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SUMMARY

Locomotion is crucial to behaviors such as predator avoidance, foraging, and mating. In

particular, undulatory locomotion is one of the most common forms of locomotion. From

microscopic �agellates to swimming �sh and slithering snakes, this form of locomotion is

a remarkably robust self-propulsion strategy that allows a diversity of organisms to navi-

gate myriad environments. While often thought of as exclusive to limbless organisms, a

variety of locomotors possessing few to many appendages rely on waves of undulation for

locomotion. In inertial regimes, organisms can leverage the forces generated by their body

and the surrounding medium's inertia to enhance their locomotion (e.g., coast or glide). On

the other hand, in non-inertial regimes self-propulsion is dominated by damping (viscous

or frictional), and thus the ability for organisms to generate motion is dependent on the

sequence of internal shape changes. In this thesis, we study a variety of undulating systems

that locomote in highly damped regimes. We perform studies on systems ranging from zero

to many appendages. Speci�cally, we focus on four distinct undulatory systems: 1)Cae.

elegans, 2) quadri�agellate algae (bearing four �agella), 3) centipedes on terrestrial envi-

ronments, and 4) centipedes on �uid environments. For each of these systems, we study

how the coordination of their many degrees of freedom leads to speci�c locomotive behav-

iors. Further, we propose hypotheses for the observed behaviors in the context of each of

these system's ecology.

Starting with limbless systems, we study how the nematode wormCae. elegansgen-

erates and controls for turning behaviors in laboratory environments. Speci�cally, we use

dimensionality reduction techniques and a geometric framework to rationalize the observed

body dynamics. Our work suggests a neuromechanical control strategy for turning behav-

iors.

We adopt a robophysical modeling approach to study quadri�agellate propulsion in

low Reynolds number �uids. We develop the �rst macroscopic autonomous self-propelling

xvi



robot and implemented gaits observed in biological quadri�agellate algae. Our results

show that swimming performance is sensitive to swimming gait, and propose a hypothesis

for single gaits in distinct algae species.

We study how two distinct centipede species,Scd. polymorphaandScc. sexspinosus,

coordinate their limbs and body to navigate laboratory rugose terrains. We demonstrate

that both centipede species use presumed passive mechanics to negotiate limb-substrate

collisions and traverse the terrains. We observe a change in the limb-dynamics in one of

the centipede species, while not improving locomotor performance, that we posit reduces

the uncertainty of �nding secure footfalls.

Lastly, we study the swimming dynamics ofLi. for�catus, a surface swimming cen-

tipede. We �nd that the environmental generalist centipede swims via continuous body-

�uid contact and uses direct waves of body undulation for propulsion. We show that for-

ward propulsion is achieved by modulation of the forces experienced in each segments,

facilitated by the centipede morphology. Our work suggests that the centipede's swimming

strategy reduces the neuromechanical complexity associated with a change in gait.

xvii



CHAPTER 1

INTRODUCTION AND BACKGROUND

1.1 Overview of thesis

Movement is essential for many organisms [1]. A diversity of organisms rely on loco-

motion for fundamental behaviors such as reproduction, migration, resource acquisition,

among others. Particularly, undulatory locomotion is a common locomotive behavior in

the natural world [2]. This form of locomotion is present in organisms of varying sizes and

morphology that inhabit myriad environments, indicative of its robustness [2].

At the microscopic scale, cells such as spermatozoa undulate their �agella during propul-

sion [3]. Flagellated algae possessing from two to sixteen �agella undulate their ap-

pendages in a whip-like motion, coordinating them to generate rhythmic pattern [4]. The

mm-scale nematode worm,Caenorhabditis elegans, relies on dorso-ventral undulation to

locomote a variety of environments [5, 6, 7, 8, 9, 10]. These are a few examples of the rich

diversity of microorganisms that use undulatory waves for locomotion.

Similarly, there are both aquatic and terrestrial macroscopic organisms that rely on

undulatory locomotion. Eels and lamprey are common examples of undulators [11, 12],

with waves reminiscent of those observed in snakes. Fish, dolphins, and whales swim via

waves in concert with �n coordination [13, 14]. Snakes can exhibit various gaits, lateral

undulation being the most common. Multi legged systems, such as lizards, can aid leg

protraction/retraction with the use of body undulation, where the emergence of traveling

body waves is coupled to locomotor speed [15, 16, 17, 18, 19]. Similarly, some centipede

species exhibit body undulation that complements leg protraction/retraction when running

at high speeds [20, 21].

many-legged systems (with �ve or more leg pairs) exhibit waves of limb �exion known
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as metachronal waves. Limbs aggregate and are propagated sequentially toward and front

or rear of the locomotor, depending on the organism. Metachronal waves are present in

both �uid and terrestrial locomotors, such as krill [22], shrimp [23], millipedes [24, 25],

and centipedes [20].

Progress has been made in understanding undulatory propulsion in both �uid [26, 28,

29, 11, 30, 12, 31, 32, 33, 27] and terrestrial environments [34, 35, 36, 37, 38, 39, 40,

15]. Broadly, these can be further classi�ed depending on the locomotor regime, whether

inertial or non-inertial. Organisms that locomote in inertial regimes leverage both the

body/appendage and the surrounding media's inertia for propulsion. In contrast, organ-

isms that locomote in non-inertial regimes rely on patterns of self-deformation to generate

motion due to the highly damped nature of their surroundings.

Given the diversity of organisms and environments, this thesis seeks to further our

understanding of undulators in non-inertial regimes. Speci�cally, we study locomotion

ranging from limbless to many limbed organisms. This thesis focuses on locomotors and

corresponding behaviors that are less studied, relative to previous studies within the �eld

(e.g., rugose terrain traversal of centipedes). We aim to understand how a locomotor's

pattern of self-deformation interacts with its surroundings to exhibit a desired behavior.

Further, we seek to understand observed locomotor behaviors given an organism's natural

habitat. This work provides insights that can aid the development of deployable robot

models for locomotion in a variety of environments.

1.2 Propulsion via waves of undulation

Undulatory locomotion is ubiquitous; the ability to generate and propagate waves of curva-

ture along some or all parts of the body is present in a diversity of organisms and scales [2]

(Figure 1.1). Microscopic cells (e.g., spermatozoa [41, 42]) and �agellates (e.g., algae [26])

use their �agella for propulsion (Figure 1.1A-B). Waves of undulation in the �agella are

propagated from the point of attachment to the end of the appendage (away from the body).
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Certain �agellates (e.g., algae with two or more �agella [26, 4, 43, 44]), coordinate their

appendages in rhythmic patterns (which we will denote as gaits) reminiscent of those ob-

served in macroscopic systems, as we will show in Chapter 3. These are abundant in

marine, terrestrial, and freshwater habitats [43]. On the other hand, un�agellated microor-

ganisms (e.g., cyanobacteria [45]) resort to self-deformation of their body to propagate

low-amplitude body waves (Figure 1.1C). At the mm-scale, the nematode wormCae. ele-

gansrelies on the generation and propagation of dorsoventral waves to locomote [5] (Fig-

ure 1.1D). This worm encounters a wide range of environments in the wild, such as rotting

fruit, damp soil, and the bodies of molluscs (e.g., slugs) [6]. In laboratory environments,

Cae. elegansis capable of locomoting on �uids with viscosities spanning several orders of

magnitude [7], non-Newtonian �uid [5], agar gel surfaces [8], and rigid-post arrays [9, 10].

In addition, as we will discuss in Chapter 2, this worm uses these body waves to generate

turning maneuvers that potentially facilitate locomotion in a wide range of environments.

Larger scale organisms in �uids are commonly studied undulators. Distinct species

of �sh [29] laterally undulate their bodies to navigate waters of varying �ow. Elongated

animals, such as eels and lamprey [11, 12, 29], use anguilliform swimming that relies on

head-to-tail lateral body bending, with posteriorly increasing amplitude (Figure 1.1E). Eels,

in particular, can also burrow [48] and locomote on terrestrial substrates [49]. Large marine

mammals (e.g., dolphins [50] and whales) undulate their bodies dorsoventrally to produce

forward motion (Figure 1.1F).

Locomotion via waves of undulation is not limited to organisms primarily in �uids. A

diversity of animals locomote via waves of undulation in terrestrial environments. Snakes,

for examples, use a variety of gaits for propulsion, such as sidewinding and lateral undu-

lation (Figure 1.3A-B). Sidewinders (i.e.,Crotalus cerastes) propagate body waves in both

the lateral and dorsoventral dimension to lift segments of the body and generate discrete

substrate-body contact [51]. On the other hand, lateral undulation is the most common

gait used by terrestrial snakes. This form of undulation consists of posteriorly propagated
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Figure 1.1:Undulatory locomotion in �uids accross scales.(A) Sea-urchin spermatozoa.
Image adapted from [3]. (B) Quadri�agellate algae (Car. crucifera). Image credit: Kirsty
Y. Wan. (C) Cyanobacteria (Sy. major). Image adapted from [46]. (D) Nematode worm
Cae. elegans. (E) Ocellated moray (Gy. ocellatus). Image adapted from [47]. (F) Mediter-
ranean striped dolphins (St. coeruleoalba). Image adapted from [14].

waves. Lateral undulations allows snakes to locomote in con�ned spaces [34], swim in wa-

ter [52], locomote on and underneath sand [35, 36, 39], and traverse rigid-post arrays [53,

38]. Notably, this is the only form of undulation that is also present in all limbless rep-

tiles [54].

Legged terrestrial systems can complement the use of their appendages with waves of

undulation. Lizards can produce standing or traveling waves of undulation during locomo-
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Figure 1.2:Terrestrial undulators. Example limbless locomotors: (A) the shovel-nosed
snake (Ch. occipitalis) and (B) the sidewinder snake (Cr. cerastes). Figures adapted
from [39]. (C) Example legged locotomors: the mojave fringe-toed lizard (U. scoparia)
and (D) Jessie's slender skink (B. kadwa). Figures adapted from [24].

tion [16, 17, 18, 19, 15]. Whether a lizard uses a standing or traveling wave is dependent on

the morphology as well as the speed [16, 18, 19]. Species of lizards with well-developed

limbs use standing waves when locomoting at low speeds [16, 18, 19], replaced by traveling

waves when locomoting at high speeds [16, 18, 17, 15]. Even many-legged systems such as

centipedes can complement leg protraction/retraction with body waves. Certain centipede

species exhibit characteristic body undulation, for which the body amplitude increases with

increasing speed [20, 21].

Unlike animals with few limbs (two to four leg pairs), animals with many limbs can

exhibit waves of limb-�exion, known as metachronal gaits/waves or metachrony in �uids

and limb-stepping waves/patterns in terrestrial environments. During metachrony, each

limb performs a sequential pattern that is repeated after a �xed phase lag between adjacent

limbs [23, 55]. The frequency and wavelength of this wave is dictated not only by the phase

lag but also by the relative spacing between adjacent limbs [23]. In �uids, metachrony

has been found to produce steady and ef�cient �ows [56], augment swimming speed [57,

58], and increase �uid transport (in cilia) [59, 60, 61], relative to fully synchronous ap-

pendages [23]. Although metachrony is present in myriapods (millipedes and centipedes),

there are limited studies on myriapod locomotion in general. In millipedes, previous stud-
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Figure 1.3:Waves of limb �exion. Example animals that rely on waves of limb �exion,
metachronal waves, for locomotion in �uids: (A) the Antartic krill (E. superba) and (B)
the peacock mantis shrimp (Od. scyllarus). (A) adapted from [22], (B) adapted from [23].
Example animals that rely on waves of limb �exion, metachronal waves, for locomotion in
terrestrial environments: (A) the American giant millipede (Na. americanus) and (D) the
Kentucky �at millipede (Ap. virginiensis). Figures adapted from [15].

ies have found that the metachronal wave is modulated to control the thrust force generated

during burrowing, climbing, or walking [25, 24]. In centipedes, metachrony (i.e., the propa-

gation direction of the wave) has been characterized as species speci�c [20, 62, 63], further

discussed in Chapter 4 and 5.

1.3 Classi�cation of traveling waves

Across the diversity of organisms and range of spatial and temporal scales, traveling waves

can be characterized by the direction and plane of propagation.(Figure 1.4). Broadly, these

can be classi�ed as horizontal or vertical, and direct or retrograde [2]. A wave is classi�ed

as horizontal or vertical depending on the plane of propagation relative to the locomotor's

body (or appendage, in the case of �agellates). If dorso-ventral waves are propagated,

these are referred to as vertical plane waves. Conversely, laterally propagated waves are
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referred to as horizontal plane waves. For example, eels, lamprey, and some terrestrial

snakes [11, 12, 36, 37] use horizontal body waves (Figure 1.5A). As previously mentioned,

sidewinders (i.e.,Cr. cerastes[51]) rely on a combination of horizontal and vertical waves

(Figure 1.5C). InCae. elegans, the animal locomotes on its side. Thus, while the undulation

is reminiscent of lateral undulation in snakes and eels, waves generated are vertical, not

horizontal.

Figure 1.4: Locomotor axes. The left and right side of a locomotor correspond to the
lateral (horizontal) axis. Dorsal and ventral side of the body makeup the dorso-ventral
(vertical). If the locomotor is moving forward (from right to left in the page), waves
are direct/retrograde is they are propagated to the anterior/posterior end. Figure adapted
from [64].

Whether a wave is direct or retrograde depends on the propagation direction of the

wave. While the propagation direction can be de�ned relative to the locomotor longitudi-

nal (anteroposterior) axis, here we de�ne it relative to the locomotor's direction of motion

(Figure 1.4). When an organisms is generating forward propulsion and the body wave

is propagatedoppositeto the direction of motion, these are known as retrograde waves.

Contrarily, when forward motion is achieved with body waves that are propagatedwith

the direction of motion, these are known as direct waves. Commonly studied undulators

rely on the use of retrograde waves, to generate thrust away from the body and achieve

forward propulsion. However, various swimmers such as polychaete worms (i.e.,Nereis
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Figure 1.5:Classi�cation of waves relative to body and direction of motion. (A) Dia-
gram of horizontal waves (e.g., lateral undulation) in a limbless system. Arrow shows the
direction of motion. Time progresses from (i) to (iii). Waves are retrograde, propagated
opposite the direction of motion. Figure adapted from [65]. (B) Diagram of a combination
of horizontal and vertical waves (i.e., sidewinding). Arrow shows the direction of motion
and time profession. Grey shaded regions correspond to body segments that are in contact
to substrate. Time progresses from left to right. Figure adapted from [40]. (C) Diagram
of motile alga with hispid �agella. Arrows correspond propagation direction of the wave
(red) and the direction of motion (black). Figure adapted from [66].

virens[68]) and motile alga (Ochromonas malhamensis[66, 69, 70]) achieve forward mo-

tion via direct waves (Figure 1.5C). The common principle between these systems is the

distinct morphology relative to other undulators; the body (�agellum inOc. malhamensis)

has perpendicular oriented appendages (“hisps” inOc. malhamensis). For systems that rely

on retrograde waves, drag forces are greater for lateral motion than for forward/backward

motion [68, 69, 70]. In the case of polycheate worms and motile alga, the appendages/hisps

8



Figure 1.6: Waves in legged systems.Diagrams of (A) retrograde and (B) direct leg
wave propagation. Locomotor moves from left to right. Arrows denote the direction of
propagation of the limbs. Figure adapted from [67].

result in drag forces that are greater for forward/backward motion than for lateral motion.

Similar principles can be found in surface swimming centipedes, as we will show in Chap-

ter 5.

As previously mentioned, many-legged systems can exhibit metachronal waves. Simi-

lar to body waves, whether a metachronal wave is considered direct or retrograde depends

on the direction of propagation relative to the direction of motion of the locomotor. Assum-

ing forward motion, metachronal waves propagated posteriorly (in the caudal direction) are

known as retrograde waves, whereas metachronal waves propagated anteriorly (in the ros-

tral direction) are known as direct waves (Figure 1.6). A wave is determined to be either

direct or retrograde by using the appendage aggregates as a proxy for propagation direc-

tion. The direction of propagation of the wave depends on the locomotor; that is, there

are no dominant wave directions across the entire diversity of organisms. In �uids, krill

use a retrograde wave, where as polycheates use direct waves. In terrestrial environments,

there are �ve centipede order that have been broadly classi�ed to exhibit either direct (two

orders) or retrograde (three orders) limbs waves [20]. On the other hand, millipedes have

only been reported to exhibit direct limb waves [25, 24].
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1.4 Non-inertial locomotion and Resistive Force Theory

Microscopic swimmers locomote in a low Reynolds number regimes due to their scale.

In such a locomotor regime, forces from the surrounding medium resist the motion of the

swimmer. That is, the Reynolds number (Re, the ratio of inertial to viscous forces) is small

(Re � 1), Re = UL=v, whereU is the velocity of the swimmer,L is the length scale, and

v is the kinematic viscosity of the �uid. Thus, the ability for these swimmers to generate

self-propulsion (or exhibit other behaviors, as in Chapter 2) depends on the shape changes

of their body and/or appendages, rather than the acceleration of the �uid or the locomo-

tor. Speci�cally, resistive forces arise due to �uid viscosity (viscous damping) and inertial

forces are negligible [41, 71]. If these organisms stop self-deforming during locomotion,

there is no “inertial coasting” and thus come to a stop. In contrast, macroscopic swimmers

(e.g., eels, lamprey [11, 12]) that use undulations can leverage the forces generated by the

�uid and body inertia.

In this non-inertial regime reciprocal motion does not produce forward motion. Pur-

cell [72] described this as theScallop Theorem(Figure 1.7). In a high Reynolds number

regime, a scallop opens and closes its shell at different speeds (opening slowly, closing fast)

to eject water away from the shell and produce some net displacement in the opposite direc-

tion that the water is ejected. However, if the scallop is in a low Reynolds number regime,

irrespective of the timing between opening and closing, viscous damping makes the effects

of reactive forces negligible. In other words, reciprocal motion of the scallop will not lead

to propulsion due to the equivalent �ow in and out of the shell. Thus, for swimmers in

highly damped regimes forward propulsion is achieved by a cyclic pattern (i.e., gait) of

asymmetric shape deformations [72] for non-reciprocal motion. That is, as discussed by

Purcell [72], a swimmer requires at least two degrees of freedom (e.g., three-link swimmer)

to break time reversal-symmetry and achieve propulsion in low Reynolds environments. In

Chapter 3, we will show these features of low Reynolds number swimming and implement
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Figure 1.7: Scallop Theorem. In high Reynolds number �uids, a scallop can leverage
inertia with a single degree of freedom to produce motion. In low Reynolds, inertial terms
in the Navier-Stokes equation are negligible and propulsion is not achieved with symmetric
gaits (in shape or time). Figure from [72].

reversal symmetry breaking for effective propulsion.

Resistive Force Theory (RFT) was developed to model and predict performance of low

Reynolds number swimmers [71]. Instead of solving the full Navier-Stokes equations,

RFT provides simpler approximations [73, 47]. That is, RFT assumes that the forces acting

on in�nitesimal segments of a body are independent (i.e., do not in�uence forces on other

segments), and thus the total force acting on the entirety of the body is the sum of the forces
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Figure 1.8:Resitive Force Theory.Illustration of a two-dimensional swimmer. A wave is
propagated down the body (negative x-direction) generating forward propulsion (positive
x-direction). The body is partitioned into in�nitesimal segments (ds), each with a speci�c
orientation (tangent ,̂t, and normal,̂n) and velocity (v), experiencing perpendicular (dF ? )
and parallel (dF jj ) forces. Figure from [47].

acting on each segment (Figure 1.8). The accuracy and effectiveness of RFT depends on

this underlying assumption (decoupled force/�ow �elds) [74]. We note that for some high

Reynolds number swimmers, where inertial effects are not negligible, this assumption does

not hold. Flow is generated down the swimmers body and vortex is shed at the rear for

thrust generation [12].

RFT has not only proven effective in viscous �uids [71, 75, 76, 77]; it has also been

successfully applied to frictional �uids (i.e., granular media [78, 79, 35, 37]) where fric-

tional forces (instead of viscous) dominate inertial forces. Therefore, terrestrial undulators

that locomote in frictional damped regimes are also to a good approximationnon-inertial

systems.Similar to low Reynolds number swimmers, self-propulsion depends on the shape
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changes of the terrestrial locomotor, and no gliding or coasting phases aid locomotion

(due to frictional damping). Unlike in the Navier-Stokes equations for �uids, until recent

work [74] there were no constitutive equations for forces acting on in�nitesimal segments

for frictional �uids. Thus, forces had been measured empirically by dragging a model

segment through the media with varying orientation to obtain perpendicular and parallel

forces acting on the segment (Figure 1.8). We adopt a RFT approach in Chapter 5, where

inertia is dominated by water surface waves requiring us to make the �rst water-air drag

measurements.

Whether in �uid or in terrestrial environments, a rich diversity of organisms locomote

in non-inertial regimes [3, 4, 39, 35, 36, 40, 15, 70]. A general question that can be asked

for all of these is, what is the appropriate sequence of self-deformation to generate a de-

sired behavior? In doing so, we can study how the locomotor coordinates its degrees of

freedom to exhibit the behavior. A combination of biological experiments, robophysical

modeling, and theoretical modeling can shed some insight into these unknowns. Further,

while laboratory models are relatively simple, systematic studies can broaden our under-

standing of how a particular behavior is desirable in the context of the locomotor's natural

surroundings. Moreover, insights into the control principles of these organisms can aid

the development of deployable robot models that exhibit comparable capabilities to per-

form tasks in a variety of scales and environments, such as targeted drug delivery (at the

microscopic scale) and search-and-rescue (at the macroscopic scale).

1.5 Robophysical modeling

Organisms maneuver and navigate across challenging environments. Inspired by the di-

versity of behaviors in biological systems, roboticists, engineers, and increasingly physi-

cists have developed robots with animal-like capabilities. These have been achieved by

studying the interplay between an locomotor's morphology, physiology, control strategy,

and the environment. For example, previous work has shown that gecko (Gekko gecko)

13



Figure 1.9:Robophysical models and their biological counterparts.(A) Gecko climb-
ing (top left), a foot (top right) and toe (bottom left), and a microscopy image of the setae
(bottom right). Red and blue dots corresponds to free and attached feet, respectively. (B)
Gecko inspired robot. Right panel shows robot vertically climbing a surface. Arrow de-
notes the direction of motion. Figures adapted from [80, 81, 82]. (C) Lizard and (D) robot
model using the tail to stabilize their body. Figure adapted from [83]. (E) Bluegill sun�sh
(top left) and robotic pectoral �n (remaining panels) with exhibiting different motions. Red
arrow highlights pectoral �n. Figure adapted from [27]. (F) Sidewinder and (G) robophys-
ical model using a propagate through behavior. Figure adapted from [40].
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climbing is facilitated by setae (small hair-like structures) on their feet that adhere to sur-

faces through van der Waals forces, that depend on the limb-surface contact angle [80, 84,

81] (Figure 1.9A). During landing and lifting of each limb, the gecko changes the con-

tact angle between the surface such that adhesion force is increased during landing and

decreased during lifting [81]. Inspired by gecko climbing, researchers developed a robot

model (Stickybot) that relies on directional synthetic adhesive pads [85, 82] (Figure 1.9B).

Multiple levels of compliance at various length scales (from centimeters to micrometers)

are implemented in the robot such that its body can conform to distinct surfaces [85]. The

robot is able to climb multiple vertical surfaces using gecko-like movement [85].

Robots can also serve as simpli�ed locomotors models that allow for repeatable testing

in a controlled laboratory environment [43, 51, 86, 87, 83, 31, 27], an approach known

as robophysics [88]. Parameters such as body morphology, joint/limb angles, actuation

speed can be highly controlled (unlike in organisms) to study a resulting behavior. For

instance, studies have found that red-headed agama lizards (Agama agama) actively con-

trol the swing of their tails to stabilize their bodies while jumping to an adjacent vertical

surface [83] (Figure 1.9C). With the use of a lizard-size robot, researchers showed that an

actively swinging tail leads to less body rotation and greater stability, in comparison to a

robot with a passive tail or no tail [83] (Figure 1.9D). Similarly, studies done on bluegill

sun�sh (Lepomis machrochirus, Figure 1.9E) showed that the pectoral �n (on the lateral

side of the body) can generate thrust on both the instroke (�n moving towards the body)

and outstroke (�n moving away from the body); this is achieved by deformation across

and along the length of the �n, as well as deformations of individual �n rays [89, 32, 33,

90, 27]. A robotic model of the pectoral �n not only captures the force patterns generated

in sun�sh but also demonstrated how stroke kinematic can alter the force production pat-

terns [27] (Figure 1.9E). In limbless systems, studies of sidewinders have found that these

animals exhibit primarily a ”propagate through” behavior (one of three behaviors observed)

to negotiate sparse heterogeneities [40]. During a propagate through behavior, snakes lifts
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a moving portion (not generating body-substrate contact) of its body and deforms it around

an obstacle, propagating the deformation posteriorly as it continues sidewinding [40] (Fig-

ure 1.9F). Using a robophysical model, researchers found that the propagate through be-

havior is achieved by the modulation of the horizontal wave, in combination with �rm

anchoring of the anterior contact region [40] (Figure 1.9G). In all of the examples above, a

robophysical modeling approach allowed researchers to discover principles behind a loco-

motor's behavior, providing insight that can further the development of robots.

1.6 Kinematic estimation to quantify behavior

To study organismal locomotion and control, accurate behavior quanti�cation is desirable.

As previously mentioned, in non-inertial regimes the locomotor's external behavior is dic-

tated by internal shape changes. Therefore, extracting the geometrical con�guration of the

body and/or appendages is important to study a behavior of interest. We note that although

not discussed here, some of the methods mentioned below can also be useful when studying

multiple organisms and their collective behavior, such as �ocking and schooling.

The simplest form of tracking consists of obtaining the centroid position over time [91].

This treats an organism as a single point, and can be useful when studying/measuring navi-

gation or locomotion, although it cannot capture the organism's orientation or heading. To

overcome this, researchers have used ellipses that cross the minor and major axis of the

organism [91], when these are not symmetric (having the same length).

Typically, centroid or ellipse tracking is obtained via background subtraction, a scheme

that differentiates the organism (foreground) and its surroundings (background). Back-

ground subtraction is achieved by generating a median image of all frames; the limiting

factor of this approach is that it fails if the organism is static for an extended period of

time. On the other hand, if there is suf�cient contrast between the background and the

foreground, a color or pixel intensity (for grayscale images) threshold can provide proper

distinction between the two. We note that background subtraction, color thresholding,

16



Figure 1.10:Types of tracking approaches.Diagrams of types of tracking approaches
(from left to right): centroid tracking, ellipse tracking, posture tracking, and three dimen-
sional posture tracking. Figure adapted from [91].

and/or pixel intensity thresholding are often suf�cient to obtain body midlines of limb-

less organisms. However, if there are segments that collide or self-intersect (i.e., overlap),

background subtraction and thresholding schemes cannot properly identify the bounds (i.e.,

edges) of the body, providing inaccurate body shapes and coordinates over time.

Both centroid and ellipse tracking cannot provide information of individual appendages,

and thus cannot capture various animal behaviors (e.g., grooming and appendage coordi-

nation) [91]. This can be overcome by tracking the posture (also referred to as pose) of

the organism over time. To do this, one approach consists of using physical markers (e.g.,

re�ective); with high contrast between the marker, the organism, and the background, pre-

viously mentioned color or pixel thresholding schemes can be used to obtain each marker's

position over time. In some cases, an external software is used such that tracking is sim-

pli�ed, accurate, and can capture three-dimensional motion, although such software can

be costly [92, 93, 36]. While overlap of body segments and/or appendages can produce

inaccurate coordinates, these can be remedied with manual annotation or digital �ltering.

Another approach is the use of deep-learning based trackers, that rely on relatively min-

imal user input to provide posture estimation. A recently developed deep-learning based
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Figure 1.11:Deep learning to track multiple systems.Examples of DeepLabCut-applied
labels: (A) a fruit �y, (B) a cheetah, (C) a mouse hand, (D) a horse, (E) a zebra�sh, and (F)
a baby. Figure adapted from [94].

tracker often used to quantify behavior is known as DeepLabCut (DLC) [95]. DLC is based

on transfer learning with deep neural networks, with the use of minimal user input [95].

In short, DLC's routine proceeds as follows: 1) extract frames for manual annotation, 2)

generate a training data set based on the annotated frames, 3) train networks on desired

features (e.g., points along limbs), and 4) return features on remaining frames [95]. This

has proven to be an effective tool to track many different systems (Figure 1.11). Previous

studies have used DLC to study a variety of organisms and behaviors such as decision mak-

ing in mice [96], spinal motoneurons and leg movement in human newborns [97], social

interactions in bats [98], chicken behavior [99], body language in rodent social commu-

nication [100], and many others. Similar to posture tracking with physical markers, over-

lapping body segments and/or appendages can cause failures in the neural networks, and

consequently, the outputted positions. In some cases, the annotation of additional frames

and videos can result in more reliable tracking. In other cases, even with extensive manual

labeling this software fails. Thus, manual annotation of the entirety of the trial is necessary

but this can be laborious and time consuming.
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1.7 Organization of the thesis

In this thesis, we will study undulators in highly damped regimes across scales. We study

various systems ranging from limbless and few appendages to many-legged systems. These

inhabit distinct environments, however, share the properties of non-inertial regimes. That

is, locomotor performance is dependent on the internal shape changes due to viscous (in

�uids) or frictional (in terrestrial substrates) damping, making inertial effects negligible.

Thus, we focus on how these organisms coordinate their many degrees of freedom to exhibit

a particular behavior. The rest of this thesis is organized as follows:

• Chapter 2. The study ofCae. elegansturning strategies in laboratory environments,

adapted from a manuscript in preparation.

• Chapter 3. The effects of appendage coordination of hydrodynamics performance

in quadri�agellate algae with the use of a robophysical model, adapted from a publi-

cation inBioinspiration and Biomimetics[43].

• Chapter 4. The role of active and passive mechanics in centipedes (Scd. polymorpha

andScc. sexspinosus) traversing rugose terrains, adapted from a submitted publica-

tion in theJournal of Experimental Biology[101].

• Chapter 5. The swimming dynamics of a centipede (Li. for�catus) swimming on the

water surface, adapted from a submitted publication toPhysical Review Letters[102].
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Figure 1.12:Undulators studied in this thesis.(A) Scanning electron microscope image
of quadri�agellate algae (P. gelidicola). (B) Robophysical model of quadri�agellate algae.
Figures adapted from [43].Cae. elegansexhibiting postures during (C) forward motion and
(D) and omega turn. Centipedes, (E)Scd. polymorphaand (F)Scc. sexspinosus, studied
in comparative study, traversing rough terrains. Figures adapted from [101] (G) Surface
swimming centipede,Li. for�catus. Figure adapted from [102].
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CHAPTER 2

CAE. ELEGANSTURNING BEHAVIORS

2.1 Summary

To navigate various environments, slithering animals (e.g., snakes, nematodes) generate

traveling waves of body curvature. Of interest is the mm-long nematode wormCaenorhab-

ditis elegans; often thought of as simple with only 302 neurons, this worm is capable of

exhibiting a variety of locomotor behaviors (e.g., turns, reversals, pirouettes). Although

the neuromechanical control of forward locomotion inCae. elegansis well researched and

understood, much remains unknown of worm turning. Here, we investigate two known

turning behaviors exhibited by the worms on agar, omega turns and small-angled turns,

and analyze the body undulation dynamics. Using PCA analysis and geometric modeling,

we �nd that omega turns and small-angled turns are not distinct turning behaviors; instead

they fall into the same spectrum of turning behaviors. Turning can be modeled as a super-

position of two traveling waves (turning and forward wave) with distinct spatial frequency.

Changes in turning behaviors and degree of turning are subject to amplitude modulation

of the turning wave. In �uid (M9 buffer), dimensionality reduction cannot capture su-

perimposed traveling waves due to indistinguishable spatial frequencies. Instead, turning

can be modeled as a single body wave, subject to both amplitude modulation and phase

modulation.

This chapter's contents are adapted from a co-�rst authored manuscript in preparation by Baxi Chong� ,
Kelimar Diaz� , Christopher Pierce, Eva Erickson, and Daniel I. Goldman
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2.2 Introduction

Animals move in a variety of environments throughout their lifetime. Limbed animals use

their appendages to make and break discrete contact with their surroundings and generate

motion. On the other hand, limbless animals rely solely on their body; limbless locomo-

tors primarily rely on waves of body undulation, continuously generating body-substrate

contact, and achieving propulsion. While undulatory locomotion is ubiquitous and remark-

ably robust, there is much to understand regarding the control principles that underlie this

environmentally versatile locomotion strategy.

Cae. elegansis a model system that can increase our understanding of undulatory neu-

romechanical control due to its highly versatile locomotion [7, 5]. Previous studies showed

this worm modulates its undulatory wave across �uids (and non-Newtonian �uids) with

viscosity spanning several orders of magnitude. Further, this worm encounters a variety

of environments in nature; it can be found in rotting fruit, damp soil, and potentially the

body of molluscs (e.g., slugs) [6] (Figure 2.1A). In these environments,Cae. elegansmay

encounter heterogeneities that challenge its navigational capabilities.

Forward motion has been extensively studied inCae. elegans[8, 5, 7]. The undula-

tion wavelength and frequency depend on the resistance of the surrounding medium; with

increasing medium resistance, the worms exhibit increasing wavelengths and decreasing

undulation frequencies [5]. This modulation of undulation wavelength and frequency has

been found to be partially driven by proprioceptive neurons that detect the worm's local

deformations [103, 104].

Less is known about worm maneuvering strategies, such as turning. Previous studies

on worm turning have focused primarily on omega turns, during which the worm generates

high curvature bends forming an omega (
 ) shape with its body [105] (Figure 2.1B). These

studies have shown that omega turns allow the worms to explore their surrounding environ-

ments [106], avoid navigational bias [107], and escape external noxious stimuli [108]. Yet,
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Figure 2.1:Cae. elegansin naturalistic and model environments. Snapshots ofCae.
eleganslocomoting and performing an omega turn on (A) rotten fruit (peach) and (B)
agar. Blue and red circles denote the head and tail, respectively. Arrows show direction of
motion.

how these animals generate and control for turning behaviors remains unknown. We posit

the ability for these worms to perform turns is essential for maneuverability and navigation

in complex environments, such as those that they encounter throughout their life-cycle.

Whether in �uids or in agarose gel,Cae. eleganslocomotes in dissipative environments.

That is, the ability for this worm to generate propulsion depends on internal shape changes

to overcome damping. A powerful tool to relate shape changes to some external behav-

ior is geometric mechanics. Geometric mechanics was developed in the 1980s to study

locomotion in low Reynolds number regimes [72, 109]. Instead of laborious calculations,

geometric mechanics offers a diagrammatic approach with the use of height functions, pro-

viding insight into the patterns of self-deformation in non-inertial systems [39, 110, 15].

Here, we studyCae. elegansturning strategies, namely small-angled and omega turns,

in both laboratory model environments (agar and �uid). Using dimensionality-reduction

techniques, we �nd that these turns can be rationalized as a superposition of two traveling

waves with distinct spatial frequency: a forward wave and a turning wave. We show with a

geometric approach that changes in the turning behavior and consequently the turning rate
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are subject to amplitude modulation of the turning wave. This suggests that two turns, that

have been considered discrete behaviors, arise from a single control mechanism.

2.3 Materials and methods

2.3.1 Cae. eleganspreparation

Prior to an experimental trial, worms were washed in M9 buffer to remove any bacteria

on the animals' body. A single worm was placed per agar plate and M9 buffer bulk �uid.

For experiments performed in M9 buffer, animals were placed in 25� L of M9 buffer on a

glass slide. 3D movement was not constrained, only turns that occurred primarily in two

dimensions were selected.

2.3.2 Cae. eleganskinematics

Worm turning kinematics were captured at 30 frames per second (fps) via a bright �eld

microscope (Leica ATC 2000) and a point gray camera (Basler, acA1300-200um). Cus-

tom MATLAB code was used to digitize kinematics of small-angled turns. Kinematics

of omega turns were digitized using the animal-pose estimation software DeepLabCut

(DLC) [95]. Animal mid-lines were interpolated to 90 equally-spaced points along the

worm's body using a cubic spline �t. Mid-lines were used to calculate the curvatures (� )

using custom MATLAB code. Net rotation was measured by calculating the angle between

the body posture before and after an omega turn (Figure 2.10A).

2.4 Results and discussion

2.4.1 Dimensionalityreductionof turningbehaviors

We performed animal experiments on plates of nematode growth media (NGM, unseeded)

agar and M9 buffer (see Materials and methods). When placed on agar plates, the worms

would roam the plate and perform distinct turning strategies (i.e., small-angled and omega
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turns). Small turns can be described as a small bend generated on the head and propagated

along the body to produce a change in the heading angle (Figure 2.2A). In contrast, omega

turns are generated when the worm's head sweeps near the tail, forming an omega-like

shape with its body (Figure 2.2B). We note that worms are capable of performing delta

turns - omega turns with greater body amplitude [107]. However, in our analysis, we

did not differentiate between omega and delta turns. While previous work suggests that

omega and delta turns are “triggered” by separate processes, overall these two turns have

similar kinematics, turning rates, and contribute little bias in the direction of the animal's

trajectories [107].

Figure 2.2:Cae. elegansturning strategies. (A) Example trajectory of a small-angled
turn on agar, colored by time. Dashed and solid red line denote direction of motion before
and after the turn. Scale bar corresponds to 80� m. (B) Space-time plots of curvatures,� ,
for trajectory shown in (A). (C) Example trajectory of an omega turn on agar, colored by
time. Scale bar corresponds to 80� m. (D) Space-time plots of curvatures,� , for trajectory
shown in (C). (E) PCA of� for both small and omega turns on agar. (F) Variance explained
(80%) for the �rst four components.

Principal component analysis (PCA) on animal postures has been used to describe an
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animal's behavior [8, 36]. In previous studies, a single principal component (PC) corre-

sponds to turning behaviors [8] when a worm is roaming on a plate and exhibits a variety

of behaviors. In addition, forward locomotion is represented by linear superimposition of

sinusoidal PC pairs (i.e., two PCs capture forward motion) [8, 39]. Instead of perform-

ing PCA on roaming worms (encompassing a wide range of behaviors) we performed PCA

solely on turning behaviors on agar and found that four PCs capture most of the variation in

the body postures (80% of the variance) (Figure 2.2E-F). Three out of these four PCs have

similar counterparts to those reported in [8]. However, a single PC (PC2) emerges that is

associated with turning. Further, we �nd thatPC1 andPC2 can describe turning behaviors

and share a similar spatial frequency (number of waves along the body) ofnt = 1. On the

other hand,PC3 andPC4 are present during forward motion and also have a similar spatial

frequency ofnf = 1:5, consistent with previous work [8, 39]. The similarities in spatial

frequency between PC pairs (PC1 andPC2, PC3 andPC4) suggests these correspond to

sinusoidal pairs and can represent traveling waves [111]. Thus, we positCae. elegansturn-

ing is achieved by controlling two superimposed traveling waves, represented by pairs of

sinusoidal PCs.

We use these four PCs as a low dimensional representation of turning behaviors, ap-

proximating curvature changes overtime as:

� (s; t)� s = � 1(t)� 1(s) + � 2(t)� 2(s) + � 3(t)� 3(s) + � 4(t)� 4(s) (2.1)

wheres corresponds to a point along the body from head to tail, and� i and� i correspond

to each PC and its amplitude, respectively. Equation 2.1 can be written as

� (s; t)� s = ! 1cos(� 1)� 1(s) + ! 1sin(� 1)� 2(s) + ! 2cos(� 2)� 3(s) + ! 2sin(� 2)� 4(s) (2.2)

where! 1 and� 1 correspond to the amplitude and phase of the turning wave, andomega2

and � 2 correspond to the amplitude and phase of the forward wave. Simplifying Equa-
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tion 2.2, the resulting expression becomes

� (s; t)� (s) = ! 1sin(2�sn 1=L + � 1) + ! 2cos(2�sn 2=L + � 2) (2.3)

whereL corresponds to the length of the animal, andn1 corresponds to the spatial fre-

quency of the turning wave (nt ), andn2 corresponds to the spatial frequency of the forward

wave (nf ).

2.4.2 Geometricframeworkfor turning

To investigate howCae. eleganscoordinates two traveling waves to generate turns, we use

the geometric mechanics framework. Geometric mechanics is a physical and mathematical

tool that can be used to analyze animal behavior [39, 110, 15]. This geometric framework

has been previously used to study forward propulsion of various systems such as sand-

swimming lizards, salamanders, snakes [39, 110, 15], and even synthetic locomotors (robot

models) [112, 110, 113, 114]. Further, geometric mechanics has been successfully used to

study turning behaviors [115, 116, 39, 117, 110].

To introduce this framework, consider forward motion of a system in which movement

can be captured by a two dimensional representation of its body postures, such as inCae.

elegans[8, 39] and other undulators [36, 39]. Then, a gait can be represented as a closed

loop in the shape space (body postures that the locomotor can adopt), where any given

closed loop in the shape space can lead to distinct locomotor dynamics (Figure 2.3A-B).

That is, small body shape changes are related to small changes in both rotation and trans-

lation. In geometric mechanics, and these are assumed to be linearly related as

� = A(� ) _� (2.4)

where� = [ � x � y � � ]T is the forward, lateral, and rotational body velocities,� = [ � 1 � 2]T

is the body shape,_� is the velocity at which the body is changing shapes (“shape” veloc-
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Figure 2.3:Geometric framework for worm locomotion. (A) A two-dimensional shape
space. The shape basis functions of the shape space are derived from eigen-worms observed
during worm forward motion. The wave of traveling body curvature can be represented by
circular paths in the shape space. (B) Sequences of body shape changes over a gait period
(left to right) for three distinct (different amplitudes) circular paths leading to different net
displacement. (C) Connection vector �eld corresponding to forward motion. (D) Height
function corresponding to forward motion.

ity), andA is the local connection which relates� and _� . Equation Equation 2.4 separates

the position and orientation (group variables) of the locomotor from the exhibited shapes

(shape variables), providing an explicit map that relates shape changes to displacement in

the world frame. For a two dimensional reduced shape space (� 2 R2), the local connec-

tion (A(� )) is a 2x3 matrix where each forms a “connection vector �eld” (Figure 2.3C).

However, determining performance from a connection vector �eld can be challenging and
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non-intuitive. To overcome this challenge we can leverage Stokes' theorem [118, 119].

For any given closed loop,@ , in the shape space, displacement can be approximated

by

[� x � y � � ]T =
Z

@ 
A(� ) _� d� (2.5)

Then, by Stokes' theorem, the line integral along@ is equal to the area integral of the curl

of A(� ) over the surface area encompassed by@ :

Z

@ 
A(� ) _� d� =

Z Z

 
r � (A(� ))d� 1d� 2 (2.6)

where corresponds to the area encompassed by@ and the curl,r � (A(� )) , corre-

sponds to the “height function” (Figure 2.3D). A height function provides a visual map to

identify the output displacement given a pattern of self-deformation without the need for

parametrizations of stroke patterns [120]. A closed path that encloses a greater amount of

positive area, resulting in a large area integral, and consequently a greater displacement

(Figure 2.3). Given the dimensions ofA(� ), a height function can be obtained for forward,

lateral, and rotational displacement.

As previously mentioned, PCA revealed that turning behaviors inCae. eleganscan

be described as a superposition of traveling waves (two-wave template), a forward and a

turning wave, similar to [117] can be given by

� (s; t)� (s) = ! 1sin(2�sn 1=L + � 1) + ! 2cos(2�sn 2=L + � 2): (2.7)

Figure 2.4A(i)-A(iii) shows the shape space spanned by the two traveling waves. As men-

tioned above, connection vector �elds can be obtained, for which each arrow corresponds

to in�nitesimal rotation (Figure 2.4B(i)-B(iii)). Height functions in Figure 2.4C(i)-C(iii

show paths that optimize turning rate and minimize collisions (Figure 2.4D(i)-D(iii)), sim-

ilar to those in [117]. We note, self-intersection may be an important feature of omega
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Figure 2.4: (A) The two-dimensional shape sub-space for (i) coordination between ampli-
tude modulation and phase modulation of turning wave, (ii), coordination between ampli-
tude modulation and phase modulation of forward wave (iii) coordination between forward
wave and turning wave. (B) Connection vector �eld corresponding to (i), (ii), (iii). (C)
Height function corresponding to (i), (ii), (iii). (D) Self-collision maps on the shape space
for (i), (ii), (iii). Light solid blue line corresponds to gait paths that maximize the surface
integral while avoiding the self-collision regions. Dashed dark blue line corresponds to as-
sistive lines used to form closed loops with the gait path. Solid dark blue line corresponds
the integral of the surface enclosed in the lower right corner (shadow by solid line) minus
the surface enclosed in the upper left corner (shadow by dashed line) [120].
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