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ABSTRACT

Basilisk lizards are often studied for their unique ability to run across the surface of

water. Due to the complicated fluid dynamics of this process, the forces applied on the

water’s surface cannot be measured using traditional methods. This thesis presents a

novel technique of measuring the forces using a fluid dynamic force platform (FDFP),

a light, rigid box immersed in water. This platform, along with a motion capture

system, can be used to characterize the kinematics and dynamics of a basilisk lizard

running on water. This could ultimately lead to robots that can run on water in a

similar manner.
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Chapter 1

INTRODUCTION

1.1 Motivation and Overview

The basilisk lizard has become a species of interest in the bio-inspired robotics

community in recent years. Through its evolution, it developed extraordinary move-

ment capabilities that enable it to escape predators on many different types of terrain.

It excels in moving on and between solid terrain and dry and wet granular media [1].

Additionally, the basilisk lizard is unique among vertebrates for its ability to run

across the surface of a body of water. As a damping surface, water exaggerates the

effects of size on motion [2]. While some insects can run on water using surface ten-

sion [3], this method is impossible for animals of significant mass. The basilisk lizard

remains above the surface using a different method. As its hind foot penetrates the

water’s surface, it creates an air-filled cavity. It then retracts its foot before the cav-

ity closes, thus minimizing its contact with the water. This mechanism significantly

reduces drag as it propels itself across the water at a speed of approximately 1.6 m/s

[4]. The lizard’s ability to run effectively on both land and water would be a highly

desirable skill to emulate in robots [5, 6]. Figure 1.1 below shows a running lizard at

different points in its stride.
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Figure 1.1: The Stride of a Basilisk Lizard Running on Water

Direct calculation of the force interactions of water running is generally impractical

because it requires precise knowledge of the fluid velocity and pressure fields [4, 7].

In the past, the lizard’s force interactions with the water have been approximated

using particle image velocimetry (PIV). This technique uses cameras to continuously

record the position of visible particles that have been placed in the fluid, calculating a

vector field. This is then integrated to form a pressure field. However, this technique

has many sources of error, including system noise, camera resolution deficiency, and
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complexities in turbulence measurement [8].

A novel method of calculating the lizard’s kinematics has been derived from recent

research using an aerodynamic force platform (AFP) to measure the force interactions

of birds during flight in a direct and non-intrusive way. The AFP was mounted

on three statically determinate Nano43 sensors (six-axis, SI-9-9.125 calibration; ATI

Industrial Automation) sampling at 1000 Hz with a resolution of 2 mN. By integrating

the pressure fields along the surfaces of the enclosure using simplified versions of the

Navier-Stokes equations, the forces generated by the bird during takeoff and landing

were determined. This resulted in graphs of the horizontal and vertical forces vs.

time [9].

The goal of this project has been to implement a similar method of measuring

the force interactions of basilisk lizards using a fluid dynamic force platform (FDFP).

Much like flying animals, swimming animals move via the force interaction with

a fluid generated by their driving stroke [4]. Applying Newton’s third law to the

incompressible fluid shows that the net upward force at the interface between the

animal and the fluid must have an equal and opposite force distributed across the

fluid’s boundary [10]. The air pressure around the lizard is effectively constant, which

means that only the pressure fields of the water need to be recorded [11]. For this

reason, an open-topped box mounted on three sensors has been built instead of a full

enclosure. By filling the box with water and submerging it in a larger container of

water, it can be made neutrally buoyant. Pressure calculations are based on velocity,

so this buoyancy will not affect the fluid forces [11]. The highly precise sensors can

then detect the impulses of the lizard as it runs across the surface of the water in the

box.

There are several assumptions that simplify the Navier-Stokes equations for water

running. It is assumed that the shear stress on the air side of the liquid-gas interface
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is negligible, and that there is no flow through the interface. The air pressure over

the lizard’s body is assumed to be constant, as well as the air pressure on the control

surface. Furthermore, the surface tension at the liquid-gas interface is negligible.

Lastly, the unsteady body force due to the displacement of liquid and gas is considered

negligible due to the lizard’s relatively small size. Using these assumptions, the

equation simplifies to

F (t) = −
∫∫
CS

pndS +

∫∫
CS

τndS

where p is the fluid pressure, n is the normal vector of the control surface, and τ is

the shear stress tensor [11]. Using this integral to process data from the experimental

setup, the horizontal and vertical forces of the lizard can be calculated with respect to

time. By placing markers on the lizard and recording its locomotion using OptiTrack,

this data can be synchronized with visual information about the lizard’s stride, en-

abling the calculation of forces and torques about the lizard’s joints or center of mass

[12].

1.2 Characteristics of the Basilisk Lizard

The basilisk lizard is most commonly found in Tamaulipas and Michoacan in

Mexico, and as far south as Ecuador and Colombia. The males are larger than the

females, with a large dorsal crest covering the back and part of the tail [13]. They

live mainly near small bodies of water such as rivers, lakes, ponds, and streams.

This setting provides a variety of media upon which the lizards can effectively move,

including wet and dry granular media as well as water [14]. The ability of lizards to

move and transition quickly over these terrains is critical for effectively hunting prey,

escaping predators, and defending territory [15]. Younger lizards tend to be more

concentrated very close to the water, while older lizards spend their time in trees and
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other foliage nearby. This distinction could be a result of territory protection, with

the more powerful older lizards relegating the younger ones away from their preferred

locations [16, 17]. Another possible explanation is that the younger, smaller lizards

have more aptitude for running on water. One study found that the size of the lizard

had no effect on speed, but it did reduce the water running stamina of larger lizards

[18].

The genus basiliscus contains five species of lizards. Two of them will be the focus

of this research: Basiliscus vittatus, the brown basilisk, and basiliscus plumifrons, the

green basilisk.

1.3 Animal Water Running

Through the cycle of natural selection, biological systems have spent countless

iterations developing extraordinary mobility-related survival techniques. In the sci-

entific community, the benefit of studying these techniques is well understood. Many

mechanical systems have been proposed and developed as a direct result of biological

inspiration [19]. By understanding the underlying principles of biological locomotion,

we can understand and emulate these highly refined processes.

Water running can be separated into two broad categories based on the ratio of

the animal’s body weight to its maximum curvature force:

Mc =
Mg

σP

where M is the mass, g is the acceleration due to gravity, σ is the surface tension, and

P is the contact perimeter. Water runners with Mc < 1 tend to be small invertebrates,

such as the family of insects known as water striders (Gerridae). Due to their high

ratio of surface area to body mass, water striders are able to remain on top of a body

of water without breaking its surface tension. They can then use their legs to propel
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themselves forward [20].

Animals with Mc > 1 use the second type of water running, which is an excep-

tionally rare skill in nature. It applies to any animal that attempts to water run while

breaking the surface tension of the water. Unlike the water strider’s technique, the

effectiveness of this method is contingent upon constant movement; a basilisk lizard

will sink if it is not actively running [21]. While certain species of bird and lizard

can perform this technique with limited success, only the basilisk lizard can make

extensive use of this method throughout its entire life cycle.

1.4 Physics of Water Running

There are two basic functions of a water runner’s stride: keeping its body above

the water, and propelling it forward [16]. A single footstep of the basilisk has been

categorized into four distinct phases: slap, stroke, recovery up, and recovery down.

For the lizard to be supported, the sum of the upward impulses during one stride

must be at least equal to the downward impulse due to gravity [22]. These impulses

are generated during the first two stride phases. The slap phase marks the initial

impact of the foot upon the surface of the water. It is characterized by a high peak

of pressure at the fluid-body interface [23]. During the stroke phase, the contact

pressure between the foot and the water decreases. The stroke is a longer phase than

the slap, however, resulting in a greater total contribution to the impulse. As the

foot transitions from slap to stroke, its angle with respect to the water increases.

Thus, the slap generates primarily medial forces, helping with the first basic function

of keeping the lizard supported. In contrast, the stroke generates primarily lateral

forces, helping with the second basic function of propelling the lizard forward [24].

The recovery up phase is comprised of the lizard retracting its foot from below the

water’s surface. One of the primary reasons that basilisk lizards are adept at water
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running is that they create a “pocket” of air in the water above their foot during

the stroke phase. Their stride is timed such that during the recovery up phase, the

lizard’s foot is completely out of the water before this pocket of air closes [25]. This

method of running greatly reduces the lizard’s drag, enabling it to run at relatively

high speeds despite its breaking of surface tension. The time that it takes for the

pocket of air to close is given by the equation:

2.285(reff/g)0.5

Where g denotes gravity and reff denotes the effective radius of the lizard’s foot.

Finally, during recovery down, the lizard increases the velocity of its foot in prepa-

ration for the next slap. The foot does not experience any significant external forces

during either of the recovery phases [26].

The length of the lizard’s stride is typically calculated based on where it places

its feet during the slap phase. This length has two contributing factors. The first is

the limb length; longer limbs will result in a longer stride. The second is the distance

that the hipbone sockets, or acetabula, move during the time that the feet are not

in the water. The contribution of this second factor increases during water running,

with the lizard lengthening its stride significantly by rotating its pelvis to move the

acetabulum forward on the side that is in the recovery phases [16].

The functionality of the basilisk lizard’s tail is often neglected in locomotion stud-

ies, perhaps partially because it is not fully understood. The tail’s movement during

water running is much the same as its movement during bipedal land running. In

order to better understand its effects, one research group removed part of the tail be-

fore prompting the lizards to run [16]. It was found that the lizards could no longer

run bipedally. The tail makes up approximately 18% of the lizard’s total body mass

[4], enabling it to function as a counterweight for the lizard’s head and trunk. This
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keeps the lizard’s center of mass in a region of stability above its legs, enabling static

locomotion. This is especially critical when running on a highly yielding surface,

which is more conducive to tripping and falling [24]. Additionally, the lizard runs

with its tail submerged, which results in frictional drag from the water that helps it

maintain an upright posture [4]. Removing part of the tail caused the center of mass

to be in front of the legs, creating an unbalanced moment during bipedal strides and

causing the lizards to fall forward [16].

Another morphological trait of basilisk lizards that aids in water running is their

toe fringes. These fringes are comprised of scales that extend off the skin of the toe

to form a sort of flap. The fringes increase the surface area of the foot, resulting in

larger impulses during the slap and stroke phases. One study surgically removed the

toe fringes of a group of basilisk lizards. It was found that all lizards were still able

to run on water, but they sank lower into the water due to the reduced impulse. This

effect was especially pronounced in older, heavier lizards. It was therefore concluded

that the fringes are not essential for water running, but they do improve the lizard’s

ability to do so [16].

1.5 Robotic Water Running

The surface tension method of water running has been successfully implemented

in a robotic system [27]. The miniature “water strider robot” was able to travel across

water at a speed of 2.3 cm/s [3]. To the best of our knowledge, however, no robot has

yet been developed that can run across water as basilisk lizards do. There are many

challenges associated with such an undertaking. One is the impulse requirements. In

order to remain afloat, the combined impulse generated by the robot’s slap and stroke

must be equal to or greater the downward impulse due to gravity. In other words,

Islap + Istroke ≥ mgTstride
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At a minimum, the stride frequency must be high enough to avoid excess drag during

the recovery phase as the basilisk lizard does. Increasing the frequency further can

increase the vertical force generated and the robot’s speed [28], but this also requires

a greater power input. If the robot is connected to an external power source, its

mobility and applications will be limited, and the weight of the wiring will affect its

speed and balance. If it is battery-powered, however, the life of the battery will face

limitations. Increasing the size of the battery also increases the mass of the robot,

which contributes to the problem by increasing the required impulse. Additionally,

due to splashing and the potential for malfunctions, the entire robot is liable to

get wet. Therefore, for safety purposes and the prevention of electrical shorts, all

components of the robot must be waterproof [29]. This also adds weight, since all

of the electrical components require protection. Lastly, there is the issue of balance.

The basilisk lizard makes this issue look deceptively easy; in reality, it is exceptionally

difficult to maintain a net moment of zero around a body’s center of mass while that

body is running across water. The main concerns are pitch and roll [30]; yaw is less

likely to lead to the robot capsizing.

One robot was designed to imitate the lizard’s stride. It was supported by a load

cell to measure the upward force of its strokes on water. The researchers designed

several different types of feet to imitate different aspects of a basilisk lizard’s foot.

For example, the lizard’s toes abduct during the stroke phase to create more contact

area with the water, increasing the impulse. Then, on recovery up, the toes adduct

to prevent contact with the edge of the air pocket [2]. This has been shown to be a

passive mechanism, as it occurs even in a lizard foot that has been amputated. The

researchers were therefore able to partially imitate the effect by making compliant

circular feet with folding joints on either side. The sides would then fold down due to

gravity during recovery up. Elastic material was also added to the joints on a second
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foot design, increasing the effective spring stiffness. These effects combined to create

a more intelligent manufactured foot that had reduced drag during recovery [29].

One interesting occurrence that distinguished the robotic runner from the basilisk

lizard was the formation of plumes. During recovery up, a plume of water was pulled

from the bottom of the air pocket to the bottom of the robot’s foot. This resulted in

excess splashing, increased drag, faster cavity collapse, and an additional expenditure

of energy. It may have been due to contact between the foot and the wall of the

air pocket, or the occurrence of a vacuum effect underneath the circular foot. The

robot’s foot was also made of a more hydrophilic material than the basilisk lizard’s

foot, which could have resulted in the water clinging to it [29]. Whatever the reason,

plume formation is another challenge to overcome in the development of a water

running robot. This and other challenges will certainly be worked on in the coming

years, with the ultimate goal being a fully autonomous robot that can run on both

land and water [29, 31].
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Chapter 2

OBJECTIVES

The main objective of this research is to utilize an FDFP to characterize the force

interactions of the basilisk lizard running on water. Once the experimental setup

is completed, the data collection itself will be relatively straight-forward. The main

challenge throughout the past two semesters has been designing and building a setup

that is both light and extremely rigid. Due to the small magnitude of the forces being

measured and the high sensitivity of the force sensors, low natural frequencies in the

setup can create interference with the stride frequency of the lizards, thus preventing

the interactions from being accurately measured. These unique design constraints,

combined with the novelty of the experiment, created a challenging project in terms

of both design and manufacturing.

Figure 2.1: A Brown Basilisk Lizard
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Chapter 3

EXPERIMENTAL SETUP AND DISCUSSION

3.1 Design of Experimental Setup

Basilisk lizards cannot be trained in the traditional sense. They use running

on water as a defense mechanism, and will generally only do it when they perceive

a threat. When travelling across water without urgency, they will often choose to

swim rather than run. They also need a relatively long distance, around 2 meters,

to properly execute a run. With these facts in mind, it was decided that the FDFP

would be immersed in the transition track, a 6 meter long, open-topped track that was

used in previous research to study the lizards’ transitions between different types of

terrain. The track has been repurposed such that the middle 2-meter section of track

has higher barriers on either end, as well as lower walls on the sides. This enables

it to be almost completely filled with water. A box suspended in the water could

then go unnoticed by a basilisk lizard running across the track, enabling a seamless

recording of its force interactions.
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Figure 3.1: A Basilisk Lizard Running on Water in the Original Transition Track

The box needed to be connected to sensors at three statically determinate points.

These were created by attaching a shaft structure to the box. This structure was

attached using aluminum brackets with multiple holes so that the height could be

adjusted as necessary. Cup washers were attached to the underside of the structure

using epoxy. These washers rested on top of ball bearings, which were placed in three

V blocks. Underneath the V blocks were the sensors, which were mounted to the top

of two 8020 aluminum boxes. To prevent unwanted vibrations from external sources

such as air conditioning units, Mighty Mounts were selected as the feet of the 8020

supports. Their high level of vibration dampening and shock absorption helps to

increase the consistency and clarity of the data.
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Figure 3.2: Upward View of Sensor Assembly

Figure 3.3: Downward View of Sensor Assembly
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The box needed to be robust enough for experimental handling; however, in the

context of the setup, it is under relatively low stress. This is because the buoyancy

of the water supports the box from underneath, balancing out the downward force

of the water. The result is a neutrally buoyant box with very little downward force

placed on the three sensors. Early designs for the box therefore prioritized its rigidity

and low weight over strength. This resulted in the choice of carbon fiber shafts rather

than steel. At one point during frequency testing, the water outside of the box was

removed before the water inside the box, resulting in a much larger downward force

than it was designed to support. The box broke and needed to be repaired. Aside

from that misstep, however, the design of the box has not created any problems with

the research.
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The most prohibitive design restriction of the project concerns the natural frequen-

cies of the setup. Basilisk lizards have a stride frequency of approximately 8 strides

per second, or 8 Hz. In order to be confident that the box’s natural frequencies would

not be misconstrued as stride data, the box was designed to only have frequencies

at least 5 times greater than the stride frequency of the lizards. Comsol was used to

simulate the box’s displacement and natural frequency for different modes, such as

those shown in Figures 3.4 and 3.5. This process helped to ensure that the minimum

frequency requirement of 40 Hz was being met. The resulting natural frequencies are

shown in Table 3.1.

Figure 3.4: Comsol Simulation of Natural Frequency: Mode 1
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Figure 3.5: Comsol Simulation of Natural Frequency: Mode 2

Mode Natural Frequency (Hz)

1 55.397

2 113.75

3 140.23

4 251.77

5 343.26

6 443.99

Table 3.1: Natural Frequencies of Setup
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Throughout the design process, a Solidworks model of the setup was maintained

and updated. This ensured proper dimensioning, as well as facilitating clear com-

munication of ideas during discussion. The final design can be seen in Figure 3.6

below.

Figure 3.6: Final Solidworks Assembly Model
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3.2 Fabrication of Experimental Setup

The shafts connecting the box to the aluminum supports were cut using a diamond

saw. They were assembled using Loctite HY 4080 epoxy. To improve the quality of

the assembly, a custom part was designed and 3D-printed in the lab that could hold

the shafts together overnight while the epoxy hardened (Figure 3.7).

Figure 3.7: 3D Printed Part for Assembling Carbon Fiber Frame

For the box itself, carbon fiber reinforced polymer (CFRP) was selected as a

sufficiently rigid material. A sheet of CFRP with a foam core was purchased to make

the box lighter. It was cut into the four walls and floor of the box by Southwest

Water Corporation. The walls were then assembled using epoxy (Figure 3.8). They

were fortified using short 45-degree shafts that connected each wall to both adjacent
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walls. Lastly, the joints were treated with silicone and tested to ensure the box was

completely watertight.

Figure 3.8: CFRP Box Freshly Assembled with Epoxy

Four aluminum brackets were cut and drilled. The four carbon fiber shafts on the

corners of the box were drilled using a diamond-tipped drill bit. The brackets were

fastened to the shafts using nuts and bolts. They were then attached to the sides of

the box using epoxy (Figure 3.9).
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Figure 3.9: Carbon Fiber Shafts Attached to CFRP Box with Epoxy

An additional fabrication challenge came from the transition track. The original

experiments did not require a secondary setup suspended inside of it. This design

constraint required modification of the track’s walls, which were taller than the 8020

supports. The middle section of the track’s walls were therefore disassembled, and

new 8020 and acrylic were installed with a length of 10” instead of 18”. The other

two sections of the track were not modified, as only the middle section needs to

accommodate the height of the box setup.
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The completed experimental setup can be seen in Figure 3.10 below. With the

center section of the track shortened, the 8020 supports are tall enough to suspend

the box inside the track without creating any physical contact.

Figure 3.10: Complete Setup of Track with Box Suspended from 8020 Supports
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3.3 Frequency Testing

Once the box setup was completely assembled, its natural frequencies needed to

be tested. The test that we conducted was based on the test used for the AFP

research. A small hammer was constructed from a carbon fiber rod and a nylon nut.

The accelerometer was mounted to six different points on the setup, with beeswax

applied beforehand to improve the strength of the connection. After beginning data

collection, the setup was then tapped with the hammer near the accelerometer in the

x, y, and z directions. The process is summarized in Figure 3.11 below.

Figure 3.11: Procedure Flow Chart

The six locations that were tested for natural frequencies are labelled in Figure

3.12. The intent was not necessarily to collect data for every point on the setup, but to

select points that represented the majority of critical locations. It is assumed, for ex-

ample, that the data collected for one corner of the CFRP box is fairly representative

of the other three box corners as well.
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Figure 3.12: Frequency Test Locations
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Chapter 4

PRELIMINARY RESULTS

The primary results of this research have not yet been collected. They will ultimately

be in the form of plots of the horizontal and vertical forces on the lizard with respect

to time. This data will also be synchronized with OptiTrack recordings of the lizards

running, providing a greater understanding of the forces and torques acting on the

lizard at different points in its stride.

At this time, the results consist of data intended to validate that the setup was

assembled correctly and that the initial simulations were accurate. The acceleration

data obtained from the accelerometer during the frequency test was integrated twice

to obtain position data. For each trial’s data, the periods immediately after the

structure had been struck by the carbon fiber hammer were isolated. The number of

data points was linearly interpolated to the next highest power of 2 to ensure that no

data points were unused. A fast Fourier transform (FFT) was then performed using

MATLAB, and the resulting frequencies from taps in the x, y, and z directions were

plotted on a single graph for each accelerometer location. The results are displayed

in Figures 4.1-4.6.
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Figure 4.1: Test 1: Accelerometer Placed above Paired Sensor

Figure 4.2: Test 2: Accelerometer Placed Between Paired Sensors
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Figure 4.3: Test 3: Accelerometer Placed on Corner of Box

Figure 4.4: Test 4: Accelerometer Placed above Unpaired Sensor
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Figure 4.5: Test 5: Accelerometer Placed on Top 8020 Support

Figure 4.6: Test 6: Accelerometer Placed on Bottom 8020 Support
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From the data, we are able to confirm that the majority of locations on the setup

did not return magnitude peaks at frequencies below 40 Hz. Two tests that are

in need of greater scrutiny are the z-direction strikes on Tests 1 and 5. Any such

peak could indicate a characteristic of the setup that could potentially interfere with

the lizard data. Moving forward, we plan to conduct additional frequency tests and

address any problems that become apparent. This could, for example, entail adding

additional carbon fiber shafts in order to make the structure more rigid. These steps

will ensure that system noise will be kept to a minimum in the final results.
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Chapter 5

CONCLUSION AND FUTURE RESEARCH

5.1 Conclusion

This thesis has summarized the effort so far in directly recording the force inter-

actions of a basilisk lizard running on water. The data ultimately collected by this

project will be the first of its kind. This is due to both the novelty and the difficulty

of developing a fluid dynamic force platform that can accurately record the necessary

kinematics. By developing a setup that is capable of recording such forces accurately,

this project has made significant progress toward a complete characterization.

5.2 Future Research

Much of the work presented in this thesis has been preliminary. The next step

will be to construct a force validation fixture that can confirm the readings from the

three sensors using an external force sensor. The goal is to roughly approximate the

event of a lizard’s foot slapping the water. Therefore, the design includes a linear

actuator appended with a simple 3D-printed shape to represent the lizard’s foot. The

external sensor is attached to the bottom of the foot. This assembly will be mounted

on the transition track rather than the 8020 supports so that it does not interfere

with the three sensors that the box is mounted on. It will be suspended above the

box, and the actuator will be rapidly extended into the water. The two separate

force measurement systems can then be compared to ensure consistent readings. The

model of the force validation setup can be seen individually in Figure 5.1 below, as

well as in Figure 5.2 mounted on the larger setup.
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Figure 5.1: Force Validation Fixture

Figure 5.2: Force Validation Fixture Mounted to Setup
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In the near future, this project will begin animal testing. It is difficult to predict

the behaviors that the lizards will exhibit once exposed to the setup, and there will

likely be adjustments needed to foster the correct behavior. Once the setup has been

confirmed to be compatible with the lizards, the Nano 43 sensors will be acquired

from our collaborators. At this point, the animal trials will begin. The lizards will

be fitted with waterproof markers at critical locations such as their head, pelvis, and

center of mass. This will enable the data obtained from the three force sensors to be

cross-referenced with that of OptiTrack cameras. A high FPS camera placed inside

the CFRP box will be especially useful for understanding the timing of each phase

of the stride with respect to the forces occurring. This will result in a kinematic

characterization of this unique method of locomotion that will hopefully be useful for

the development of water-running robots.
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