bio-inspired work done examining active intrusions of parallel rods 

has been shown to be influenced by rod spacing (Pravin et al., 2021). Peak net-work 

was shown to be produced at spacings between 3 and 5 pd between the intruders. Due 

to quasi-jamming of particles, increased interactions of particles resulted in vary large 

forces, which likely reduced the flow of material between the rods. 

Additional studies on multiple successive intrusions suggest that the priming of 

granular media for subsequent intrusions, may play an important role in increasing 

performance, especially for quadrupedal animals (Aguilar and Goldman, 2016). What 

has yet to be seen, however, is whether these interactions noted in simulation of 

physical modeling experiments are of consequence enough to alter locomotor 
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performance. In this study, inspired by the intruder experiments from Pravin and 

Roberts, as well as the results from the previous chapter, we test whether morphology 

and geometry will have a significant effect on performance, and establish how toe 

spacing affects performance not only with stiff feet, but also flexible ones. 

4.3 Methods 

4.3.1 Experimental Setup 

This experiment was conducted using a unidirectional hopper mounted to a 

central rail to limit movement to the vertical axis (Roberts and Koditschek, 2019). The rail 

was clamped to an I-beam and placed inside an acrylic box measuring 30.48 cm x 30.48 

cm x 60.96 cm. The box was filled with 3.4 mm glass beads 16.26 cm deep and with a 

packing fraction (𝜙) of 0.61 (Supplement 3). The hopper was dropped from a height of 

Figure 23: Jumping Experiment Setup. 
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0.42 m measured from the chassis into the bed of beads below as consistent with 

Roberts’ previous work (Roberts, 2021; Roberts and Koditschek, 2019). This hopper 

uses two opposing direct drive motors (Kenneally et al., 2016) to initiate foot movement 

through four bar linkage connecting the chassis and the foot, limiting limb movement 

through a central rod, while powered by a 64000 mAh 4 cell Li-Po battery. Jump 

behavior was created using a PD control mechanism, which used a soft gain setting to 

create limb compliance from ground contact to maximum compression (gain setting of 

10) (Roberts and Koditschek, 2019). The gain setting of the motor corresponds to 

stiffness with the following formula resulting in a soft gain setting of -92.96 N/m: 

Eq. 10: Robotic Limb Stiffness Calculation (Roberts and Koditschek, 2019) 

𝑆𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠  2.57 ∗ 𝑔𝑎𝑖𝑛 67.36d 

Following compression, the PD controller switches to the stiff gain, set to 300 or -

835 N/m, which causes the limb to extend and the robot jumps, resulting in an active 

intrusion behavior (Roberts and Koditschek, 2019). 

To test the effect of toe spacing on jump height, eleven models were 3D printed 

with spacing of either 1, 3, 5 or 7 particle diameters (pd) between toe tips, using both 

fused deposition modeling (FDM) and selective laser sintering (SLS) (Figure 24: Nylon 

models made from nylon using SLS on a Fuse 1 printer.). A square model and a 

rectangular model, with the same length as the toed models, were created for 

comparison. Surface area was kept constant between all models. Models were created 

in SolidWorks (SolidWorks, 2021) and sliced using Prusa Slicer (PrusaSlicer, 2022). To 

understand the additional effect of flexibility on jump performance, two sets of models 

were made, one set using nylon powder (stiff) or thermoplastic polyurethane (TPU, 
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flexible). The nylon models were made using Nylon 12 on a Fuse 1 printer (Formlabs, 

Somerville, MA). The TPU models were made using Overture 95A TPU on a Prusa i3 

MK3S printer (Prusa Research, Czech Republic) in the Kodischeck lab at the University 

of Pennsylvania. See supplemental material for the material properties of these two 

materials (Supplement 4.2.1). 

A spring potentiometer mounted to the top of the chassis and attached to the top 

of the rail was used to measure jump height. Time (msec), hopper height (cm), and leg 

length data (cm) were collected from the potentiometer and the motors and logged using 

CoolTerm software (v 2.0.0.1090). The experiments were filmed at high-speed using a 

Photron fast-cam camera (Photron SA-3, 500 fps and 1/2000s shutter speed). Points 

marked on the motor and foot attachment point were then digitized in MATLAB using 

DLTdv8a (Hedrick, 2008) and calibrated using a ruler mounted to the front surface of the 

box. An alternative calibration of known distances on the foot model was also considered 

Figure 24: Nylon models made from nylon using SLS on a Fuse 1 printer. 
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to examine potential calibration error caused by barrel distortions due to the distance 

between the calibration ruler and the robot. I found that the front surface calibrations add 

a < 3% error due to distortion, so I continued using the ruler calibration. Data were then 

analyzed using custom code written in MATLAB. Differences between testing modalities 

were shown using ANCOVAs and post hoc testing was completed Tukey's Honest 

Significant Difference (Tukey’s HSD) tests with an α= 0.05 in R (R Core Team, 2020). 

4.3.2 Battery Drain Experiments 

Battery drain experiments measured the average energy consumption per jump 

of each of the stiff models, as well as the 3 pd flexible model. The protocol used was 

consistent with previous work in done in energy consumption in this robot (Roberts, 

2021; Roberts and Koditschek, 2019). The battery was charged to 15.4V using a 

Thunder Power RC Charger (TP610HVC) to minimize energy consumed while balancing 

the battery’s cells. By charging the battery to this storage voltage and not the maximum 

capacity of 16.8V, I was able to use the linear region of the battery’s voltage to ensure 

consistent discharge rates (Roberts, 2021). The same battery was used for all iterations 

of these experiments. These experiments were consistently conducted over 2.5 hours 

from the time the robot was powered on, till power was removed. During this time, the 

robot jumped 40 times per experiment. The robot was allowed to jump once before it 

was caught, and the media was reset similarly to the double jump experiments. 

Following the 2.5-hour experiment, the battery was then charged back to 15.4V and the 

time to charge, current capacity, starting volts, and ending volts were recorded to 

measure the energy consumed during jumping. As the robot consumes energy while idle 

through the motors and the board, the idle drain was also measured for 2.5 hours. Idle 
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drain was subtracted from the experimental drains and the resulting drain was divided by 

40 jumps to get the average drain per jump for each foot model. 

4.3.3 Hopping Experiments 

These experiments were conducted in two parts, examining performance and 

energetics. The first set of experiments measured jump height as a metric for 

performance and measured differences between the flexible and stiff models. The 

hopper was dropped from a release point of 0.42 m above the surface of the beads and 

was allowed to jump twice before it was caught, ending the trial. The robot was caught 

after it had reached it maximum height following the second jump. Between each trial, 

the beads were stirred by hand and leveled using a laser cut 1/4" MDF board suspended 

from the walls of the container. Previous work shows the 𝜙 of these beads remains fairly 

constant (Roberts, 2021).  

Maximum jump height, intrusion depth, leg length, impact speed and intrusion 

speed were measured for both jumps. Impact speed was measured as the peak velocity 

of the robot before active intrusion. Intrusion depth was measured as the maximum 

depth measured by the potentiometer relative to ground height. Peak jump height was 

measured as the maximum height measured relative to the ground from the 

potentiometer following maximum intrusion. Total jump height was measured as the total 

displacement of the robot from maximum intrusion to maximum jump height. A ratio of 

maximum jump height vs total height jumped was used as an estimate for efficiency. In 

this way, a jump which did not intrude into the media would be 1, and a jump which did 

not jump at all would be 0. Finally, peak jump acceleration was calculated by taking the 
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second derivative of position vs time and finding the maximum value after the onset of 

active intrusion.  

4.4 Results 

4.4.1 Battery Drain Experiment 

For this set of experiments, 120 jumps for each of six models were recorded 

across 18 experiments, totaling 45 hours of experiment time. The robot idly consumed 

1090 mAh while suspended during a 2.5-hour period. I found no significant difference in 

energy consumption per jump between any of the foot models (Figure 25). All the 

models averaged 70.89 +/- 4.63 mAh consumed per experiment (Table 22).  

With these results, we can estimate the efficiency more easily, as we can 

assume that each jump consumes the same amount of energy. Thus, we can represent 

Figure 25: Energy consumption per experiment did not differ significantly between 

models. 
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efficiency by the absolute maximum height jumped vs. the total distance the robot 

jumped. In this way, the most energetically efficient jump will be when the absolute jump 

height and the total jump height are equal, resulting in an efficiency of 1, while the less 

efficient jumps will be those approaching zero.  

4.4.2 Jump Experiments 

4.4.2.1 Stiff Nylon Models  

 Between the battery drain experiments and the double jump experiments, 646 

total first hops were collected of stiff models (Table 23). The 3pd and 5pd models 

jumped the highest absolute heights (Figure 26: 3 and 5 pd models jump to the highest 

heights relative to the ground height. Residuals shown are the interaction between jump 

height and impact velocity., Table 11).  All the toed models jumped significantly higher 

Figure 26: 3 and 5 pd models jump to the highest heights relative to the ground height. 

Residuals shown are the interaction between jump height and impact velocity. 
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than the control square model without toes. The 3pd and 7 pd models intruded more 

shallowly than the square, 1 pd and 5 pd models (Figure 27, Table 11). The total height 

jumped, measured as the difference between maximum intrusion depth and total jump 

height, represents the total displacement done by the robot during a hop. The 3pd and 

5pd jumped the furthest overall distance, followed by the 7pd (Figure 28, Table 11). 

Similarly, to the jump height, 7 pd outperformed both the 1 pd and the square model, 

which jumped the smallest overall distanced and a significantly shorter distance than the 

toed models. Models 3 pd, 5 pd, and 7 pd all performed similarly efficiently (Figure 29, 

Table 11). 1 pd represented a mid-range efficiency and the square performed the least 

efficiently.  

  

Figure 27: 3pd and 7 pd models intruded the least deeply. The square control, 1 pd, and 5 pd 

intruded similarly deeply. Residuals shown are the interaction between intrusion depth and impact

velocity. 
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Figure 28: Models 3 and 5 pd jumped the highest total distance. Models 3 and 5 were 

followed by 7 pd, 1 pd and the square model jumping the least heigh. Residuals reported are 

the interaction between total jump height and impact velocity.  

Figure 29: Models 3 pd, 5 pd, and 7 pd all jump similarly efficiently. 1pd jumped less 

efficiently than 3-7 but was more efficient than the square model. 
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None of the models showed significant differences in average activation velocity, 

peak activation velocity, or average jump acceleration for the first jump (Table 11). 

However, peak jump acceleration was significantly lower in the square model than the 

toed models. Means for the reported variables can be found in Table 23 in the 

Supplements.  

Table 11: ANCOVA Summary Stiff Models Jump 1 

  
  Df Sum Sq 

Mean 
Sq 

F 
value 

Pr 
(>F) 

  

Jump Height 

Impactvelopf 1 25.6 25.6 15.0 <0.001 *** 
Treatment 4 443.7 111 65.1 <0.001 *** 

Impactvelopf*Treatment 4 29 7.24 4.25 <0.001 *** 
Residuals 636 1084.3 1.7    

Intrusion 
Depth 

Impactvelopf 1 44.7 44.8 55.9 <0.001 *** 
Treatment 4 30.8 7.69 9.61 <0.001 *** 
Residuals 640 512 0.8    

Total Jump 
Height 

Impactvelopf 1 138.1 138 121 <0.001 *** 
Treatment 4 283 70.8 61.8 <0.001 *** 

Impactvelopf*Treatment 4 37.1 9.27 8.09 <0.001 *** 
Residuals 636 728.5 1.15    

Avg. Active 
Velocity 

Treatment 4 2.47 0.617 0.519 0.722  

Residuals 83 98.76 1.19    

Max Active 
Velocity 

Treatment 4 13.22 3.30 1.15 0.341  

Residuals 83 239.6 2.89    

Avg. Jump 
Acceleration 

Treatment 4 215.4 53.9 1.57 0.19  

Residuals 83 2845.8 34.3    

Max Jump 
Acceleration 

Impactvelopf 1 630037 630037 31.7 <0.001 *** 
Treatment 4 583133 145783 7.34 <0.001 *** 

Impactvelopf*Treatment 4 770745 192686 9.70 <0.001 *** 
Residuals 78 1548832 19857    

Efficiency 
Treatment 4 0.569 0.142 46.5 <0.001 *** 
Residuals 641 1.96 0.003    
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4.4.2.2 Second Jump 

Due to the nature of this experiment, we were able to compare the heights and 

depths of the models between the first and second jump. I will be reporting the change in 

these variables relative to the first jump, rather than overall heights and depths. All 

models increased their jump height with the second jump (Table 24). The square model 

changed its jump height the most on the second jump (Figure 30 A) Model 7 pd 

increased its jump height the second most, followed by 1 pd and 5 pd, and with 3 pd 

showed little change in jump height. 

As with jump height, all models increased their intrusion depth during the second 

jump (Figure 30 B). The toed models showed similar changes in intrusion depth, while 

the square model showed significantly larger changes in intrusion depth. The square 

greatly increased the total jump height during jump two (Figure 30 C). 7 pd increased 

total jump height the second most, while 1, 3, and 5 pd increased total jump height the 

least. 

The square model along with 5 and 7 pd models showed the highest efficiency 

during jump two (Figure 30 D), however there was much statistical overlap between the 

models. The square model was statistically more efficient than only the 1 and 3 pd 

models. As with jump 1, average active velocity, peak active velocity, and average jump 

acceleration all did not change with model (Table 12), but peak jump acceleration was 

highest in the toed models and the square model showed the lowest acceleration (Figure 

30 E, Table 12). Mean means of the reported variables for this section can be found in 

supplement Table 24. 
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Figure 30: The square stiff model shows a rescue of performance during the second 

jump. A) the square model increases jump performance furthest. B) the Square model intrudes 

deeper relative to the first jump tan the other models. C) The square model has the highest 

increase I total jump height relative to the first jump. D) Square model is the most efficient 

model during jump 2. E) Toes models show higher peak jump acceleration than the square 

model. Residuals are the interaction between the variables and impact velocity.  
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Table 12: ANCOVA Results Jump 2 

  Df Sum Sq 
Mean 

Sq 
F 

value 
Pr(>F)  

Jump height 
Impactvelopf2 1 12.2 12.2 46.2 <0.001 *** 

Treatment 4 57.9 14.5 54.7 <0.001 *** 
Residuals 81 21.5 0.265    

Intrusion 
Depth 

Treatment 4 7.04 1.76 14.3 <0.001 *** 
Residuals 82 10.1 0.123    

Total Jump 
Height 

Impactvelopf2 1 12.7 12.7 27.7 <0.001 *** 
Treatment 4 104 26.0 56.5 <0.001 *** 

Impactvelopf2 * 
Treatment 

4 13.1 3.28 7.14 <0.001 *** 

Residuals 77 35.4 0.460    

Avg. Active 
Velocity 

Treatment 4 5.83 1.46 1.60 0.183  

Residuals 82 74.9 0.913    

Max Active 
Velocity 

Treatment 4 14.2 3.54 1.69 0.16  

Residuals 82 171 2.09    

Avg. Jump 
Acceleration 

Impactvelopf2 1 139 138 5.48 0.022 * 
Treatment 4 249 62.3 2.46 0.052 . 
Residuals 81 2048 25.3    

Max Jump 
Acceleration 

Impactvelopf 1 1716612 1716612 225 <0.001 *** 
Treatment 4 494833 123708 16.2 <0.001 *** 

Impactvelopf * 
Treatment 

4 233040 58260 7.63 <0.001 *** 

Residuals 77 587744 7633    

Efficiency 
Treatment 4 0.053 0.013 4.95 <0.001 *** 

Residuals 82 0.221 0.003    
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4.4.2.3 Flexible TPU Models 

Flexible models showed similar trends as the stiff models for jump 1, where the 3 

and 5 pd models showed greater performance than the rest of the models, while the 

square model performed the worst. The 3 pd and 5pd models jumped to the highest 

heights (Figure 31 A) and jumped the largest total jump heights (Figure 31 B) through 

the most efficient motion (Figure 31 D, Table 13). 3 pd and 5 pd showed the highest 

peak jump accelerations (Figure 31E, Table 13). This was similar to trends seen in the 

stiff models, however unlike the stiff models, all the models intruded similarly deeply 

(Figure 31 C, Table 13). The square control was outperformed in these variables by all 

toed models, with the exception of in peak jump acceleration, where the 1 pd model 

performed similarly (Figure 31 E). 

The flexible models again showed similar results to the stiff models for jump 2 

(Figure 32 A, Table 13). The square model increased its intrusion more deeply than the 

toed models, and the 7 pd model changed the least (Figure 32 B, Table 13). Changes in 

total jump height showed very similar trends to jump height (Figure 32 C, Table 13). The 

square model increased its total jump height more than the toed models, while the 7pd 

model changed the least. However, the 3 and 5 pd models jumped the most efficiently, 

while the square model jumped the least efficiently (Figure 32 D, Table 13). Finally, the 

square and 5 pd showed the highest peak jump accelerations relative to the rest of the 

models (Figure 32 E, Table 13). Means of jumps 1 and 2 can be found in the 

supplements in Table 25.  
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Table 13: ANCOVA Results Flexible Testing 

  Df Sum Sq Mean Sq 
F 

value 
Pr(>F) 

Jump Height 

Impactvelopf 1 81.1 81.1 55.5 <0.001 *** 

Treatment 4 120 30.0 20.5 <0.001 *** 

Residuals 69 101 1.46    

Intrusion 
Depth 

Impactvelopf 1 12.5 12.5 13.8 <0.001 *** 

Treatment 4 4.40 1.10 1.21 0.314  

Residuals 69 62.6 0.908    

Total Jump 
Height 

Impactvelopf 1 29.9 29.9 89.3 <0.001 *** 

Treatment 4 99.9 25.0 74.5 <0.001 *** 

Residuals 69 23.1 0.335    

Efficiency 
Treatment 4 0.302 0.075 20.0 <0.001 *** 

Residuals 70 0.264 0.004    

Jump Height 
Jump2 

Treatment 4 24.5 6.12 14.6 <0.001 *** 

Residuals 70 29.4 0.419    

Intrusion 
Depth- Jump 

2 

Treatment 4 49.1 12.3 63.7 <0.001 *** 

Residuals 70 13.5 0.193    

Total Jump 
Height- Jump 

2 

Treatment 4 142 35.6 38.2 <0.001 *** 

Residuals 70 65.3 0.930    

Efficiency-
Jump 2 

Treatment 4 0.199 0.050 19.2 <0.001 *** 

Residuals 70 0.181 0.003    

Avg. Active 
Velocity 

Treatment 4 7.12 1.78 2.74 0.035 * 

Residuals 70 45.4 0.649    

Max Active 
Velocity 

Treatment 4 15.1 3.77 2.17 0.081 . 

Residuals 70 122 1.74    

Avg. Jump 
Acceleration 

Treatment 4 47.1 11.8 0.556 0.695  

Residuals 70 1483 21.2    

Max Jump 
Acceleration 

Impactvelopf 1 110225 110225 15.6 <0.001 *** 

Treatment 4 538488 134622 19.1 <0.001 *** 

Residuals 69 487074 7059    

Avg. Active 
Velocity- 
Jump 2 

Treatment 4 2.67 0.668 0.793 0.534  

Residuals 70 58.9 0.842    

Max Active 
Velocity- 
Jump 2 

Treatment 4 8.77 2.19 1.15 0.341  

Residuals 70 134 1.91    

Avg. Jump 
Acceleration- 

Jump 2 

Treatment 4 98.1 24.5 1.08 0.374  

Residuals 70 1592 22.8    
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  Df Sum Sq Mean Sq 
F 

value 
Pr(>F) 

Max Jump 
Acceleration- 

Jump 2 

Impactvelopf2 1 1020381 1020381 204 <0.001 *** 

Treatment 4 447099 111775 22.4 <0.001 *** 
Impactvelopf2: 

Treatment 
4 59026 14756 2.955 0.026 * 

Residuals 65 324541 4993    
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Figure 31: 3pd and 5 pd flexible models outperform other models through efficient and 

high jumps. A) 3pd and 5pd jump to the highest heights, with 1 pd and 7 pd show intermediate 

performance, with the square jumping the lowest. B) 3 and 5 pd jump the highest total heights, C) 

All models intrude to similar depths. D) 3 and 5 pd models are most efficient, with 1 pd and 7 pd 

showing intermediate efficiencies, with square as the least efficient model. E) 3 and 5 pd show 

highest max jump accelerations, followed by 7 pd, 1 pd, and the square model. Residuals are the 

interaction between the variables and impact velocity. 
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Figure 32: The square flexible model shows a rescue of performance during the second 

jump. A) the square model increases jump performance furthest. B) the Square model intrudes 

deeper relative to the first jump tan the other models. C) The square model has the highest 

increase in total jump height relative to the first jump. D) 3 pd and 5 pd are the most efficient 

model during jump 2. E) the Square model and the 5 pd show the highest max jump acceleration. 

Residuals are the interaction between the variables and impact velocity. 
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4.4.3 Non-Toed models 

In an effort to be able to calibrate our models, we also created rectangle models 

that are the same length as the toed models, with similar surface area (Table 21). The 

square model jumped to higher overall heights (Figure 33 A), with higher total jump 

heights (Figure 33 C), greater efficiency (Figure 33 D) and larger max jump 

accelerations (Figure 33 E). During jump 2, the square model also jumps to higher 

absolute heights (Figure 33 F), larger total jump heights (Figure 33 H), with greater 

efficiency (Figure 33 I). Means can be found in the supplements in Table 26. 
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Table 14: ANCOVA Results Non-Toed Models 

    Df 
Sum 
Sq 

Mean 
Sq 

F 
value 

Pr (>F)   

Jump Height 
Impactvelopf 1 7.32 7.32 7.25 0.012 * 

Treatment 1 31.3 31.3 31.0 <0.001 *** 
Residuals 27 27.3 1.01    

Intrusion Depth 
Impactvelopf 1 3.93 3.93 9.11 0.005 ** 

Treatment 1 0.008 0.008 0.019 0.891  

Residuals 27 11.6 0.431    

Total Jump 
Height 

Treatment 1 24.410 24.409 45.06 <0.001 *** 
Residuals 28 15.17 0.542    

Efficiency 
Treatment 1 0.054 0.054 24.0 <0.001 *** 
Residuals 28 0.063 0.002    

Avg. Active 
Velocity 

Impactvelopf 1 11.4 11.4 10.2 0.004 ** 
Treatment 1 1.04 1.04 0.935 0.342  

Residuals 27 30.0 1.11    

Max Active 
Velocity 

Impactvelopf 1 26.6 26.6 10.1 0.004 ** 
Treatment 1 6.59 6.59 2.50 0.126  

Residuals 27 71.1 2.635    

Avg. Jump 
Acceleration 

Treatment 1 99.8 99.8 4.18 0.050 . 
Residuals 28 669 23.9    

Max Jump 
Acceleration 

Impactvelopf 1 24055 24055 4.83 0.037 * 
Treatment 1 129818 129818 26.1 <0.001 *** 
Residuals 27 134502 4982    

Jump Height 
Jump2 

Impactvelopf2 1 11.0 11.0 53.0 <0.001 *** 
Treatment 1 12.7 12.7 61.5 <0.001 *** 

Impactvelopf2: 
Treatment 

1 1.50 1.50 7.26 0.012 * 

Residuals 26 5.38 0.207    

Intrusion Depth 
Jump2 

Impactvelopf2 1 2.82 2.82 16.7 <0.001 *** 
Treatment 1 0.209 0.209 1.24 0.275  

Residuals 27 4.55 0.169    

Total Jump 
Height Jump 2 

Treatment 1 8.18 8.18 7.53 0.011 * 
Residuals 28 30.4 1.09    

Efficiency Jump 2 
Treatment 1 0.091 0.091 81.1 <0.001 *** 
Residuals 28 0.031 0.001    

Avg. Active 
Velocity Jump 2 

Treatment 1 0.604 0.604 0.764 0.389  

Residuals 28 22.1 0.791    

Max Active 
Velocity Jump2 

Treatment 1 0.760 0.760 0.482 0.493  

Residuals 28 44.2 1.58    

Treatment 1 21.7 21.7 1.16 0.291  
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    Df 
Sum 
Sq 

Mean 
Sq 

F 
value 

Pr (>F)   

Avg. Jump 
Acceleration 

Jump2 
Residuals 28 522 18.7    

Max Jump 
Acceleration 

Jump2 Residuals 

Treatment 1 15406 15406 1.3 0.264  

Residuals 28 331972 11856    
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Figure 33: The square model outperforms the rectangle model. The Square model on the 

first jump jumps higher (A, C), more efficiently (D), and with higher max jump acceleration (E). On 

the second jump, the square model still jumps higher (F, H),and more efficiently (I). 
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4.5 Discussion 

The goal of this chapter was to examine the interplay between morphology, 

kinematics, and kinetics of hopping on granular media. When running on hard ground 

versus softly packed granular media, lizards who successfully navigate these terrains 

change their foot posture from spring-like elements on hard ground to paddle like 

dampers on granular media (Li et al., 2012), which I additionally illustrated through my 

results in Chapter 3. However, the kinematic variables measured did not show 

consistent trends for successful running on granular media, and instead showed a 

variety of successful approaches which resulted in similar running speeds (Figure 14). 

By using a robotic hopper, I could experimentally isolate not only singular morphologies, 

but also energy consumption and clearly define performance more easily than in animal 

experiments.   

4.5.1 Role Of Toe Spacing While Running On Granular Media 

Intrusion studies performed in our lab using parallel intruders showed that there 

is an optimum spacing between 3 and 5 pd produces higher forces,  due to increased 

particle-particle interactions, which  likely causes the material to flow more slowly 

between the intruders (Pravin et al., 2021). The sand specialist lizard studied in Chapter 

three exhibited toe spacings which are in this range of spacing (Figure 22). However, I 

have previously been unable to show whether this interaction was enough to cause 

measurable performance changes.  

Not only do these spacings increase overall jump height, but they do so in the 

most efficient manner by balancing the amount of intrusion needed to achieve higher 

jump heights (Figure 26, Figure 29). Using our definition of efficiency, the most efficient 
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jumps would result in the least amount of deformation and intrusion of material. There is 

a tradeoff between intrusion depth and jump height that is being managed with each 

jump. As pressure in granular material increases with depth (Feng et al., 2019; Kang et 

al., 2018; Li et al., 2013), increasing intrusion depth can ensure an animal can gain 

enough purchase to propel themselves forward (Li et al., 2012; Mazouchova et al., 2010; 

Zhang et al., 2013), however the added mass of the material on top of the foot can 

impede foot extraction or the foot could experience negative lift due to foot morphology 

(Brzinski et al., 2013; Li et al., 2013; Van Der Meer, 2017).  

We think that the 3 and 5pd models are exhibiting performance increases relative 

to the other models, because they are using particle-particle interactions to create a 

functional increase in the surface area of the foot model. It has been shown in parallel 

intruders that there is interacting regions of increased shear stress up to 5pd between 

intruders (Pravin et al., 2021). This creates regions of quasi-jammed material which act 

similarly to a solid. As resistive forces increase with increasing surface area, we would 

then expect increased performance with these quasi-jammed regions (Li et al., 2013). 

I calculated the added surface area for each model using 5pd as the maximum 

distance where I expected quasi-jammed material to occur, and the geometry of the 

toes. Using Hermon’s formula for the area of a triangle, I estimated the added area 

between each toe and multiplied this by four to calculate the total added surface area. 

Eq. 11: Estimation of added surface area from toe spacing 

𝒔 𝒘 𝒍𝟏 𝒍𝟐 

𝐴 𝑠 𝑠 𝑤 𝑠 𝑙 𝑠 𝑙  



W for models less than 5pd was the distance between the toe tips. F or the 5 and 

7 pd models, w was 5pd or the maximum distance I expected quasi-jammed interactions 

to occur. L1 and L2 were the distance along the length of the toes where w was 

measured (Figure 34, inset).  

 The net functional surface area for each model is then this added surface area 

and the surface area of the model. We expect that the penetration depth would decrease 

when surface area increases due to higher ground reaction forces (Li et al., 2013). The 3 

and 5pd models by intruding less deeply are mitigating the effect of the added mass of 

the material with depth on top of the foot, thus decreasing the frictional forces acting 

against the foot during extraction, a real concern as friction is proportional to surface 

area (Van Der Meer, 2017). We see an increase in potential surface area by using these 

particle-particle interactions of more than 100% the original surface area in spacings 1-5 

(supplements Table 27). This correlates well with our results across these spacings both 
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on stiff models as well as flexible models, where we see increased jump height, total 

jump height, and efficient jumping in 3 and 5 pd models (Figure 26, Figure 29, Figure 

32). 

4.5.2 Jump 2 Phenomena 

Studies on multiple intrusions in sequence illustrate the important relationship 

between packing fraction and intrusion depth on jump height (Aguilar and Goldman, 

2016; Brzinski et al., 2013; Li et al., 2009; Zhang et al., 2013). It is known that there is a 

positive relationship between pressure and depth, which decreases the ability of 

granular media to fluidize the deeper the intruder penetrates (Aguilar and Goldman, 

2016). Thus, as the foot reaches deeper depths in the material, these regions of higher 

relative pressure aid in jumping by not fluidizing and giving a more “solid-like” base of 

support for the robot once the vertical force balance is achieved (Li et al., 2009; Zhang et 

al., 2013). This results in larger frictional forces opposing jump thrust as the robot tries to 

withdraw its foot during flight and increased material surrounding the foot (Van Der 

Meer, 2017).  

This experiment is unique in that there are multiple periods of intrusion in each 

jump, which each are opportunities for increased penetration of the surface and potential 

conditioning of the surface to aid in jumping through the compaction of the media under 

the foot. This is similar to what is seen jumps occurring in the same intrusion area, 

where the jump height increased for each subsequent jump (Aguilar and Goldman, 

2016). In a way, the first jump is potentially priming the surface through local compaction 

and decreases the likelihood of fluidization under the intruder. Additionally, repeated 

intrusion decrease the relationship of the drag forces on the intruder with depth with 
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each subsequent intrusion allowing the intruder to penetrate deeper with each 

subsequent impact (Darbois Texier and Seguin, 2022) 

In Aguliar’s experiments, the first jump in the stutter jump paper was initiated 

while the robot was on the surface of the material, while in our experiment, we have two 

intrusions happening per jump event (Aguilar and Goldman, 2016). Since the robot is 

released from an elevated height, ground contact is followed by an intrusion as the 

robot’s chassis lowers on its axis and its leg shortens with a second at the onset of 

motor activation. This experiment had multiple periods to compact the granular media to 

more quickly achieve vertical force balance (Aguilar and Goldman, 2016; Van Der Meer, 

2017).  

This repeated impact event may potentially be useful in quadrupedally running 

lizards. While these experiments have repeated impacts in the same region, the large 

feet and toes of quadrupedal lizards and other animals may be able to prime the surface 

of granular material with their forelimbs during touchdown and extrusion. Potentially, 

slight dragging of the forelimbs may disturb large areas of material to increase the 

chances of hind limbs occupying previously occupied areas. In doing so, animals may be 

creating regions of higher compaction to the benefit of the hindlimbs being used for peak 

forward propulsion, as particle-particle interactions radiate from the center of impact 

upwards of 10 particle diameters (Mueth et al., 1998; Pravin et al., 2021; Seguin et al., 

2008). 

4.5.3 Flexibility 

The flexibility of the models used this study was arbitrarily chosen and 

determined by the material I chose which was compatible with our FDM printer. The 



efficiency of the models decreases with the flexible material, likely because energy is 

being lost to the material as the flexible material is acting as a damper. The toe spacing 

trends are similar to stiff models during the first jump (Figure 31). However, the 

performance of the 7 pd model begins to decline relative to the 1 pd model. It might be 

the case that these models are having material get caught between the toes thus 

pushing the toe tips further apart. In this case then, we would expect the performance of 

the larger spacings to potentially decrease, especially the 7 pd, as the functional surface 

area of the model would further decrease. The toe tips will now be further and no longer 

fully taking advantage of the particle-particle interactions it was before. The 7 pd had the 

smallest increase in functional surface area relative to the other models, and this would 

only acerbate this issue (Figure 34). However, particles that are wedged and stuck 

between the toes are adding to the model’s mass and allows for less flow between the 

toes and was seen in all the flexible models during data collection. Depending on how 

this contributes to the restriction of flow, this could mitigate the effect of ineffective toe 

spread due to flexibility. 

4.6 Conclusion 

In this study we show that it is kinematics and geometry of our morphology, not 

the energetics of the system, which gives us our differences in performance. 

Surprisingly, the robot’s motors are consuming the same amount of energy per jump 

regardless of spacing and model material. Efficient jumps can therefore be defined as 

those which minimize the total amount of work the robot does to achieve peak jump 

height. The energy of the system is likely being lost to the material through fluidization 

and damping, especially in the flexible models. Peak performance shown in the 3 and 5 
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pd models is likely due to the added relative surface area that is the result of increased 

particle-particle interactions due to quasi-jamming. 
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SUPPLEMENT 2. CHAPTER 2 SUPPLEMENTS 
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2.2. Chapter 2 Kinematic Means  

Table 15: Means of Kinematic Variables by Treatment 

                    Treatment n Mean sdn stde 

Velocity 
Flat 41 16.6 2.47 0.385 
Drop 45 17.4 2.33 0.347 
All 86 17.0 2.41 0.260 

Stride Length 
Flat 41 3.71 0.346 0.054 
Drop 45 3.80 0.549 0.102 
All 86 3.75 0.440 0.053 

Stride Frequency 
Flat 41 4.46 0.842 0.131 
Drop 45 4.41 1.00 0.183 
All 86 4.44 0.906 0.107 

Duty Factor 
Flat 41 0.357 0.034 0.005 
Drop 45 0.264 0.064 0.012 
All 86 0.318 0.067 0.008 

Effective Limb Length at TD 
Flat 41 91.0 8.49 1.73 
Drop 45 98.1 6.29 1.62 
All 86 93.8 8.38 1.34 

Effective Limb Length at Midstance 

Flat 41 56.1 10.8 2.31 

Drop 45 71.6 9.14 2.36 

All 86 62.4 12.7 2.00 
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2.3. Chapter 2 Kinetic Means 

Table 16: Means and Standard Deviations of Kinetic Variables 

  Treatment n Mean sdn stde 

Max Fx Acceleration 
Flat 41 0.171 0.098 0.0196 
Drop 45 0.121 0.064 0.01658 
All 86 0.152 0.089 0.01412 

Max Fx Deceleration 
Flat 41 -0.147 0.062 0.01245 
Drop 45 -0.168 0.106 0.02727 
All 86 -0.155 0.081 0.01274 

Max Fy 
Flat 41 0.248 0.13 0.02596 
Drop 45 0.286 0.17 0.04388 
All 86 0.262 0.145 0.02296 

Max Fz 
Flat 41 0.7 0.276 0.05524 
Drop 45 0.855 0.393 0.09814 
All 86 0.76 0.331 0.05166 

Force Impulse X 
Flat 41 -9E-04 0.002 0.00044 
Drop 45 -0.003 0.004 0.00106 
All 86 -0.002 0.003 0.00049 

Force Impulse Y 
Flat 41 -0.005 0.01 0.002 
Drop 45 -0.002 0.01 0.0025 
All 86 -0.004 0.01 0.00157 

Force Impulse Z 
Flat 41 -0.028 0.012 0.00234 
Drop 45 -0.03 0.014 0.00353 
All 86 -0.029 0.012 0.00195 

Total Force Impulse 
Flat 41 0.03 0.012 0.00238 
Drop 45 0.032 0.014 0.00364 

All 86 0.031 0.013 0.00199 

EffLLTd 
Flat 41 91.04 8.491 1.73325 
Drop 45 98.08 6.292 1.6245 
All 86 93.75 8.383 1.34227 

EffLLMid 
Flat 41 56.06 10.82 2.30755 
Drop 45 71.65 9.139 2.35969 
All 86 62.38 12.69 2.08611 

Kleg 
Flat 41 27.15 14.11 2.88108 
Drop 45 39.74 16.69 4.46067 
All 86 31.79 16.11 2.61351 

Kvert 

Flat 41 97.63 74.18 14.8366 

Drop 45 83.78 40.42 10.4369 

All 86 92.44 63.4 10.024 
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  Treatment n Mean sdn stde 

Delta KEx 
Flat 41 0.001 0.004 0.00071 
Drop 45 0.005 0.007 0.00173 
All 86 0.003 0.005 0.00082 

Delta KEy 
Flat 41 -2E-04 5E-04 0.0001 
Drop 45 -1E-04 6E-04 0.00016 
All 86 -1E-04 6E-04 8.8E-05 

Delta KEz 
Flat 41 -3E-04 0.001 0.00029 
Drop 45 -0.002 0.003 0.00075 
All 86 -8E-04 0.002 0.00034 

Delta PE 
Flat 41 6E-04 0.002 0.00045 
Drop 45 -0.002 0.004 0.0011 
All 86 -5E-04 0.003 0.00054 

Delta Ecom 

Flat 41 0.001 0.004 0.00087 

Drop 45 7E-04 0.009 0.00227 

All 86 0.001 0.006 0.00099 
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SUPPLEMENT 3. CHAPTER 3 SUPPLEMENTS 

3.1. Part 1 Kinematic Means 

Table 17: Above Ground Kinematic Means 

  Treatment Species n Mean sdn stde 

Velocity 
(LL/s) 

Flat Granular Basilisk 30 17.5 2.75 0.502 
Flat Granular Collared 30 16.1 3.82 0.698 
Flat Granular Zebra 32 19.1 4.10 0.724 

Hard Flat Basilisk 28 17.8 1.93 0.365 
Hard Flat Collared 27 19.2 5.81 1.118 
Hard Flat Zebra 29 22.1 3.54 0.657 

Stride 
Length (LL) 

Flat Granular Basilisk 30 3.08 0.334 0.061 
Flat Granular Collared 30 2.45 0.613 0.112 
Flat Granular Zebra 32 2.46 0.306 0.054 

Hard Flat Basilisk 28 3.77 0.412 0.078 
Hard Flat Collared 19 2.88 0.695 0.159 
Hard Flat Zebra 21 2.81 0.537 0.117 

Stride 
Frequency 

Flat Granular Basilisk 30 5.50 0.767 0.14 
Flat Granular Collared 30 6.59 0.992 0.181 
Flat Granular Zebra 32 7.68 1.20 0.212 

Hard Flat Basilisk 28 4.76 0.802 0.151 
Hard Flat Collared 27 6.87 1.00 0.193 
Hard Flat Zebra 28 7.98 1.06 0.201 

Duty 
Factor  

Flat Granular Basilisk 30 0.444 0.042 0.007 
Flat Granular Collared 30 0.532 0.085 0.016 
Flat Granular Zebra 32 0.048 0.035 0.006 

Hard Flat Basilisk 28 0.357 0.038 0.007 
Hard Flat Collared 27 0.402 0.066 0.013 
Hard Flat Zebra 29 0.414 0.037 0.007 

3.2. Mean Normalized Speed Of Different Desert Generalist Gaits 

Table 18: Mean Normalized Speed of Different Desert Generalist Gaits 

Treatment Gait n Mean sdn stde 
Flat Granular Bipedal 12 17.2 2.03 0.585 
Flat Granular Mixed 5 19.9 3.76 1.68 
Flat Granular Quad 13 13.6 3.61 1.00 

Hard Flat Bipedal 5 23.8 4.64 2.08 
Hard Flat Mixed 11 21.4 4.13 1.25 
Hard Flat Quad 11 15.1 5.24 1.58 
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3.3. Part 2 Kinematic Means 

Table 19: Subsurface kinematic means 

  Species n Mean sdn stde 

Duty Factor 
Basilisk 34 0.404 0.055 0.009 
Collared 15 0.524 0.077 0.020 

Zebra 40 0.454 0.069 0.011 

Velocity (LL/s) 
Basilisk 34 19.8 3.43 0.588 
Collared 15 14.6 4.83 1.25 

Zebra 40 16.6 4.28 0.676 

Touch Down Angle 
Basilisk 31 13.9 4.90 0.881 
Collared 15 7.44 8.12 2.10 

Zebra 40 8.20 5.70 0.901 

Spacing 2-3 mean min 
Basilisk 32 8.76 1.11 0.197 
Collared 12 6.12 0.879 0.254 

Zebra 23 5.34 0.580 0.121 

Spacing 2-3 mean max 
Basilisk 32 12.0 1.9 0.331 
Collared 12 8.02 0.932 0.269 

Zebra 23 7.68 1.42 0.295 

Spacing 2-3 mean  
Basilisk 32 10.3 1.58 0.280 
Collared 12 7.28 0.860 0.248 

Zebra 23 6.41 1.06 0.221 

Spacing 3-4 mean min 
Basilisk 32 10.9 1.77 0.313 
Collared 15 7.42 0.854 0.221 

Zebra 31 6.20 1.06 0.190 

Spacing 3-4 mean max 
Basilisk 32 14.8 2.18 0.385 
Collared 15 10.6 1.20 0.309 

Zebra 31 8.35 1.46 0.263 

Spacing 3-4 mean 
Basilisk 32 13.3 1.78 0.315 
Collared 15 9.46 1.30 0.335 

Zebra 31 7.19 1.18 0.212 

Foot Angle 
Basilisk 32 63.6 6.81 1.20 
Collared 15 23.0 12.0 3.09 

Zebra 39 40.8 10.9 1.74 

Toe Depth 
Basilisk 31 12.3 3.25 0.584 
Collared 11 13.8 2.64 0.796 

Zebra 33 7.90 2.44 0.425 
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SUPPLEMENT 4. CHAPTER 4 SUPPLEMENTS 

4.1. Packing Fraction Chapter Four 

Eq. 12: Packing Fraction Calculation 

𝜑
𝑡𝑜𝑡𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙

𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑 ∗ 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑠𝑖𝑛𝑔𝑙𝑒 𝑔𝑟𝑎𝑖𝑛
 

1. Volume occupied: 28 cm x 28cm x 16.7cm - 4 small braces of 1cm x 1cm =  
a. 13092.8 cm3 – (4cm2 *16.7cm) = 13,026 cm3 

2. Packing fraction= 19900 g / (13,026 cm3 * 2.5 g/cm3) = 0.61 

4.2. Printing Material Properties 

4.2.1. Nylon 12 Powder 

 Mechanical Properties: 

Ultimate Tensile Strength 50 MPa 

Tensile Modulus 1850 MPa 

Elongation at Break (X/Y) 11% 

Elongation at Break (Z) 6% 

 Flexural Properties: 

Flexural Strength 66 MPa 

Flexural Modulus 1600 MPa 

4.2.2. Overture TPU 

 Diameter = 1.75 mm +/- 0.03mm 

 Shore Hardness = 95A 
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4.3. 3D Printed Model Measurements To Lizard Comparison 

Table 20: 3D Printed Model Measurements to Lizard Comparison 

Morphological 
parameter 

Zebra-tail 
Measurements 

Model 
Measurements: 5.8 
cm foot base length 

Foot base 
length 

1.15 cm (100%) 5.8 cm (100%) 

Foot base 
width 

0.40 cm (34.8%) 2.9 cm (50%) 

Toe length* 1.25 cm (109%) 5.8 cm (100%) 

Toe width 0.125 cm (10.9%) 0.8294 cm (14.3%) 

Total Foot 
Length 

3.65 cm 17.4 cm (300%) 

Area (mm^2)   4562 mm2 
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4.4. Weights And Surface Areas Of Models 

Table 21: Weights and Surface Areas of Models 

Material Model Weight (g) Infill 
Surface Area 

(mm2) 

Nylon 

Square 55 100% 4556.25 
Rectangle 55 100% 4556.25 

1 pd 55 100% 4546.56 
3 pd 55 100% 4546.56 
5 pd 55 100% 4546.56 
7 pd 55 100% 4546.56 

TPU 

Square 65 100% 4556.25 
Rectangle 65 100% 4556.25 

1 pd 65 100% 4546.56 
3 pd 65 100% 4546.56 
5 pd 65 100% 4546.56 
7 pd 65 100% 4546.56 

3 pd Double hinge 73 100% 4546.56 
3 pd single 50% hinge 71 100% 4546.56 

3 pd single 50% hinge 5mm 
deep 

72 100% 4546.56 

3 pd single 50% hinge 8mm 
deep 

73 100% 4546.56 

PLA Rectangle 49 100% 4556.25 

4.5. Battery Drain Experiment Summary 

Table 22: Battery Drain Capacity Summary 

 Current capacity minus idle 
Model N Mean Std Dev Min Max Range Std Err 

0 pd Square 3.00 69.00 29.55 36.00 93.00 57.00 17.06 
1 pd 3.00 65.67 11.68 53.00 76.00 23.00 6.74 
3 pd 3.00 70.33 12.74 62.00 85.00 23.00 7.36 

3pd flex 3.00 74.67 30.66 41.00 101.00 60.00 17.70 
5 pd 3.00 69.33 16.86 50.00 81.00 31.00 9.74 
7pd 3.00 76.33 27.74 53.00 107.00 54.00 16.01 

 



 

129 
 

4.6. Stiff Models Jump 1 Means 

Table 23: Stiff Model Jump 1 Means 

Variable Model Mean std r Min Max 

Jump height 

Square 7.02 1.41 169 4.12 12.3 
1 pd 7.68 1.22 105 4.84 11.6 
3 pd 9.13 1.39 138 6.01 12.7 
5 pd 9.00 1.25 100 6.26 12.0 
7 pd 8.59 1.24 134 5.41 12.0 

Intrusion Depth 

Square -10.3 0.896 169 -12.9 -7.69 
1 pd -10.3 1.02 105 -13.3 -8.12 
3 pd -9.90 0.942 138 -12.1 -7.27 
5 pd -10.3 1.04 100 -13.3 -8.40 
7 pd -9.92 0.825 134 -12.9 -8.10 

Total Jump Height 

Square 17.3 1.26 169 14.6 21.6 
1 pd 18.0 1.23 105 15.7 21.5 
3 pd 19.0 1.17 138 17.3 22.1 
5 pd 19.3 0.655 100 17.4 21.7 
7 pd 18.5 1.12 134 16.2 21.2 

Avg. Active Velocity 

Square -3.79 1.53 15 -6.04 -0.553 
1 pd -3.95 1.01 15 -5.87 -1.71 
3 pd -3.97 1.01 28 -6.10 -2.00 
5 pd -3.93 0.781 15 -5.64 -2.80 
7 pd -4.34 1.07 15 -5.90 -2.14 

Max Active Velocity 

Square -6.99 2.36 15 -10.3 -2.10 
1 pd -7.78 1.41 15 -9.4 -4.99 
3 pd -7.94 1.68 28 -11.4 -5.13 
5 pd -7.35 1.26 15 -10.5 -5.90 
7 pd -8.08 1.58 15 -10.5 -5.12 

Avg. Jump 
Acceleration 

Square 5.24 4.86 15 -4.3 13.3 
1 pd 0.55 8.20 15 -11.8 15.0 
3 pd 2.49 5.76 28 -8.29 13.8 
5 pd 4.19 4.51 15 -3.62 13.7 
7 pd 4.33 5.31 15 -4.67 13.4 

Max Jump Acceleration 

Square 2987 74.7 15 2848 3082 

1 pd 3217 161 15 2981 3526 

3 pd 3214 289 28 2783 3638 

5 pd 3227 96.4 15 3058 3449 

7 pd 3186 68.3 15 3070 3273 
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4.7. Stiff Models Jump 2 Means 

Table 24: Stiff Model Jump 2 Means 

Variable Model Mean std r Min Max 

Jump height 

Square 4.06 0.820 15 2.31 5.07 

1 pd 1.86 0.581 15 0.798 2.69 

3 pd 1.69 0.452 28 0.976 2.54 

5 pd 2.29 0.713 14 0.010 3.00 

7 pd 2.85 0.419 15 1.93 3.35 

Intrusion Depth 

Square -1.86 0.519 15 -2.79 -0.986 

1 pd -1.22 0.456 15 -1.95 -0.436 

3 pd -1.05 0.211 28 -1.44 -0.737 

5 pd -1.14 0.319 14 -1.71 -0.731 

7 pd -1.37 0.256 15 -1.82 -1.05 

Total Jump Height 

Square 5.92 1.25 15 3.58 7.85 

1 pd 3.08 0.834 15 1.80 4.29 

3 pd 2.74 0.495 28 1.90 3.60 

5 pd 3.43 0.903 14 0.782 4.46 

7 pd 4.22 0.618 15 2.98 5.05 

Avg. Active Velocity 

Square -3.66 0.965 15 -5.05 -2.11 

1 pd -3.58 1.00 15 -5.47 -1.76 

3 pd -4.10 0.908 28 -5.36 -2.05 

5 pd -3.77 1.14 14 -6.13 -1.65 

7 pd -3.40 0.778 15 -4.56 -2.04 

Max Active Velocity 

Square -7.17 1.35 15 -9.60 -4.94 

1 pd -6.99 1.78 15 -10.7 -3.54 

3 pd -7.67 1.24 28 -9.71 -5.31 

5 pd -7.56 1.64 14 -10.7 -4.60 

7 pd -6.58 1.35 15 -8.96 -3.92 

Avg. Jump 
Acceleration 

Square 5.24 4.86 15 -4.28 13.3 

1 pd 0.550 8.20 15 -11.8 15.0 

3 pd 2.49 5.76 28 -8.29 13.8 

5 pd 4.01 4.62 14 -3.62 13.7 

7 pd 4.33 5.31 15 -4.67 13.4 

Max Jump 
Acceleration 

Square 2987 74.7 15 2848 3082 

1 pd 3217 161 15 2981 3526 

3 pd 3214 289 28 2783 3638 

5 pd 3222 97.7 14 3058 3449 

7 pd 3186 68.3 15 3070 3273 
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Variable Model Mean std r Min Max 

Efficiency 

Square 0.545 0.029 15 0.493 0.582 

1 pd 0.475 0.044 15 0.412 0.572 

3 pd 0.492 0.068 28 0.342 0.621 

5 pd 0.529 0.051 14 0.455 0.600 

7 pd 0.523 0.041 15 0.463 0.617 
 

4.8. Flexible Models Means 

Table 25: Flexible Model Means 

 Model Mean std r Min Max 

Jump Height 

0 pd Square 4.91 1.34 15 2.50 7.57 

1 pd 6.53 1.21 15 4.26 7.91 

3 pd 9.31 1.12 15 6.88 11.7 

5 pd 9.02 1.30 15 6.66 11.4 
7 pd 7.06 1.04 15 4.5 8.41 

Intrusion Depth 

0 pd Square -11.0 1.03 15 -13.3 -9.35 

1 pd -10.8 0.807 15 -12.1 -9.54 

3 pd -10.3 0.838 15 -12.0 -8.46 

5 pd -10.0 1.17 15 -11.9 -7.72 
7 pd -11.1 1.01 15 -13.4 -9.61 

Total Jump Height 

0 pd Square 15.9 0.699 15 14.8 17.6 

1 pd 17.3 0.698 15 15.5 18.5 

3 pd 19.6 0.609 15 18.5 20.7 

5 pd 19.0 0.518 15 18.0 19.8 
7pd 18.1 0.353 15 17.5 18.8 

Avg. Active Velocity 

0 pd Square -3.83 0.6 15 -5.1 -2.94 

1 pd -4.33 0.6 15 -5.0 -3.46 

3 pd -4.37 1.0 15 -5.7 -1.54 

5 pd -3.84 1.0 15 -6.6 -2.17 
7 pd -4.60 0.8 15 -5.9 -3.24 

Max Active Velocity 

0 pd Square -7.15 0.9 15 -9.0 -5.47 

1 pd -8.12 0.9 15 -10.0 -6.56 

3 pd -8.14 1.7 15 -10.8 -4.19 

5 pd -7.35 1.8 15 -12.2 -4.65 
7 pd -8.20 1.0 15 -9.9 -6.17 

Avg. Jump 
Acceleration 

0 pd Square 1.13 6.3 15 -9.4 12.15 

1 pd 0.51 4.8 15 -8.5 10.08 
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3 pd -0.20 3.4 15 -6.0 6.04 

5 pd 0.03 4.4 15 -8.1 7.35 
7 pd 1.99 3.4 15 -4.2 7.19 

Max Jump Acceleration 

0 pd Square 2811 89.4 15 2679 2950 

1 pd 2867 90.2 15 2612 2959 

3 pd 3056 101 15 2852 3193 

5 pd 3015 99.3 15 2745 3224 
7 pd 2937 27.7 15 2886 2993 

Efficiency 

0 pd Square 0.307 0.074 15 0.159 0.429 

1 pd 0.376 0.061 15 0.272 0.453 

3 pd 0.474 0.049 15 0.364 0.581 

5 pd 0.473 0.064 15 0.359 0.595 
7 pd 0.390 0.056 15 0.250 0.467 

Change in Jump Height 
Jump2 

0 pd Square 2.82 0.692 15 0.971 3.71 

1 pd 1.57 0.4 15 0.8 2.20 

3 pd 1.92 0.9 15 -0.3 3.09 

5 pd 1.83 0.7 15 0.6 3.02 
7 pd 1.08 0.4 15 0.4 1.98 

Change in Intrusion 
Depth Jump2 

0 pd Square -2.66 0.7 15 -3.4 -1.08 

1 pd -0.98 0.5 15 -1.9 0.01 

3 pd -1.16 0.2 15 -1.6 -0.85 

5 pd -1.14 0.3 15 -1.7 -0.70 
7 pd -0.15 0.3 15 -0.8 0.36 

Change in Total Jump 
Height Jump 2 

0 pd Square 5.48 1.3 15 2.3 6.81 

1 pd 2.55 0.8 15 1.2 4.14 

3 pd 3.07 1.0 15 0.8 4.69 

5 pd 2.96 0.9 15 1.7 4.67 
7 pd 1.22 0.7 15 0.1 2.80 

Efficiency Jump 2 

0 pd Square 0.36 0.1 15 0.3 0.47 

1 pd 0.41 0.1 15 0.3 0.48 

3 pd 0.49 0.0 15 0.4 0.58 

5 pd 0.49 0.1 15 0.4 0.59 
7 pd 0.42 0.1 15 0.3 0.50 

Avg. Active Velocity 
Jump 2 

0 pd Square -4.33 1.1 15 -7.1 -2.91 

1 pd -4.65 0.5 15 -5.7 -3.68 

3 pd -4.47 1.0 15 -6.5 -3.00 

5 pd -4.40 1.1 15 -6.2 -2.27 
7 pd -4.85 0.7 15 -6.2 -3.77 

Max Active Velocity 
Jump2 

0 pd Square -7.69 1.51 15 -11.3 -5.53 

1 pd -8.27 0.920 15 -10.0 -7.24 
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3 pd -8.66 1.48 15 -11.9 -7.17 

5 pd -8.18 1.83 15 -12.1 -5.00 
7 pd -8.58 0.937 15 -10.2 -7.17 

Avg. Jump 
Acceleration Jump2 

0 pd Square 2.80 4.53 15 -6.28 9.28 

1 pd 1.73 4.34 15 -8.10 7.92 

3 pd -0.454 3.89 15 -6.62 7.12 

5 pd 2.54 5.28 15 -6.42 11.1 
7 pd 1.75 5.59 15 -8.27 9.68 

Max Jump Acceleration 
Jump2 

0 pd Square 3104 102 15 2902 3329 

1 pd 2947 57.8 15 2802 3034 

3 pd 3245 59.7 15 3143 3339 

5 pd 3224 74.8 15 3050 3317 
7 pd 2903 69.8 15 2793 3004 
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4.9. Non-Toed Model Means 

Table 26: Non-toed Model Means 

 Model Mean std r Min Max 

Jump Height 
Rect 6.01 0.908 15 4.82 7.93 

Square 8.23 1.11 15 6.52 10.2 

Intrusion Depth 
Rect -10.4 0.722 15 -11.3 -8.74 

Square -10.0 0.707 15 -11.2 -8.65 

Total Jump Height 
Rect 16.4 0.361 15 15.9 17.2 

Square 18.2 0.976 15 16.7 20.1 

Efficiency 
Rect 0.365 0.050 15 0.299 0.476 

Square 0.450 0.045 15 0.367 0.510 

Jump Height Jump2 
Rect 2.49 0.440 15 1.80 3.16 

Square 4.06 0.820 15 2.31 5.07 

Intrusion Depth Jump2 
Rect -2.39 0.353 15 -2.94 -1.65 

Square -1.86 0.519 15 -2.79 -0.986 

Total Jump Height Jump 2 
Rect 4.88 0.774 15 3.45 6.09 

Square 5.92 1.25 15 3.58 7.85 

Efficiency Jump 2 
Rect 0.399 0.038 15 0.350 0.484 

Square 0.509 0.028 15 0.454 0.544 

Avg. Active Velocity 
Rect -3.33 0.768 15 -4.69 -1.98 

Square -3.79 1.53 15 -6.04 -0.553 

Max Active Velocity 
Rect -6.58 1.34 15 -8.80 -3.53 

Square -6.99 2.36 15 -10.3 -2.10 

Avg. Jump Acceleration 
Rect 1.59 4.91 15 -8.92 10.3 

Square 5.24 4.86 15 -4.28 13.3 

Max Jump Acceleration 
Rect 2848 68.5 15 2702 2967 

Square 2987 74.7 15 2848 3082 

Avg. Active Velocity Jump 2 
Rect -3.94 0.805 15 -5.84 -2.72 

Square -3.66 0.965 15 -5.05 -2.11 

Max Active Velocity Jump2 
Rect -7.49 1.15 15 -9.38 -5.89 

Square -7.17 1.35 15 -9.60 -4.94 

Avg. Jump Acceleration Jump2 
Rect 0.671 4.22 15 -5.32 11.5 

Square -1.03 4.42 15 -10.9 4.73 

Max Jump Acceleration Jump2 
Rect 3113 92.6 15 2896 3240 

Square 3448 80.2 15 3251 3542 
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4.10. Added Surface Area 

Table 27: Added surface area calculation 

Model Area (mm2) 
Length 
(mm) 

Width 
(mm) 

s 

Added 
Surface 

Area 
(mm2) 

Total 
Surface 

Area 
(mm2) 

% Added 
area 

1 pd 4546.56 58 3.4 119.4 5216.63 9763.19 114.74 
3 pd 4546.56 58 10.2 126.2 5652.31 10198.87 124.32 
5 pd 4546.56 58 17 133 6085.00 10631.56 133.84 
7 pd 4546.56 41.442 17 99.88 3934.78 8481.34 86.54 

Square 4556.25     4556.25 0 
 


