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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 flagellates to swimming fish 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. Specifically, we focus on four distinct undulatory systems: 1) Cae.

elegans, 2) quadriflagellate algae (bearing four flagella), 3) centipedes on terrestrial envi-

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

how the coordination of their many degrees of freedom leads to specific 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 worm Cae. elegans gen-

erates and controls for turning behaviors in laboratory environments. Specifically, 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 quadriflagellate propulsion in

low Reynolds number fluids. We develop the first macroscopic autonomous self-propelling

xvi



robot and implemented gaits observed in biological quadriflagellate 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. polymorpha and Scc. 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 finding secure footfalls.

Lastly, we study the swimming dynamics of Li. forficatus, a surface swimming cen-

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

fluid 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 flagella during propul-

sion [3]. Flagellated algae possessing from two to sixteen flagella 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 fin 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 five or more leg pairs) exhibit waves of limb flexion 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 fluid 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 fluid [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 classified 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. Specifically, 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 field

(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 flagellates (e.g., algae [26])

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

propagated from the point of attachment to the end of the appendage (away from the body).

2



Certain flagellates (e.g., algae with two or more flagella [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, unflagellated 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 worm Cae. ele-

gans relies 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. elegans is capable of locomoting on fluids with viscosities spanning several orders of

magnitude [7], non-Newtonian fluid [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 fluids are commonly studied undulators. Distinct species

of fish [29] laterally undulate their bodies to navigate waters of varying flow. 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 fluids. 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 fluids accross scales. (A) Sea-urchin spermatozoa.
Image adapted from [3]. (B) Quadriflagellate 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 confined 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-flexion, known as metachronal gaits/waves or metachrony in fluids

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

limb performs a sequential pattern that is repeated after a fixed 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 fluids, metachrony

has been found to produce steady and efficient flows [56], augment swimming speed [57,

58], and increase fluid 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 flexion. Example animals that rely on waves of limb flexion,
metachronal waves, for locomotion in fluids: (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 flexion, metachronal waves, for locomotion in
terrestrial environments: (A) the American giant millipede (Na. americanus) and (D) the
Kentucky flat 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 specific [20, 62, 63], further

discussed in Chapter 4 and 5.

1.3 Classification 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 classified as horizontal or vertical, and direct or retrograde [2]. A wave is classified

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

body (or appendage, in the case of flagellates). 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). In Cae. 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 defined relative to the locomotor longitudi-

nal (anteroposterior) axis, here we define it relative to the locomotor’s direction of motion

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

is propagated opposite to the direction of motion, these are known as retrograde waves.

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

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: Classification 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 flagella. 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 (flagellum in Oc. malhamensis)

has perpendicular oriented appendages (“hisps” in Oc. 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
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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 fluids, krill

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

there are five centipede order that have been broadly classified 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, where U is the velocity of the swimmer, L is the length scale, and

v is the kinematic viscosity of the fluid. 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 fluid or the locomo-

tor. Specifically, resistive forces arise due to fluid 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

fluid and body inertia.

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

cell [72] described this as the Scallop 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 flow 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 fluids, 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 infinitesimal segments of a body are independent (i.e., do not influence 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 infinitesimal segments (ds), each with a specific
orientation (tangent , t̂, and normal, n̂) and velocity (v), experiencing perpendicular (dF⊥)
and parallel (dF ||) forces. Figure from [47].

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

this underlying assumption (decoupled force/flow fields) [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 fluids [71, 75, 76, 77]; it has also been

successfully applied to frictional fluids (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 approximation non-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 fluids, until recent

work [74] there were no constitutive equations for forces acting on infinitesimal segments

for frictional fluids. 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 first water-air drag

measurements.

Whether in fluid 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)
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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 sunfish
(top left) and robotic pectoral fin (remaining panels) with exhibiting different motions. Red
arrow highlights pectoral fin. 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 simplified 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

sunfish (Lepomis machrochirus, Figure 1.9E) showed that the pectoral fin (on the lateral

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

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

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

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

in sunfish 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 firm

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 quantification 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 configuration 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 flocking 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 sufficient 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,
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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 sufficient 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.,

reflective); 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-

plified, 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 filtering.

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

17



Figure 1.11: Deep learning to track multiple systems. Examples of DeepLabCut-applied
labels: (A) a fruit fly, (B) a cheetah, (C) a mouse hand, (D) a horse, (E) a zebrafish, 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

fluids) 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 of Cae. elegans turning strategies in laboratory environments,

adapted from a manuscript in preparation.

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

in quadriflagellate algae with the use of a robophysical model, adapted from a publi-

cation in Bioinspiration and Biomimetics [43].

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

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

tion in the Journal of Experimental Biology [101].

• Chapter 5. The swimming dynamics of a centipede (Li. forficatus) swimming on the

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

CAE. ELEGANS TURNING 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 worm Caenorhab-

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 in Cae. elegans is 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 find 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 fluid (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-first 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. elegans is 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 fluids (and non-Newtonian fluids) 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. elegans may

encounter heterogeneities that challenge its navigational capabilities.

Forward motion has been extensively studied in Cae. 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 (Ω) 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. elegans in naturalistic and model environments. Snapshots of Cae.
elegans locomoting 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 fluids or in agarose gel, Cae. elegans locomotes 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 study Cae. elegans turning strategies, namely small-angled and omega turns,

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

techniques, we find 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. elegans preparation

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 fluid.

For experiments performed in M9 buffer, animals were placed in 25 µL 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. elegans kinematics

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

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 fit. Mid-lines were used to calculate the curvatures (κ)

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 Dimensionality reduction of turning behaviors

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. elegans turning 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 µm. (B) Space-time plots of curvatures, κ,
for trajectory shown in (A). (C) Example trajectory of an omega turn on agar, colored by
time. Scale bar corresponds to 80 µm. (D) Space-time plots of curvatures, κ, for trajectory
shown in (C). (E) PCA of κ for both small and omega turns on agar. (F) Variance explained
(80%) for the first 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 find that PC1 and PC2 can describe turning behaviors

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

other hand, PC3 and PC4 are present during forward motion and also have a similar spatial

frequency of nf = 1.5, consistent with previous work [8, 39]. The similarities in spatial

frequency between PC pairs (PC1 and PC2, PC3 and PC4) suggests these correspond to

sinusoidal pairs and can represent traveling waves [111]. Thus, we posit Cae. elegans turn-

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:

κ(s, t)λs = α1(t)β1(s) + α2(t)β2(s) + α3(t)β3(s) + α4(t)β4(s) (2.1)

where s corresponds to a point along the body from head to tail, and βi and αi correspond

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

κ(s, t)λs = ω1cos(ϕ1)β1(s)+ω1sin(ϕ1)β2(s)+ω2cos(ϕ2)β3(s)+ω2sin(ϕ2)β4(s) (2.2)

where ω1 and ϕ1 correspond to the amplitude and phase of the turning wave, and omega2

and ϕ2 correspond to the amplitude and phase of the forward wave. Simplifying Equa-
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tion 2.2, the resulting expression becomes

κ(s, t)λ(s) = ω1sin(2πsn1/L+ ϕ1) + ω2cos(2πsn2/L+ ϕ2) (2.3)

where L corresponds to the length of the animal, and n1 corresponds to the spatial fre-

quency of the turning wave (nt), and n2 corresponds to the spatial frequency of the forward

wave (nf ).

2.4.2 Geometric framework for turning

To investigate how Cae. elegans coordinates 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 in Cae.

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

ξ = A(α)α̇ (2.4)

where ξ = [ξx ξy ξθ]
T is the forward, lateral, and rotational body velocities, α = [α1 α2]

T

is the body shape, α̇ 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 field corresponding to forward motion. (D) Height
function corresponding to forward motion.

ity), and A is the local connection which relates ξ and α̇. 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 (α ∈ R2), the local connec-

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

However, determining performance from a connection vector field 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, ∂ψ, in the shape space, displacement can be approximated

by

[∆x ∆y ∆θ]T =

∫
∂ψ

A(α)α̇dα (2.5)

Then, by Stokes’ theorem, the line integral along ∂ψ is equal to the area integral of the curl

of A(α) over the surface area encompassed by ∂ψ:

∫
∂ψ

A(α)α̇dα =

∫ ∫
ψ

∇× (A(α))dα1dα2 (2.6)

where ψ corresponds to the area encompassed by ∂ψ and the curl, ∇ × (A(α)), 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 of A(α), a height function can be obtained for forward,

lateral, and rotational displacement.

As previously mentioned, PCA revealed that turning behaviors in Cae. elegans can

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

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

κ(s, t)λ(s) = ω1sin(2πsn1/L+ ϕ1) + ω2cos(2πsn2/L+ ϕ2). (2.7)

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

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

to infinitesimal 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 field 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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turns, however we avoid such body configurations in our analysis. Further, while proper

phasing between the forward and turning wave is important to optimize turning rate, in

this study we focus on two distinct turning behaviors that are at two opposite ends of the

spectrum. That is, while omega turns generate high net rotation, small-angled turns, as the

name suggests, produce a low net rotation [8, 107, 106]. Aside from the generated rotation,

there is a similar feature in these two turns; when the worm is turning there is a change in

the amplitude at the head. Thus, we posit that these turns, although visually discrete, lie

on a continuum and are subject to amplitude modulation. In other words, Cae. elegans can

exhibit an omega or a small-angled turn by modulating the amplitude of the superimposed

traveling waves.

To investigate this hypothesis, we used the geometric framework to obtain a theoretical

prediction of rotation (as degrees per cycle) as a function of off-origin distance (xc) of the

trajectories of the PC projections (Figure 2.5). The off-origin distance serves as a proxy for

changes in the amplitude during turning, as forward motion produces trajectories that are

centered at the origin, and the animal exhibits negligible rotation in the world frame [8, 39].

Figure 2.5B shows two trajectories of the PC projections of the turning wave. We observed

that the trajectory of the small-angled turn is centered approximately at the origin, whereas

the trajectory for the omega turn is shifted toward the negative direction along the x-axis.

Thus, there is increasing rotation with increasing off-origin distance, captured by both em-

pirically measured data as well as the geometric mechanics prediction (Figure 2.5C). The

relationship between net rotation and off-origin distance measured in experimental data

reinforces the hypothesis that turning behaviors observed in Cae. elegans lie on a contin-

uum. That is, what was thought to be two distinct turning behaviors, small-angles turns and

omega turns, can be described as a single behavior with a two superimposed waves.
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Figure 2.5: Geometric mechanics prediction of worm turning on agar. (A) Height
function corresponding to the turning wave. The shape space is defined as the linear space
spanned by PC1 and PC2. (B) Experimentally obtained trajectories formed during an
omega and small turn. (C) Rotation as a function of off-origin ellipse centroid distance, xc.
Solid black lines corresponds to geometric mechanic prediction.

2.4.3 Turning behaviors in fluids

Similar to on agar, worms spontaneously perform turns in fluids. These look kinematically

comparable but the lower resistance from the media affects both the undulation wavelength

and frequency [5]. Adopting the dimensionality reduction approach, we performed PCA on

turning behavior in fluid (Figure 2.6A-D). Unlike in agar, two sinusiodal PCs capture the

majority of the variance in the worm’s body postures (78% of the variance) (Figure 2.6E-

F). This would suggest that the neuromechanical control for turning is dependent of the

environment. However, this is inconsistent with this worm’s strategy for forward motion,

where a single gait is modulated across environment of distinct resistance [5]. Thus, we

hypothesize that PCA could not capture a two wave template if the spatial frequencies

between the forward and turning wave were comparable, collapsing these into a single

wave with a spatial frequency of n = 0.7.

To test our hypothesis, we theoretically analyzed the orthogonality (ψ) between spatial

frequencies. That is, we verified if comparable spatial frequencies would be distinguishable

by PCA. When ψ = 90◦, spatial frequencies are distinct and can thus be captured by

PCA. Figure 2.6G shows ψ for varied spatial frequency of the turning wave, while keeping
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Figure 2.6: Cae. elegans turning in fluids. (A) Example trajectory of a small-angled turn
in fluid, colored by time. (B) Space-time plots of curvatures, κ, for trajectory shown in (A).
(C) Example trajectory of an omega turn in fluid, colored by time. Scale bars correspond
to 80 µm. Inset shows photo of Cae. elegans in buffer performing an omega turn. (D)
Space-time plots of curvatures, κ, for trajectory shown in (C). (E) PCA of κ for omega
turns in buffer. (F) Variance explained (78%) for the first two components. (G) Theoretical
simulations of orthogonality between spatial frequencies.

the spatial frequency of the forward wave fixed (n1 = 0.7). We observed that spatial

frequencies below 1.25 decreases ψ, increasing the difficulty to distinguish between the

forward and turning wave.

Similar to agar, we apply the geometric framework to turning behaviors in buffer obtain

a to predict rotation as function of xc of the trajectories of the PC projections (Figure 2.7).

Figure 2.7B shows two trajectories of the PC projections. Consistent with our observations
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of turning behaviors on agar, we find that rotation increases with increasing xc. This is

once again captured by both empirically measured data as well as the geometric mechanics

prediction (Figure 2.7C).

Figure 2.7: Geometric mechanics predictions for worm turning in fluid. (A) Height
function corresponding to the turning in buffer. The shape space is defined as the linear
space spanned by PC1 and PC2. (B) Experimentally obtained trajectories formed during
two distinct turns. (C) Rotation as a function of off-origin ellipse centroid distance, xc.
Solid black line corresponds to geometric mechanic prediction.

The difference between agar and buffer is that, since the turning and forward wave

collapse into one, the change of behavior from forward to turning can be observed in the

trajectories of the PC projections. In buffer, a circle centered about the origin [39] corre-

sponds to forward motion, and any turning motion causes the trajectory to shift away from

the origin. Figure 2.8 shows a trajectory of the projections for a worm performing both for-

ward motion and turning, resulting in two distinct ellipses. When the worm is thrashing to

move forward, it is also performing a long turn. In other words, in the world frame the path

that the worm is traveling is curved, resulting in a distinct ellipse (left-most, dashed line

in Figure 2.8) in the projections. As time progresses, the worm spontaneously performs

an omega turn that changes the trajectory into a different ellipse (right-most, solid line in

Figure 2.8). Once the worm finishes performing an omega turn and continues thrashing,

the trajectory returns to the first ellipse.

We tested whether a two-wave template could capture omega turns in a robophysical

model (length = 102 cm, width = 5 cm, 8 segments). As described in [117], each segment
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Figure 2.8: Forward motion and turning is captured by trajectories of PC projections.
(A) Snapshots of Cae. elegans performing forward motion and an omega turn. Blue and
red circles correspond to the head and the tail of the worm, respectively. (B) Trajectories
formed by two modes during both forward and turning, colored by time. Ellipses corre-
spond to trajectories during forward motion (solid gray) and an omega turn (solid black).

is commanded to achieve a joint angle prescribed by

θi = ω1sin(ϕ1 + 2πn1
i

N
) + ω2sin(ϕ2 + 2πn2

i

N
) (2.8)

where i corresponds to the joint index and N corresponds to the total number of joints

(ω1, n1, ϕ1, ω2, n2, and ϕ2 have the same definition as in Equation 2.7). As observed in

Figure 2.9 with this two-wave template the robot successfully executes an omega turn and

captured body rotation over a gait cycle.
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Figure 2.9: Robophysical modeling of worm turning. (A) Rotation over a single gait
cycle for robophysical model using a two-wave template to perform turns. Blue and gray
lines correspond to the robot and animal trials, respectively. Top inset shows snapshots of
the robot performing an omega turn. (B) Example trajectory of an omega turn performed
by the (B) robot and (C) the worm, colored by time.

2.5 Conclusion

We studied Cae. elegans turning behaviors in laboratory environments, using both agar and

fluid (M9 buffer) media. Specifically, we focused on two turning behaviors, small-angled

and omega turned. Using dimensionality-reduction techniques (PCA), we found that turn-

ing behaviors could be described as a superposition of two sinusoidal traveling waves with

distinct spatial frequency. Geometric mechanics predicted rotation performance and con-

sequently turning behavior could be related to the off-origin distance from the center of the

trajectories of the PC projections. In fluid, PCA did not capture the superposition of two

waves, we posit, due to comparable spatial frequency between the waves. Nonetheless, the

same relationship was predicted using geometric mechanics. Our work suggests that al-

though small-angled and omega turns are thought to be distinct turning behaviors, these are

generated and controlled by the turning wave; by modulating the amplitude of the turning

wave, the worm can achieve either small-angled or omega turns.

While not studied here, we posit these turns allow Cae. elegans to maneuver across
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complex heterogeneous environments, such as those that they encounter in nature (subsec-

tion 2.7.1). Previous work [117] has shown that a two-wave template allows limbless robots

to maneuver within a model heterogeneous terrain (i.e., randomized lattice). This is unlike

other strategies that require complex control to facilitate lattice traversal [121]. Thus, we

expect our work can lead to augmented capabilities of present and future limbless robots

for maneuvering diverse terrains.

2.6 Contributions

The contributions for the project are detailed as follows:

Kelimar Diaz performed Cae. elegans turning experiments, tracked the animal pos-

tures in fluid, and assisted in analysis and processing of the data (i.e., PCA). Eva Erickson

performed tracking of animal postures on agar. Baxi Chong developed and applied the

geometric mechanics framework. Tianyu Wang programmed and performed robot experi-

ments. Baxi Chong, Kelimar Diaz, Christopher Pierce, and Daniel I. Goldman conceived

the study and interpreted the data. Baxi Chong, Kelimar Diaz, and Christopher Pierce

co-wrote the manuscript in preparation. Daniel I. Goldman supervised project, provided

comments on and modified the manuscript.

2.7 Appendix

2.7.1 Turning performance in confined environments

We performed preliminary experiments with Cae. elegans on fluid-filled (M9 buffer)

hexagonal lattices (spacing between posts = 320 µm, post diameter = 200 µm) to test

turning performance in heterogeneous environments. We focused solely on omega turns

and compared the turning performance with omega turns observed on agar and in fluid

(M9 buffer). Net rotation was measured by calculating the angle between the body posture

before and after an omega turn (Figure 2.10A). Further, we measured swept area (normal-
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ized by the total area a worm could sweep, the area of a circle) by calculating the area of

each omega turn trajectory (Figure 2.10B). We observed that Cae. elegans can achieve high

turning performance independent of the environments (Figure 2.10C). Interestingly, similar

to the observations for forward motion [9, 10], opportunistic use of the posts may enhance

turning performance relative to homogeneous fluid. Similarly, we observed that omega

turns allows the worms to sweep a small area, potentially enhanced with opportunistic post

used in fluids (Figure 2.10D).

Figure 2.10: Omega turns in various environments. Snapshot of the perpendicular robo-
physical model swimming in mineral oil. Average position between LEDs was used as a
proxy for robot body centroid due to the fluid opacity. Arrow shows the direction of mo-
tion.
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CHAPTER 3

A ROBOPHYSICAL MODEL FOR QUADRIFLAGELLATE PROPULSION

3.1 Summary

Locomotion at the microscale is remarkably sophisticated. Microorganisms have evolved

diverse strategies to move within highly viscous environments, using deformable, propulsion-

generating appendages such as cilia and flagella to drive helical or undulatory motion. In

single-celled algae, these appendages can be arranged in different ways around an approx-

imately 10 µm long cell body, and coordinated in distinct temporal patterns. Inspired by

the observation that some quadriflagellates (bearing four flagella) have a similar morphol-

ogy and flagellar beat pattern, yet swim at different speeds, this study seeks to determine

whether variations in swimming performance could arise solely from differences in swim-

ming gait. Robotics approaches are particularly suited to such investigations, where the

phase relationships between appendages can be readily manipulated. Here, we developed

autonomous, algae-inspired robophysical models that can self-propel in a viscous fluid.

These macroscopic robots (length and width = 8.5 cm, height = 2 cm) have four inde-

pendently actuated ‘flagella’ (length = 13 cm) that oscillate under low-Reynolds number

conditions (Re ∼ O(10−1)). We tested the swimming performance of these robot mod-

els with appendages arranged two distinct configurations, and coordinated in three distinct

gaits. The gaits, namely the pronk, the trot, and the gallop, correspond to gaits adopted

by distinct microalgal species. When the appendages are inserted perpendicularly around

a central ‘body’, the robot achieved a net performance of 0.15− 0.63 body lengths per gait

This chapter’s contents are adapted from a first authored paper published 2021 in Bioinspiration and
Biomimetics [43] by Kelimar Diaz, Tommie L. Robinson, Yasemin Ozkan-Aydin, Enes Aydin, Daniel I.
Goldman, and Kirsty Y. Wan
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cycle, with the trot gait being the fastest. Robotic swimming performance was found to

be comparable to that of the algal microswimmers across all gaits. By creating a minimal

robot that can successfully reproduce cilia-inspired drag-based swimming, our work paves

the way for the design of next-generation devices that have the capacity to autonomously

navigate aqueous environments.

3.2 Introduction

The ability to generate self-propulsion is a distinguishing feature of most living organ-

isms. In the macroscopic world, locomotion is typically associated with inertia [122],

though recent work has revealed the dominance of friction over inertia in terrestrial lo-

comotion [123, 40]. On the other hand, locomotion at the microscopic scale is subject

to low Reynolds number physics, and cannot take advantage of inertial coasting. With-

out motility, a bacterium can only coast a minuscule distance an order of magnitude be-

low the Ångström scale [72]. Over billions of years of evolution, microorganisms have

become adept at swimming, evolving distinct mechanisms for powering and maintaining

self-propulsion through a fluid, often achieving speeds of several tens of cell-body lengths

per second. This active motility confers a significant survival advantage, allowing mi-

crobes to navigate freely towards regions or locations where there are abundant nutrients or

resources [124]. Depending on the arrangement (relative to the cell body) and number of

locomotor appendages (i.e., number of flagella or cilia), single cells can execute swimming

gaits that are surprisingly reminiscent of animals. For example, the model biflagellate alga

Chlamydomonas actuates two flagella in a breaststroke [125], while quadriflagellate algae

(single cells with four-flagella) exhibit distinctive quadrupedal gaits such as the trot or the

gallop [26] (Figure 3.1A,B).

In recent years, advances have been made in understanding the biomechanics of mi-

croswimming. Here, the Reynolds number is small, Re = UL/ν, where L is a typical

length scale of the swimmer, U a typical velocity scale, and ν is the kinematic viscosity
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of the fluid. Equally important is the oscillatory Reynolds number Reosc = L2ω/ν [126],

where ω the typical stroke frequency (which sets a tip velocity of ωL). When both are small,

flows are then governed by the Stokes equations: 0 = ∇p − µ∇2v and ∇ · v = 0 (where

v and p are the flow and pressure fields), and have no explicit time-dependence. Microor-

ganisms are able to break time-reversal symmetry using non-reciprocal strokes or body de-

formations, often involving whip-like appendages called cilia and flagella [72, 127]. While

bacteria make use of rigid helical flagella [128], eukaryotes actuate motile cilia which pro-

duce asymmetric waves of propulsion [129, 130]. For a microorganism oscillating a 10 µm

flagellum at 50 Hz, Re ∼ 10−3, and Reosc ∼ 10−2. One further asymmetry is required for

forward propulsion [75]: In living cells this can be achieved by shape asymmetry, which

is ensured by the slender aspect ratio of all cilia and flagella (about 100). Rigid colloidal

particles can also self-propel by diffusiophoresis without shape changes by generating con-

centrating gradients [131]. A rod sweeping through a fluid in the perpendicular (tangential)

direction of the axis of the rod experiences approximately twice the drag compared to when

it is moved in the parallel (normal) direction [132]. Organisms across all scales have been

found to exploit this basic anisotropy for locomotion [40, 2, 47].

Despite the use of cilia and flagella as a common propulsion mechanism, the mi-

croscale locomotion strategies of microorganisms have diversified significantly across dif-

ferent phyla [44]. It is not well-understood why different gaits exist nor how they are

coordinated. For centuries, locomotor gaits have been studied in the context of terrestrial

animals, where the sequences of relative movement sustained by subsets of limbs leads to

propulsion. In vertebrates, gaits are thought to be generated by central pattern generators

(CPGs) [133]. But how can orderly, deterministic appendage coordination occur in sin-

gle cells in the absence of nervous control [44, 4]? Recent theoretical and experimental

work have show that dynamic gait selection, at least in flagellates, appears to be an active

and species-dependent process driven by intracellular and mechanical coupling [4, 134].

Notably, distinct quadriflagellates can self-propel at different speeds despite an apparently

41



identical arrangement of flagella around the cell body [26, 135]. Since the ancestral form of

the green algal lineage may have have been a unicellular organisms with four flagella [136],

there is much incentive to understand the precise mechanisms of appendage coordination

in such systems.

In the quest to address these open questions of movement control, extant organisms

can provide only a limited parameter space of possibilities in terms of size, shape, beat

frequency, and others. This often makes it challenging to investigate certain configurations

or physical regimes. Theoretical and computational approaches have been instrumental in

shaping our understanding of active propulsion [132, 137], but these can be computation-

ally expensive or reliant on simplifying assumptions. Meanwhile robophysical modelling

has emerged as a powerful and versatile technique for elucidating organismal behaviour by

engineering customised configurations that can be easily tested in a controlled laboratory

setting [138, 88, 139]. The revolution in robophysical modelling has been driven in part by

low-cost electronics (motors, microcontrollers), and increasingly accessible control tech-

nologies that can complement theoretical modelling to provide real biological insights [88,

140]. However, trying to model cell movement is a significant conceptual challenge when

working at the microscale. Even though increasingly controllable micro- and nano- devices

have been fabricated to mimic the locomotive behaviours of biological swimmers [141,

142], these are driven by external magnetic, electric, or chemical fields. Magnetic fields

are often unable to deliver fine spatial control, required to independently actuate individual

artificial cilia in a given array or network though there have been some recent progress in

device miniturisation [143]. As theoretical representations of flagellates, artificial swim-

mers and microrobots, minimal models based on a small number of moving components

(e.g., beads, rods) have yielded significant insights into the effect of gait coordination on

self-propulsion and motility [144, 145, 146, 147]. Meanwhile, more realistic models of

swimming cells that account for filament elasticity and shape have also been developed for

single or arrays of cilia [148, 149, 150], but these approaches have not yet been applied to
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study the influence of swimming gaits in freely-moving multiflagellates.

The intrinsic limits of device manufacturing at small scales makes ‘microrobots’ un-

suitable to as realistic models of cell motility. To understand the influence of gait on

self-propulsion at low-Reynolds number, our goal is to build a dynamically-scaled, self-

powered, robophysical model, where the movement of individual locomotor appendages

can be independently prescribed and controlled. In contrast to traditional microrobots, the

larger size allows us to explore and take advantage of increasingly sophisticated electron-

ics and control architectures [151, 152]. We can readily program these “roboflagellates”

to execute specific swimming gaits, making them well suited for testing theories of bio-

inspired and autonomous locomotion at a low-Reynolds number regime. This chapter is

organised as follows: We first identified and measured the relative swimming performance

of three closely-related species of quadriflagellate algae that exhibit near-identical mor-

phology but distinct swimming speeds. Next we built a O(10)cm robot that can self-propel

in a highly-viscous fluid when modeling the asymmetric beat pattern of the algal flagella,

capturing the low-Reynolds number kinematics. By arranging the robotic flagella in one

of two possible configurations (parallel or perpendicular) relative to a central “cell body”,

we imposed and tested three distinct flagellar actuation patterns (gaits) that occur in the

biological quadriflagellates, namely the pronk, the trot, and the gallop. In each case, we

compared the hydrodynamic swimming performance of the robot to that of the correspond-

ing algal species. Finally, we discuss the relevance of these results for understanding how

functional differences in swimming performance may arise from morphologically similar

structures, and highlight the implications of this from an eco-evolutionary perspective.

3.3 Materials and Methods

3.3.1 Culturing and imaging of algae

Three species of algae (Pyramimonas parkeae, Pyramimonas tetrarhynchus and Carte-

ria crucifera) were cultured axenically (i.e., independent cultures, without other species)
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according to previously published protocols [26, 4]. Free-swimming individuals were

tracked in open microfluidic chambers using a high-speed camera (Phantom Vision Re-

search). Brightfield imaging was conducted with 40x or 60x objectives using standard in-

verted microscopes (Leica DMi8 and Nikon T2000-U) under white light illumination. Free-

swimming trajectories were obtained from high-speed videos in which single cells crossed

the focal plane, with the use of the open source software TrackMate (Fiji) [153]. Ten

cells per species were used to determine the performance of each swimming gait. Tracks

in which cells performed transient gaits, tumbles, or changed directions were not used in

this analysis. The body length of each cell was measured along the long axis (anterior-

posterior) of the organism. An average body length of 13.95±2.05 µm, 12.54±0.65 µm,

and 12.82±0.72 µm was found for P. parkeae, P. tetrarhynchus and Car. crucifera, respec-

tively.

3.3.2 Quadriflagellate robophysical model

We designed a dynamically-scaled robot to ensure that the robophysical model is self-

powered and did not require external fields - all controllers and servos are fully self-

contained (Figure 3.1C). We performed robot experiments in a highly viscous fluid (mineral

oil, McMaster, 1000 cSt, product no. 1401K75) to approximate the low Reynolds number

regime experienced by the algae (Figure 3.1C). A subset of trials were conducted in glyc-

erin (vegetable glycerin, Blue Water Chem Group, product no. B07FQWDTH7) of compa-

rable viscosity to the mineral oil, to enable better visualisation and tracking of appendage

movement. The robot consisted of a 3D printed body (length and width = 8.5 cm, height

= 2 cm, additional CAD details in Figure 3.13) attached to four flagella that were indepen-

dently actuated by waterproof servo motors (Savox, product no. SW0250MG, max torque

of 3.5 kg/0.34 Nm, operating at 4.8 V). Each appendage was oriented such that the stroke

lies in the plane perpendicular to the body (Figure 3.1D). Foam (FOAMULAR Insulating

Sheathing (IS) XPS Insulation) was attached on the robot body to achieve neutral buoyancy
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Figure 3.1: Design and fabrication of a dynamically-scaled robophysical model of a
microswimmer with four flagella. (A) Scanning electron microscope (SEM) image of
Pyramimonas gelidicola [154]. (B) Snapshots of Pyramimonas parkeae held by a pipette.
(C) Robophysical model of quadriflagellate algae. (D) Experimental set-up. The arena is a
hexagonal tank filled with mineral oil or glycerin of high viscosity, to approximate the low
Reynolds number regime experienced by the algae.

and allow it to swim untethered. Commanded appendage positions were achieved using a

microcontroller (Photon, Particle, part ID: PHOTONH) that allowed actuation of the robot

with the use of Wi-Fi. The microcontroller and each motor were connected via a IOT Servo

Shield (Actuonix, part ID: IOT-SHIELD-PHOTON), a circuit board specific to our micro-

controller. Four LEDs were placed on the 3D printed body to facilitate tracking. The robot

was powered with three lithium ion polymer batteries (3.7 V, 2500 mAh), each powering

directly the microcontroller, the motors, and any attached LEDs. With this microcontroller,
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the robot was able to achieve self-propulsion over approximately one hour.

Figure 3.2: Breaking time-reversal symmetry with a hinged two-link bio-inspired flag-
ellum. One beat cycle of an (A) algal flagellum compared to a (B) robot flagellum. P:
power stroke, R: recovery stroke. Each robot flagellum segment has a length of 6.5 cm and
diameter of 3.1 mm. Asymmetric beat patterns are achieved via a 3D printed joint. The
movement patterns of the algal flagellum were measured in water. Robot beat pattern was
visualized in a high-viscosity fluid (glycerin).

Inspired by the flagellar beating waveform of the organisms, we implemented a sim-

ple two-link robotic flagellum connected via a 3D printed joint (Figure 3.2). Each flag-

ella (length = 6.5 cm, diameter = 3.1 mm, polypropylene-based thermoplastic elastomer

(TPE)) could bend passively to break time-reversal symmetry, without the need to actively

prescribe the beating shape over a beat cycle (Figure 3.1C). No external control sensing or

environmental awareness was implemented, our robot was completely open loop. Each gait

maintained a constant phase difference between adjacent flagella set by prescribed joint an-

gles of the proximal segment (where the motor and flagella connected) (Figure 3.3). Each

gait was uploaded to the microcontroller via Wi-Fi, allowing the controllers to actuate the

motors. Unless otherwise specified, all gaits were prescribed with a flagellar beating fre-
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quency of 0.14 Hz.

For the movement of the robot in mineral oil (kinematic viscosity µ/ρ = 10 cm2/s),

the Reynolds number for the body (Re) was 0.14 (L = 3.8 cm, U = 0.38 cm/s), while

the oscillatory Reynolds number Reosc was 0.20 (L = 3.8 cm, ω = 0.14 Hz). For the

experiments conducted in glycerin (kinematic viscosity µ/ρ = 11.83 cm2/s), Re = 0.27

(L = 6.89 cm, U = 0.40 cm/s), and Reosc = 0.55 (L = 6.89 cm, ω = 0.14 Hz).

We imposed three distinct gaits to the robot similar to those observed in quadriflagellate

algae – the pronk, the trot, and the gallop. The different coordination patterns were achieved

by prescribing the phase differences between adjacent flagella. The resulting gait sequences

were confirmed for an immobilised robot body, where the distance from each flagellum

tip to the cell body was used as proxy for phase. In the pronk gait, all four appendages

move simultaneously, without any phase difference (φ = 0◦) between adjacent flagella

(Figure 3.3A). The trot gait is defined by alternating pairs of flagella each of which is

generating a pattern analogous to a breaststroke, with a phase difference of half a gait cycle

(φ=180◦) (Figure 3.3B). In the gallop gait, each appendage moves with a phase difference

of a quarter-gait cycle relative to its neighbour (Figure 3.3C). The directionality (clockwise

or counter-clockwise) of the gallop gait is determined by the phase difference (φ) between

the first appendage (m1) and an adjacent appendage (m2 orm4). We tested the gallop gait in

both a clockwise (φ=90◦between m1 and m2) and counter-clockwise (φ=180◦between m1

and m2) direction. We imposed a clockwise and counter-clockwise direction to investigate

how chirality can affect the performance of the gallop gait.

Due to the opacity of the oil, we attached lightweight LEDs to the robot’s body to

facilitate motion tracking (Figure 3.14). All LEDs were digitized using custom MATLAB

algorithms. We approximated the center of geometry of the robot by averaging the position

of the LEDs over time. Then, we used the tracks to determine the distance traversed by the

robot in units of body lengths per beat cycle. A total of 9 trials were taken per gait, for each

robot configuration. A trial was terminated either when the robot contacted a boundary,
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Figure 3.3: Quadriflagellate gaits prescribed to the robot. Distance from the center of
geometry of the robot to the tip of each flagella was used as a proxy for the phase between
adjacent flagella, labelled m1-4. (A) The pronk gait: zero phase difference (φ=0◦) between
adjacent flagella. (B) The trot gait: alternating pairs of flagella with a phase difference of
half a gait cycle (φ=180◦). (C) The gallop gait: adjacent flagella with a phase difference of
a quarter of a gait cycle (φ=90◦). Snapshots of the robot showing the flagella configurations
during each gait over half a gait cycle. The dashed red line delineates half a gait cycle from
the start of the recording. [Note to visualise the gaits fully the robot was not placed in
fluid.]

or if the LEDs were no longer visible as the robot slowly drifted downwards (i.e., sunk)

over time; this is due to the 3D material trapping fluid and increasing in mass. Thus, each
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trial comprised 6 − 10 cycles per gait. The dynamics of the flagella were not observed in

the mineral oil due to the opacity of the fluid. Thus, in subsequent experiments, we used

glycerin as an alternative high viscosity fluid to visualize and track movement of the flagella

during active swimming. However, because glycerin is not a dielectric fluid (i.e., glycerin

conducts electricity), wi-fi connectivity was interrupted and the circuits were negatively

affected. To resolve this, we substituted our microcontroller (Pro Trinket, Adafruit, product

ID: 2000) and sealed the circuits with a gasket and a 3D printed cap. In glycerin, flagella

kinematics were digitized using DLTdv8 [155].

3.4 Results and Discussion

3.4.1 Swimming performance dependence on gait for the algae

We identified the quadriflagellates as an ideal study group owing to their morphological

diversity (in size, shape, and aspect-ratio), and abundance in marine, terrestrial, freshwater

habitats. A key trait among quadriflagellates is the arrangement of flagella around the

anterior of the cell [136, 156]. Here, we take advantage of this diversity to compare the

swimming behaviour of three species (Pyramimonas tetrarhynchus, Pyramimonas parkeae,

and Carteria crucifera) that employ three distinct gaits - respectively the pronk, the trot,

and the gallop. We conjecture that inter-species differences in quadriflagellate swimming

performance can be attributed to differences in gait alone - where the same basic stroke is

applied to ensembles of appendages but according to distinct phase relationships.

Two of these algae belong to the genus Pyramimonas, a Prasinophyte algae belonging

to an early diverging class which is thought to have given rise to the core Chlorophyte algae,

comprising species with two, four, eight, or up to sixteen flagella [157, 26]. Four flagella

of identical length and beat pattern emerge from an deep anterior groove or pit in the cell

body. The third species, Car. crucifera, is a Volvocalean flagellate that is closely related

to the model biflagellate Chlamydomonas. Despite this phylogenetic divergence, all three

species are similar in body size and flagellar morphology, and appear obovoid (egg-shaped)
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to cordate (heart-shaped) in side profile [158, 159].

Figure 3.4: Gaits, kinematics, and hydrodynamic performance of quadriflagellate al-
gae. All experiments were conducted in culture media - which had the same viscosity as
water. For the pronking gait of Pyramimonas tetrarhynchus: (A) a sample (cell-centroid)
trajectory colored by time, and (B) forward displacement over time for three cycles. Inset
shows forward displacement over time of trajectory. For the trotting gait of Pyramimonas
parkeae: (C) a sample (cell-centroid) trajectory colored by time, and (D) forward displace-
ment over time for three cycles. Inset shows forward displacement over time of trajectory.
For the galloping gait of Carteria crucifera: (E) a sample (cell-centroid) trajectory colored
by time, and (F) forward displacement over time for three cycles. Inset shows forward dis-
placement over time of trajectory. (G) Mean displacement within a gait cycle for all gaits
- the pronk (blue line), trot (red line), and gallop (black line). Shaded areas correspond to
the standard deviation. (H) Median displacement computed in terms of body lengths per
cycle, for each gait. Red crosses correspond to outliers. Asterisks correspond to statistical
significance of differences observed. Differences are significant at p ≤ 0.01, p ≤ 0.001 for
two and three asterisks, respectively.

In all three cases, cells swim smoothly flagella-first (known as puller-type) at speeds
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of O(100) µm/s. Translational motion is coupled to an axial rotation (i.e., rotation of the

cell body) to produce swimming along helical trajectories [160]. Abrupt gait transitions

can occur either spontaneously or when triggered by mechanical contact, during which the

flagella are directed to the front of the cell in a so-called shock-response [28]. Cells can

also reversibly stop and start swimming, when all or some of the flagella transiently cease

to beat [4].

In all cases, free-swimming trajectories are superhelical, where small-scale swirls at the

scale of single-cells are produced by the periodic flagellar oscillations. Three representative

tracks, projected onto the focal plane, are shown in Figure 3.4 (A,C,E). Using these tracks,

we estimated for each of the three gaits the displacement per cycle, including the cumulative

displacement as a function of phase during the beat cycle (Figure 3.4G) as well as the

mean forward progress per complete cycle (Figure 3.4H). Measured swimming speeds were

126±24, 408±46, and 127±25 µm/s for the pronk, the trot, and the gallop, respectively.

Our results show that the trot gait is the fastest gait in the microalgae. Meanwhile the pronk

and gallop gaits lead to comparable swimming speeds.

3.4.2 Time-reversal symmetry breaking

We first confirmed that our robophysical model swims in a low-Reynolds number regime

by attaching 3D-printed rigid (unhinged, length = 13 cm) flagella to the body, and actuating

these with both a time-symmetric as well as a time-asymmetric stroke pattern. To create a

time-asymmetric stroke, we increased the beating frequency of the recovery stroke. Due to

the rotational position based control of the motors, changes in the frequency were achieved

by changing the rate at which joint angles were prescribed. The recovery stroke frequency

was varied from 0.07 Hz to 0.21 Hz. As expected, reciprocal strokes produced negligible

net swimming in both cases. For a time-symmetric pattern, the net displacement in the

direction of movement after one complete cycle was 0.38±0.40 cm (0.05±0.05 BL) using

the pronk gait (Figure 3.5A). When the stroke frequency was increased, and consequently
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Reynolds number, the displacement of the robot increased (Figure 3.5B). Thus, at higher

beat frequencies the system can reach intermediate Reynolds numbers. Hereafter, we used

a flagella beat frequency of 0.14 Hz to ensure inertial effects remained negligible.

With hinged instead of rigid flagella (Figure 3.2B), the robot became capable of net

forward propulsion. Each gait cycle can be characterized by a power stroke during which

the robot gains distance, and a recovery stroke during which it loses distance. We first

set out to test the effect of the flagella ‘waveform’ (i.e., beating pattern) on swimming

performance, expected to scale approximately with stroke amplitude [161, 162].

3.4.3 Effects of flagellar undulation patterns

We implemented two distinct flagellar undulation patterns - as defined by the maximal

sweep range of the segments. For simplicity and to prevent axial rotation, we then reduced

our quadriflagellate robot to a biflagellate robot, by removing one pair of flagella. The re-

maining pair of flagella were programmed to follow a breaststroke pattern (Figure 3.6A).

We prescribed and compared the swimming performance for two different sets of motor an-

gles: i) [0◦, 180◦], and ii) [45◦, 135◦] (Figure 3.6A inset). The motion of the distal segment

(i.e., segment farthest from the body, connected by the hinge) always follows passively,

with the hinge breaking time-reversal symmetry. We tracked the flagella ‘waveform’ in the

two cases and calculated the angles generated by each flagellum segment over time (from

motor to joint and from joint to tip, Figure 3.6A). The two sweep amplitudes produced two

distinct gaits in the θ1-θ2 shape space (Figure 3.6B, Figure 3.15). A reduced sweep range re-

sults in a higher beat frequency (ω = 0.14 Hz for motor angles of [0◦, 180◦], and ω = 0.41

Hz for motor angles of [45◦, 135◦]). The rescaled displacement shows swimming perfor-

mance increases with amplitude (Figure 3.6C). The larger-amplitude breaststroke achieves

a greater displacement after each gait cycle. This suggests that non-inertial locomotion is

dictated by the pattern of self-deformation [161]. In other words, movement is kinematic,

and net displacement is determined largely by the gait and its associated low-dimensional
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Figure 3.5: Kinematic reversibility confirms low-Reynolds regime. (A) Forward dis-
placement traveled over time in glycerin with time-symmetric and time-asymmetric stroke
pattern. Frequency of power and recovery stroke was 0.07 Hz for the time-symmetric
stroke pattern. Frequency of the power and recovery stroke was 0.07 and 0.12 Hz, respec-
tively. Negligible net displacement per cycle with time-symmetric and time-asymmetric
stroke pattern. Inset shows one beat cycle of a single rigid flagellum moving back and
forth. P: power stroke, R: recovery stroke. (B) Mean displacement as a function of stroke
frequency. Star corresponds to frequency used for experiments shown for the rest of the
experiments, unless otherwise stated. Error bars correspond to standard deviation. Snap-
shots of the robot during one gait cycle using rigid flagella for time-symmetric (C) and
time-asymmetric (D) stroke pattern. Frequency of power and recovery stroke was 0.07 Hz
for the time-symmetric stroke pattern. Frequency of the power and recovery stroke was
0.07 and 0.12 Hz, respectively. Left panel (outlined in red) shows the robot initiating a
power stroke. Middle panel shows the robot during half a cycle. Right panel (outlined in
blue) shows the end of the recovery stroke. Dashed lines highlight initial positions.

properties [163].
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Figure 3.6: Swimming performance increases with stroke amplitude. (A) Quadriflagel-
late robot modified as a biflagellate robot, performing a breaststroke pattern with one pair
of flagella. Angles θ1 and θ2 correspond to the angles generated by the flagella segment
from the motor (white circle) to the joint (dark orange circle) and the segment from the
joint (dark orange circle) to the tip (light orange circle). Inset shows variation of prescribed
angles from 0◦to 180◦(green) and from 45◦to 135◦(blue). (B) θ1 as a function of θ2, colored
by time, for the left flagellum. Green dots corresponds to angles from 0◦to 180◦. Blue dots
corresponds to 45◦to 135◦. Note, right flagellum exhibits similar trajectories in the θ1-θ2
shape space (Figure 3.15). (C) Displacement traveled over time. Green line corresponds
to angles from 0◦to 180◦. Blue line corresponds to 45◦to 135◦. (D) Mean displacement
as a function of a gait cycle. Green line corresponds to angles from 0◦to 180◦. Blue line
corresponds to 45◦to 135◦. Shaded areas correspond to the standard deviation. These ex-
periments were conducted in glycerin with the alternative robot, to ensure the flagella beat
pattern can be tracked.

3.4.4 Swimming performance dependence on gait and appendage placement

To test if swimming performance is dominated by gait or by other factors such as flagellar

stiffness or waveform compliance, we prescribed the gaits exhibited by each algae species

to our roboflagellate. We explored the effect of varying appendage phase coordination

(gait) for two different configurations of four flagella, in which motors are positioned either
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in a parallel or a perpendicular orientation with respect to the identical body.

Figure 3.7: Modelling appendage orientation. (A) Illustration of two configurations of
flagella and basal bodies that are found in quadriflagellates [156]. The flagella emerge from
basal bodies (cylinders) that are oriented largely perpendicular (A), or parallel (B) to the
cell body. Insets show anterior views (A: cruciate arrangement, B: turbine or windmill-
like). Double-arrow indicates the approximate beat plane of the individual flagella. Simi-
larly, two roboflagellate designs are presented. Motors and attached ‘flagella’ are oriented
perpendicular (C) or parallel (D) to the central body. Again, double-arrow indicates oscil-
lation plane.

These configurations were modeled on by naturally-occurring arrangements of basal

bodies and flagella found in algal flagellates (Figure 3.7). All three species of algae studied

here correspond to configuration A, in which the approximate plane of flagellar beating is

perpendicular to the surface of the robot body. The main difference is that when viewed

from the anterior of the cell, the four flagella are inserted with a clockwise twist or offset for

Carteria, but an counter-clockwise offset for Pyramimonas [156]. Algal species reported

to exhibit configuration B [156] were not available in culture and were not represented in

the present study. Appendage coordination was prescribed in the robot by specifying the

phase differences between flagella, to produce each of the three gaits: pronk, trot, or gallop,

as previously described Figure 3.3.

For the perpendicular configuration, example trajectories as well as the cumulative for-

ward displacement over time for each gait are shown in Figures Figure 3.8(B)-(C), (E)-(J).

We also analyzed the detailed within-cycle dynamics for each gait. The pronk and both the

clockwise (CW) gallop and counter-clockwise (CCW) gaits produce significant forward
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Figure 3.8: Swimming gait kinematics for robot with flagella in the perpendicular
orientation. (A) Diagram of robot with motors oriented perpendicular to the body. Inset
illustrates beating plane. For the pronk gait, (B) shows a sample trajectory of the robot,
colored by time (5 cycles), and (C) the forward displacement traveled over time. For one
gait cycle, red vertical lines highlight power stroke, and blue vertical lines highlight return
stroke. (D) Snapshots of the robot during one cycle of the pronk gait. Left panel (outlined
in red) shows the robot initiating a power stroke. Middle panel shows the robot during half
a cycle. Right panel (outlined in blue) shows the robot completing the recovery stroke.
Arrow shows swimming direction. Trajectory of the robot during the trot gait, colored by
time (5 cycles) (E), and forward displacement traveled over time of the robot during the
trot gait (F). Trajectory of the robot during the clockwise gallop gait, colored by time (5
cycles) (G), and forward displacement traveled over time of the robot during the clockwise
gallop gait (H). Trajectory of the robot during the counter-clockwise gallop gait, colored
by time (5 cycles) (I), and forward displacement traveled over time of the robot during the
counter-clockwise gallop gait (J).
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displacement during the power stroke (up to 5.7, 4, and 2 cm for the pronk, the CW gallop,

and the CCW gallop, respectively, after half a gait cycle), but also produce a significant

backward displacement during the recovery stroke, generating overall small displacement

from cycle to cycle (0.33±0.04, 0.16±0.05, and 0.15±0.08 BL/cyc for the pronk, the CW

gallop, and the CCW gallop respectively). On the other hand, while the trot does not

achieve a greater displacement (only 2.3 cm after half a gait cycle) than the pronk or gallop

during the power stroke, it loses a much smaller distance during the recovery stroke. This

is because while one pair of flagella is moving towards the body and consequently produc-

ing backward motion, the other pair of flagella moves away from the body so as to resist

this motion. This can also be observed in the trajectories, where the pronk and gallop gait

shows backward motion, unlike the trot gait. Due to this, of the three gaits investigated the

robot achieves the greatest hydrodynamic performance (0.6±0.08 BL/cyc) using the trot

gait (Figure 3.9), just as in the algae.

Figure 3.9: Swimming performance for robot with flagella in the perpendicular orien-
tation.(A) Mean displacement over a gait cycle for all gaits - the pronk (blue line), trot (red
line), clockwise gallop (black line), and counter-clockwise gallop (grey line). Shaded areas
correspond to the standard deviation. (B) Body length per cycle as a function of swimming
gait. Red crosses correspond to outliers. Asterisks correspond to statistical significance of
differences observed. Differences are significant at p ≤ 0.001 for three asterisks.

For the parallel configuration, example trajectories as well as the forward displacement

over time for each gait can be seen in Figure 3.10(B)-(C), (E)-(J). Similar to the perpendic-

ular configuration, the pronk gait allows the robot to gain a significant amount of distance
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Figure 3.10: Swimming gait kinematics for robot with flagella in the parallel orienta-
tion. (A) Diagram of robot with motors oriented perpendicular to the body. Inset illustrates
beating plane. For the pronk gait, (B) shows a sample trajectory of the robot, colored by
time (5 cycles), and (C) the forward displacement traveled over time. For one gait cycle,
red vertical lines highlight power stroke, and blue vertical lines highlight return stroke. (D)
Snapshots of the robot during one cycle of the pronk gait. Left panel (outlined in red)
shows the robot initiating a power stroke. Middle panel shows the robot during half a cy-
cle. Right panel (outlined in blue) shows the robot completing the recovery stroke. Arrow
shows swimming direction. Trajectory of the robot during the trot gait, colored by time (5
cycles) (E), and forward displacement traveled over time of the robot during the trot gait
(F). Trajectory of the robot during the clockwise gallop gait, colored by time (5 cycles)
(G), and forward displacement traveled over time of the robot during the clockwise gallop
gait (H). Trajectory of the robot during the counter-clockwise gallop gait, colored by time
(5 cycles) (I), and forward displacement traveled over time of the robot during the counter-
clockwise gallop gait (J).
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during the power stroke (up to 5 cm after half a gait cycle) but also lose a significant

amount of distance during the recovery stroke, generating little net displacement from cy-

cle to cycle. The CCW gallop gait displays a similar oscillatory pattern, however there is

a discrepancy between the CCW and CW gallops (5.3 cm after half a gait cycle for the

CW gallop, but only 1 cm for the CCW gallop). This is likely due to rotation-translation

coupling in the second configuration (in which the flagella are inserted in the CCW sense),

generating significant motion laterally and causing axial rotation of the robot. Similar to

the perpendicular robot, the trot gait advances less during the power stroke (only 1.5 cm

after half a gait cycle) and loses more distance during the recovery stroke, relative to the

perpendicular configuration. The phasing between appendages in the trot gait again aids

the robot in traversing a greater distance from cycle to cycle than the pronk (0.15±0.4

BL/cyc), and also greater than the average of the CW and CCW gallop gaits (0.15±0.9

BL/cyc). (We assume that by symmetry, this average between the two chiralities should

cancel any rotational effects.) Thus, the trot remains a hydrodynamically effective gait for

the parallel robot (0.26 ±0.08 BL/cyc) (Figure 3.11).

Figure 3.11: Swimming performance for robot with flagella in the parallel orientation.
(A) Mean displacement over a gait cycle for all gaits - the pronk (blue line), trot (red
line), clockwise gallop (black line), and counter-clockwise gallop (grey line). Shaded areas
correspond to the standard deviation. (B) Body length per cycle as a function of swimming
gait. Red crosses correspond to outliers. Asterisks correspond to statistical significance of
differences observed. Differences are significant at p ≤ 0.001 for three asterisks.

We conclude that the swimming performance of the roboflagellate is highly sensitive to
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both gait and flagellar orientation (which defines the principal beat plane) of the flagella.

It is possible that the organisms can access different regimes by controlling the 3D beat

plane of their flagella, and that divergent flagellar placement evolved in different species

as a result of different environmental selection pressures. In flagellates such as Volvox,

nearby basal bodies (from which the flagella emerge) have rotated 90 degrees compared

to the ancestral configuration found in the unicellular Chlamydomonas, likely to facilitate

coordinated flagellar beating as an intact colony [26, 164].

Figure 3.12: Comparing the trot gait in the algae and robot. (A) The alga Pyramimonas
parkeae swimming using the trot gait. (B) Trajectory of P. parkeae, colored by time. (C)
Forward displacement traveled over time by P. parkeae. (D) Diagram of robot with motors
oriented perpendicular to the body. Inset illustrates beating plane. (E) Trajectory of the
robot with perpendicular configuration using the trot gait, colored by time. (F) Forward
displacement traveled over time of the robot with perpendicular configuration using the
trot gait. (G) Diagram of robot with motors oriented parallel to the body. Inset illustrates
beating plane. (H) Trajectory of the robot with parallel configuration using the trot gait,
colored by time. (I) Forward displacement traveled over time of the robot with parallel
configuration using the trot gait. (J) Body length per cycle for the trot gait for the algae, the
perpendicular configuration, and the parallel configuration. Red crosses correspond to out-
liers. Asterisks correspond to statistical significance of differences observed. Differences
are significant at p≤0.05, p≤0.001 for one and three asterisks, respectively.

3.4.5 Performance comparison to organisms

The above results show that a change in flagellar configuration can significantly change

the performance of a given swimming gait. Focusing only on the trot, we note that this

gait yielded the swimming performance for the algae and for the perpendicular robot, (Fig-
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ure 3.12). Note that the speed of the algae trot gait is bounded above and below by that of

the perpendicular and parallel robots.

In both robot configurations, significant axial rotation and lateral movement were ob-

served in the free-swimming trajectories (Figure 3.12E,H) showing that our robophysical

models do not swim as smoothly as their algal counterparts (Figure 3.12B). This is likely

due to the discrepancy between the deformable stroke cycle of the continuous algal flagel-

lum, compared to the angular movements of the two-link robot flagella. Additionally elastic

elements in the algal cytoskeleton could play a role in gait stabilization by actively anchor-

ing the flagella to the body [134, 165]. The cumulative displacement over time for a trotting

cell and our perpendicular robot are comparable (Figure 3.12C,F). Meanwhile the parallel

configuration displays larger amplitude oscillations in which a greater distance gained dur-

ing each the power stroke is negated during the subsequent recovery stroke (Figure 3.12I).

This is likely due to three-dimensional effects as mentioned above. In all, we find that the

performance of the algae and both roboflagellate configurations are comparable in absolute

terms, as measured in terms of body lengths per gait cycle. This agreement is surprising as

we did not precisely match the dimensions of our robots to that of the algal cell, and un-

like the algal flagella the robot ‘flagella’ were not capable of active bending [127] - being

comprised only of rigid tubing and a plastic hinge.

3.5 Conclusion

Microscopic organisms have evolved to use many different ways of swimming at low-

Reynolds number. Despite their size and simplicity, some single-celled algae can swim

with different speeds using gaits analogous to animal gaits, that involve robust tempo-

ral ordering (i.e., relative phasing) of four flagella [4]. Here, we created the very first

free-swimming robophysical model of these microswimmers to understand how motility

and gait influences swimming. Dynamically-scaled robots enable scenarios to be tested

that may not be possible in the live organism [166, 167, 168, 169]. Physical modelling
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has previously provided insights into bacterial swimming [170], flagellar bundling [171],

elastic tail propulsion [172], and metachronal actuation of in an on-rail robot with rigid

appendages [173].

In contrast, our roboflagellate is self-powered and untethered (no external forces or

torques) and was able to achieve fully-3D self-propulsion at low-Reynolds number. The

robot recapitulated gait-dependent differences in swimming performance that we measured

in the microalgae. These results reveal that phase coordination of propulsive appendages

has a significant impact on hydrodynamic performance, while the orientation of appendages

relative to the swimmer body also changes propulsion speed. In the perpendicular config-

uration that most closely models the three algal species studied here, the trot gait was

consistently faster than either the pronk or gallop gait. We further predict that quadriflag-

ellates with flagella oriented parallel to the cell body (configuration B) should swim more

slowly than the three species studied here, for an equivalent gait. Moreover in all cases

the displacement achieved by the robot in terms of body lengths per cycle was similar in

absolute terms to the algae. Thus our dynamically-scaled robot is a good locomotor model

of the biological microswimmer.

Our work raises open eco-evolutionary questions about the origins of the distinct motil-

ity patterns in the different quadriflagellate species. Distinct gaits likely reflect the rela-

tionship between an organism’s metabolic requirements and its habitat. Freely-locomoting

organisms at all scales, switch dynamically between multiple gaits [174, 175, 124]. While

several Pyramimonas species exhibit sporadic bursts of rapid activity with extended inac-

tive phases [28], Volvocalean algae including Carteria do not show such rest periods [4].

We conjecture that differences in gait provide an evolutionary advantage even at the mi-

croscale. Of the three algae studied here, two (P. tetrarhynchus, Car. crucifera) are fresh-

water species and one is a marine species (P. parkeae). P. tetrarhynchus was originally

isolated from a peaty pool and cultured in a biphasic soil medium [158]. Car. crucifera

is also a freshwater species that forms surface associations with leaves and other decaying
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material. In contrast P. parkeae is most abundant in Arctic surface water and in tidal rock

pools, where it can access sufficient sunlight for photosynthesis. P. parkeae also exhibits

a unique diurnal vertical settling behaviour [176]. The latter behaviour, along with photo-

taxis, accentuates the need for vigorous swimming and hence the fast trot gait. Field data

has shown that marine Pyramimonas routinely blooms in and around sea ice, where the

unique polar environment ( with extreme fluctuations in temperature, light, and salinity) is

associated with a highly heterogeneous distribution of different Pyramimonas species even

within the same water column [177]. The habitats of these algae may therefore be a key

evolutionary driver leading to significant diversification of gait, even across species with

apparently convergent morphology and size [178, 179]. Further experiments using both

lab strains and wild isolates, controlling more precisely for culturing medium, are need to

test this hypothesis. Our roboflagellate model can be used to explore mix-mode propulsion

strategies and unsteady effects, such as nutrient dispersal.

We highlight two limitations of the current model. The first concerns boundary (see sub-

section 3.7.2) and finite-size effects, particularly due to fluid-structure interactions between

moving appendages and the bounding tank, and between different parts of the robot. The

presence of no-slip boundaries will alter the flow fields around a beating appendage, and

change propulsion efficiency [180]. The chiral insertion of the robot flagella around the

central body likely introduced an additional (unwanted) rotational movement. Second, the

current robot relies on a two-link flagellum facilitated by a rigid 3D printed joint which

has fewer degrees of freedom than the organisms (see subsection 3.7.1). The rigid joints

have limited ability to resist torsion - which may be gait-dependent. Eukaryotic flagella and

cilia can maintain their shape even when subject to significant hydrodynamic forces. They

can also deform actively, to optimise propulsive force generation and efficacy [181, 182].

In future work we can resolve these limitations with more realistic roboflagellate designs,

in parallel with hydrodynamic simulations and modelling to understand gait optimisation

with truly deformable appendages.
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In conclusion, we have presented a macroscopic robot capable of self-propulsion in a

low-Reynolds number regime, and used this successfully to model aspects of microorgan-

ism swimming behaviour. This approach has potential for understanding different mecha-

nisms of microscale swimming (e.g., gait selection, coordination and taxis [44]). From a

technological perspective, these diverse propulsion strategies can provide unique, innova-

tive solutions to the formidable challenge of navigating viscous fluids.

3.6 Contributions

This work was in collaboration with Prof. Kirsty Y. Wan, from the University of Exeter.

The contributions for the project are detailed as follows:

Tommie L. Robinson designed the robots and performed experiments in mineral oil.

Enes Aydin modified existing robots to develop robot for glycerin experiments. Kelimar

Diaz assisted with experiments in mineral oil, performed experiments in glycerin, tracked

the robots and the cells, and analyzed and processed the data. Kirsty Y. Wan performed

algae swimming experiments. Kelimar Diaz, Tommie L. Robinson, Yasemin Ozkan-Aydin,

Daniel I. Goldman, and Kirsty Y. Wan conceived the study and interpreted the results.

Kelimar Diaz and Kirsty Y. Wan co-wrote the original manuscript [43]. Kirsty Y. Wan and

Daniel I. Goldman supervised the project, provided comments on and modified the original

manuscript [43].

3.7 Appendix

3.7.1 Correction on beat patterns

Upon using glycerin to observe beating patterns of the flagella, we observed that the flagel-

lum oriented perpendicular to the tank bottom was generating beating patterns comparable

to the other flagella (Figure 3.16A). This was due to buoyancy effects from the link ma-

terial (surgical tubing). When we added masses (binder clips) to the misbehaving bottom
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flagellum, the beat pattern became comparable to that of the other flagella(Figure 3.16B).

Comparing the no-mass and added-mass scenarios, we found that the same patterns with

respect to gait were reproduced in both parallel and perpendicular robots, with only a slight

increase in speed across all gaits(Figure 3.17 and Figure 3.18). This is to be expected, as

without the added mass the bottom flagellum would produce slightly less propulsion during

the power stroke phase.

We compared our new results with the new robot in glycerine with our previous results

in oil. For the perpendicular robot, the relative performances of the gaits were exactly

the same as we had measured previously in Figure 3.9, with the trot gait still emerging as

the fastest, followed by the pronk, then the gallop. For the parallel robot, there are some

differences, e.g. with the gallop gait (Figure 3.11). This is due to the new robot having

different dimensions (including an off-centered box in which electronics were sealed with

a gasket), which introduces chirality which is an important factor for the gallop gait.

In summary, the relative performance of the gaits were not affected by the misbehaving

bottom flagellum, proving that our design and original conclusions are robust. These com-

parisons also show that our robot can even be used to model the nuances of flagella-body

interactions at low-Reynolds number, and the effect of body shape.

3.7.2 Boundary effects

While the tank was of a limited size, this was the largest tank we could obtain and reason-

ably house in the laboratory simultaneously. However, the boundary effects were consistent

across all gaits (systematic effect), and consequently we do not expect they will change the

conclusions presented here. In addition, we were careful to perform experiments with the

robot moving approximately at the center of the tank. We note that that an object moving

close to a solid boundary will encounter an increase in drag, this can be significant (up to

20% for a settling sphere) even when the size of the body is 1/100 that of the distance to the

nearest wall. Yet, in all of our experiments the gait of the robot is imposed by the motors -
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so when a higher drag is encountered the motors will simply produce more torque to deliver

the same speed of flagellar movement. There is no environmental feedback (Figure 3.19).

If we were to conduct future experiments in a much larger tank, we would be able to ob-

serve the movement of the robot over a greater number of beat cycles, and also study other

aspects of 3 dimensional navigation, such as gait transitions.
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Figure 3.13: CAD design of perpendicular and parallel robot. CAD design for perpen-
dicular robot 3D printed body from a top view (A), bottom view (B), and side view (C).
CAD design for parallel robot 3D printed body from a top view (D), bottom view (E), and
side view (F).
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Figure 3.14: Experiments conducted in mineral oil. Snapshot of the perpendicular robo-
physical model swimming in mineral oil. Average position between LEDs was used as a
proxy for robot body centroid due to the fluid opacity. Arrow shows the direction of mo-
tion.

Figure 3.15: Shape space of flagella for varying stroke amplitude(A) θ1 as a function
of θ2, colored by time for left flagellum. (B) θ1 as a function of θ2, colored by time for
left flagellum. Green dots corresponds to angles from 0◦to 180◦. Blue dots corresponds to
45◦to 135◦.
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Figure 3.16: Kinematics of robot with and without added mass. Snapshots of robot beat
pattern with no mass (A) and with added mass (B) on a single flagellum (bottom flagellum).
White dashed lines highlight location where mass was placed. Snapshots show correction
of beat pattern due to buoyancy of flagellum material when as mass is added. Bottom of
the tank is oriented downwards in the page.
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Figure 3.17: Swimming performance of robot with perpendicular configuration with
and without added mass. (A) Body length per cycle as a function of swimming gait for
the perpendicular configuration, with no mass (gray) and with added mass (red). Mean
displacement over a gait cycle for all gaits - the pronk (B), trot (C), clockwise gallop (D),
and counter-clockwise gallop (E). Gray lines correspond to trials with no mass. Red lines
correspond to trials with added mass Shaded areas correspond to the standard deviation.
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Figure 3.18: Swimming performance of robot with parallel configuration with and
without added mass. (A) Body length per cycle as a function of swimming gait for the
parallel configuration, with no mass (gray) and with added mass (red). Black crosses cor-
respond to outliers. Mean displacement over a gait cycle for all gaits - the pronk (B), trot
(C), clockwise gallop (D), and counter-clockwise gallop (E). Gray lines correspond to trials
with no mass. Red lines correspond to trials with added mass Shaded areas correspond to
the standard deviation.
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Figure 3.19: Determining boundary effects. Snapshots of robot performing the trot gait
in the middle of the tank (A) and near the boundary (B). Black dashed lines highlight
boundaries. Snapshots show negligible gait changes near the boundary (no environmental
feedback). In (B) the two in-plane flagella also display good mirror-symmetry, despite the
left flagellum being much closer to the boundary.
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CHAPTER 4

ACTIVE AND PASSIVE MECHANICS FOR RUGOSE TERRAIN TRAVERSAL

IN CENTIPEDES

4.1 Summary

Centipedes coordinate body and limb flexion to generate propulsion. On flat solid sur-

faces, the limb-stepping patterns can be characterized according to the direction in which

limb-aggregates propagate, opposite to (retrograde) or with the direction of motion (di-

rect). It is unknown how limb and body dynamics are modified in terrain with terrady-

namic complexity more representative of these animal’s natural heterogeneous environ-

ments. Here, we investigated how centipedes that use retrograde and direct limb-stepping

patterns, Scd. polymorpha and Scc. sexspinosus, respectively, coordinate their body and

limbs to navigate laboratory environments which present footstep challenges and terrain

rugosity. We recorded the kinematics and measured the locomotive performance of these

animals traversing two rugose terrains with randomly distributed step heights and compared

the kinematics to those on a flat frictional surface. Scd. polymorpha exhibited similar body

and limb dynamics across all terrains and a decrease in speed with increased terrain rugos-

ity. Unexpectedly, when placed in a rugose terrain, Scc. sexspinosus changed the direction

of the limb-stepping pattern from direct to retrograde. Further, for both species, traversal of

these rugose terrains was facilitated by hypothesized passive mechanics: upon horizontal

collision of a limb with a block, the limb bent and later continued the stepping pattern.

While centipedes have many degrees of freedom, our results suggest these animals negoti-

This chapter’s contents are adapted from a first authored paper submitted 2022 in the Journal of Experi-
mental Biology [101] by Kelimar Diaz, Eva Erickson, Baxi Chong, Daniel Soto, and Daniel I. Goldman
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ate limb substrate interactions and navigate complex terrains by offloading complex control

and leveraging the innate flexibility of their limbs.

4.2 Introduction

The study of terrestrial animal locomotion is of interest to scientists and engineers in part

because of the capabilities for diverse organisms to navigate complex terradynamic envi-

ronments [183, 1, 184, 185, 186, 78, 187, 188, 189, 31]. In inertia-dominated terradynamic

regimes, animals use and control body and limb inertia to perform rapid locomotive behav-

iors and maneuvers [190, 191, 192, 13]. Studies of these animals have led to the develop-

ment of robot models capable of executing similar maneuvers [193, 194, 195]. In contrast,

in non-inertial regimes, animals ranging from limbless to multi-legged must continuously

self-deform to generate motion and overcome damping [196, 197, 198, 35, 36, 86].

Centipedes – a class of invertebrates with numbers of limbs ranging from 15 to 191

limb pairs– are fast moving but as recent work has demonstrated, common species loco-

mote largely within non-inertial regimes [199]. Centipedes locomote by generating and

propagating a wave of limb flexion (termed here limb-stepping pattern) [55, 20]. The limb-

stepping pattern can be classified depending on the direction of propagation. When the

limb-aggregates (i.e., grouped limbs) are propagated opposite to the direction of motion (of

the animal) they are called retrograde, whereas when they are propagated with the direction

of motion, they are known as direct [62]. Previously, Manton [20] characterized how dis-

tinct orders of centipedes use either direct or retrograde limb-stepping patterns. Centipedes

of the order Scolopendromorpha, Geophilomorpha and Craterostigmorpha use retrograde

limb-stepping patterns, while centipedes of the order Scutigeromorpha and Lithobiomor-

pha use direct limb-stepping patterns. Furthermore, centipedes that use retrograde or direct

limb stepping patterns exhibit distinct body dynamics. Centipedes that use retrograde limb-

stepping patterns exhibit body undulation, increasing body amplitude with increasing for-

ward speed [20, 200]. In contrast, centipedes that use direct limb-stepping patterns do not

74



exhibit body undulation, even when stimulated to move at relatively high speeds [20, 200].

However, what factors determine the selection of limb-stepping patterns remain unknown.

In the mid 20th century, Manton pioneered quantitative studies of centipedes and other

arthropods [55, 20, 200]. Since then, few studies have focused on centipedes’ locomotion,

in part due to the difficulty to track the many limbs for video recordings. Previous studies

have explored different aspects of centipede locomotion such as muscle activation patterns

during body bending [21], gap traversal [67], the effect of compromised appendages (i.e.,

missing limbs) [67], and the effect of substrate friction [63]. However, these studies have

been limited to flat, solid, homogeneous terrains, unlike the centipedes’ natural environ-

ments. These animals must contend with heterogeneities (i.e., rocks, leaf litter, twigs)

inherent to their natural surroundings. In this regime, passive adaptive responses without

sensory modulation or neural feedback (often referred to as preflexes [201, 202]) may be

beneficial for locomotion on rugged terrains by reducing the complexity associated with

precisely controlling many degrees of freedom. Previous studies with other arthropods

have revealed that complex terrain traversal can be achieved by passive mechanics. These

can be inherent to the animal’s morphology (e.g., passive mechanical spines along limbs in

cockroaches and spiders [86, 203]) or emerge as a response to specific events (e.g., passive

mechanical adhesive pads in ants [204, 205]).

In contrast to few recent biological centipede studies, synthetic (i.e., robots) multi-

legged locomotors have become of interest over the last years. Such robots have been

developed to perform turning maneuvers [206, 207], navigate complex environments [208,

209, 210], overcome limb failures [211], among other capabilities. However, these were

designed to serve as autonomous robots, few used as models [199, 183, 212, 213] to explain

centipede locomotor behaviors.

Here, we present the first study of biological centipedes locomoting on laboratory ru-

gose terrain for two species, Scd. polymorpha and Scc. sexspinosus ( Figure 4.1A,B).

These two centipedes have distinct kinematics on flat solid substrates; Scd. polymor-
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Figure 4.1: Centipedes with distinct limb-stepping patterns. Photo of (A) Scolopendra
polymorpha and (B) Scolopocryptops sexspinosus (Image credit: Derek Hennen). Image
sequence showing (C) Scd. polymorpha and (D) Scc. sexspinosus running on foam core.
Red dots highlight a single location where adjacent limbs are aggregated. All scalebars
correspond to 1 cm.

pha uses retrograde limb-stepping patterns, whereas Scc. sexspinosus uses direct ( Fig-

ure 4.1C,D). Specifically, we study how these animals navigate and negotiate complex

terradynamic interactions associated with the rugosity of the terrains. We report the per-

formance of these animals for varying terrain rugosity and found that Scd. polymorpha

does not change locomotive strategy (i.e., limb-stepping pattern) on complex terrain. In

contrast, Scc. sexspinosus exhibits a change from a direct to retrograde. Further, we dis-

covered an emergent passive behavior during limb-terrain interactions for both centipede

species; when a limb collided with a block, it passively bent in the direction the force from

the block was applied on it. Finally, we discuss the implications of gait switching in Scc.

sexspinosus and possible advantages to the observed passive mechanics in both centipede

species.
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4.3 Materials and Methods

4.3.1 Animals

All centipedes were wild caught. Scd. polymorpha were caught in Del Rio Val Verde

County Texas. Scc. sexspinosus were caught in Valley National Park (VNP), Summit

County, Ohio. Four centipedes of each species were used in experiments with a mean

body length of 7.7±1.5 cm and 6.2±1.1 cm, for Scd. polymorpha and Scc. sexspinosus,

respectively. Scd. polymorpha had 19 body segments with 19 joints and leg pairs. Scc.

sexspinosus had 21 body segments with 21 joints and leg pairs. Centipedes were housed

separately in plastic containers on a 12 hr:12 hr L:D photoperiod at room temperature (20-

22◦C). Centipedes were provided a source of water and were fed mealworms weekly.

4.3.2 Flat and rugose terrains

Experiments were conducted on three different terrains (flat, less rugose, more rugose)

placed in a glass tank (length = 51 cm, width = 27 cm, height = 32 cm) ( Figure 4.2A). The

flat terrain was a homogeneous level foamcore sheet. rugose terrains consisted of Gaus-

sian [198, 208, 214] and inverted Gaussian distributed [215, 216] blocks of varying heights

(generated via custom MATLAB code1), for the less and more rugose terrain, respectively

( Figure 4.2B). As in [214], we define rugosity (Rg) as the standard deviation of the block

heights normalized by the dimensions of the blocks (Rg = 0, 0.17 and 0.44 for flat, less

rugose, and more rugose terrain, respectively). Dimensions of each rugose terrain were

scaled to the size of each species body (length = 24 cm, width = 12 cm, for Scd. polymor-

pha; length = 16, width = 8 cm, for Scc. sexspinosus). Each rugose terrain consisted of a

3D printed (Stratasys uPrint SE plus, material: ABSplus P430) height field, with 8 rows by

16 columns of square blocks (length and width = 1.5 cm for Scd. polymorpha, length and

width = 1 cm for Scc. sexspinosus). For Scd. polymorpha, block heights varied from 0 to

1Original code can be found in https://doi.org/10.5281/zenodo.7121219
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Figure 4.2: Experimental design and complex terrains. (A) Experimental set-up. Exper-
iments were conducted in a 27 cm x 51 cm x 32 cm glass tank with a high speed camera
placed vertically over the selected terrain. (B) Lower (top) rugose terrain (Rg = 0.17) with
Gaussian distributed blocks of varying heights. Higher (bottom) rugose terrain (Rg = 0.44)
with inverted Gaussian distributed blocks of varying heights. Insets shows the Gaussian
(top) and inverted Gaussian (bottom) distribution for Rg = 0.17 and 0.44, respectively.
For Rg = 0.17, terrain block heights vary from 0 to 1 cm and from 0 to 0.75 cm for Scd.
polymorpha and Scc. sexspinosus, respectively. For Rg = 0.44, terrain block heights vary
from from 0 to 1.5 cm and from 0 to 1 cm for Scd. polymorpha and Scc. sexspinosus,
respectively. Blocks are colored by relative height. Labeled frame to track the kinematics
of (C) Scd. polymorpha and (D) Scc. sexspinosus using DeepLabCut [95]. All scalebars
correspond to 1 cm.

1 cm and 0 to 1.5 cm, for Rg = 0.17 and 0.44, respectively. For Scc. sexspinosus, block

heights varied from 0 to 0.75 cm and 0 to 1 cm, Rg = 0.17 and 0.44, respectively. Terrains

were placed level in the glass tank. All experiments were conducted at room temperature

(20-22◦C).

4.3.3 Kinematic recordings

All experiments were recorded using a high speed camera (AOS, S-motion) positioned

directly over the terrains to capture the kinematics from a top-down view ( Figure 4.2A).
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Videos were recorded at a resolution of 1280x700 pixels and a frame rate of 738 frames per

second (fps). For both species, five videos per centipede (N = 4) per terrain were collected,

with the exception of Rg = 0.44 trials for Scd. polymorpha for which a centipede lost a

limb and died shortly after. A trial was concluded when the centipede traversed the terrain

without leaving the field of view and/or bounds of the terrain (i.e., width of the terrain).

Animals that lost limbs or were molting were not used in experiments until the limbs were

regrown or the animal had completed its molt. For Scd. polymorpha, the average trial time

was 0.8± 0.36 s, 0.82± 0.57 s, and 2.67± 1.23 s for Rg = 0, 0.17, and 0.44, respectively.

For S. sexpinosus, the average trial time was 1.09± 0.27 s, 1.31± 0.54 s, and 2.16± 0.81

s for Rg = 0, 0.17 and 0.44, respectively. For all trials, the centipedes received no external

stimulus to traverse the terrains.

4.3.4 Motion tracking

Positional data was extracted from videos with animal pose estimation software DeepLab-

Cut (DLC) [95]. Twenty frames from each video were manually labeled and then DLC

provided positions for labeled points on all other frames. Each frame had 130 and 118

points manually labeled for Scd. polymorpha and Scc. sexspinosus, respectively. Three

points per limb (at the body-limb point, mid-limb, and tip) were manually annotated, as

well as points on the posterior and anterior antennae ( Figure 4.2C,D). Points were placed

within 0.5 cm of each limb-point position. Positional data obtained for Scd. polymorpha

had a likelihood of 0.99±0.03, 0.98±.05, and 0.96±0.08 for Rg = 0, 0.17, and 0.44, re-

spectively. Positional data obtained for Scc. sexspinosus had a likelihood of 0.96±0.08,

0.95±0.15, and 0.94±0.12 for Rg = 0, 0.17, and 0.44, respectively.

4.3.5 Body and limb parameters

Digitized kinematics were used to calculate the body and limb parameters using custom

MATLAB code. First, a Gaussian filter was used to smooth the x- and y-coordinates of
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each tracked point. Filtered body-limb points on both sides (left and right) were averaged

over time to obtain a body midline. Body angles (φ) were obtained by finding the angle

between the adjacent body segments. Leg angles (θ) were obtained by calculating the angle

between a limb (dashed white line) and the local body segment ( Figure 4.3A(i)).

Leg angles were used to calculate phase over time for each limb on the centipede’s

body, similar to methods in [63]. Each leg phase (ϕi) was obtained from the difference

between changes in the leg angle (∆θi) from the time average and its derivative (∆θ̇i)

( Figure 4.6) [63]. The retraction (Tret) period was obtained by finding the timing between

ϕi = 0 and ϕi = π. The stride (Tstride) period was obtained by calculating the timing

between successive points when ϕi = 0. Duty factor (DF ) was calculated as the ratio of

the retraction and stride periods (DF = Tret/Tstride). Stride frequency was calculated as

the inverse of the stride period (ωstride = 1/Tstride). Step length (Lstep) was obtained by

calculating the total distance traveled for each associated Tret. Stride length (Lstride) was

calculated as the ratio of the step length and the duty factor (Lstride = Lstep/DF ). Because

steps and/or strides could be interrupted due to limb substrate collisions, DF , ωstride, Lstep,

and Lstride were averaged for all limbs and the entirety of each trial. Statistical tests (t-test)

for experimentally obtained parameters were performed using a custom MATLAB code.

4.4 Results

4.4.1 Centipede kinematics

For both centipede species, we performed 20 trials for Rg = 0, 20 trials for Rg = 0.17, and

20 trials for Rg = 0.44 (16 in the case of Scd. polymorpha) ( Figure 4.3, Figure 4.4). For

Rg = 0, Scd. polymorpha exhibited body waves and limb-stepping patterns propagated

from head to tail (opposite to the direction of motion) along the body axis ( Figure 4.3A-

D(i)). In contrast, for Rg = 0.17 and 0.44 we observed the same limb-stepping pattern

but no regular body undulation. That is, there was no body undulation that emerged from

high running speeds. Instead, bands of curvature emerged due to the path that the cen-
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Figure 4.3: Scd. polymorpha locomoting on terrains with varying rugosity. (A) Images
of Scd. polymorpha on terrains with rugosity (i) Rg = 0, (ii) Rg = 0.17, and (iii) Rg =
0.44. Arrow shows the direction of motion of the animal (left to right) for all terrains.
Inset shows how both body angles and leg angles were calculated. Body angles (φ) were
obtained by finding the angle between the adjacent body segments (black lines). Leg angles
(θ) were obtained by calculating the angle between a limb (dashed white line) and the local
body segment (red lines). All scalebars correspond to 1 cm. Heat maps show the (B) body
angles and limb angles on both the (C) left and (D) right side of the animal over time. Limb
numbers 1 to 19 indicate those from front to rear. All panels were generated from a single
trial for each terrain.

tipedes traveled along the terrain. We observed interruptions in the limb-stepping patterns

with increasing terrain complexity ( Figure 4.3C-D(iii)). These correspond to limb sub-

strate collisions; as the centipede moved across the terrain, limb substrate contact on the

horizontal plane (i.e., limb contacting the side of a block) could occur due to the height

disparities.

For Rg = 0, Scc. sexspinosus did not exhibit body undulation, even when running at
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high speeds. However, the centipede propagated limb-stepping patterns from tail to head

(direct, with the direction of motion) ( Figure 4.4B-D(i)). This was surprising, as cen-

tipedes in the order Scolopendromorpha are thought to only use retrograde limb-stepping

patterns [20]. For Rg = 0.17, Scc. sexspinosus demonstrated changes in their behavior. On

initial trials, the animals used solely direct limb-stepping patterns. As more trials were col-

lected, Scc. sexspinosus used direct limb-stepping patterns and changed the direction the

limb pattern was propagated from direct to retrograde within a trial ( Figure 4.4C(ii),D(ii)).

Interestingly, we observed that over time (i.e., minutes, from trial to trial) these centipedes

would switch more rapidly (i.e., earlier in the trial) from direct to retrograde or would

only use retrograde limb-stepping patterns. We hypothesize that the centipedes actively

changed the locomotive strategy faster as a result of learning [217, 218]. However, trials

in which potential learning occurred were excluded from the analysis. For Rg = 0.44, Scc.

sexspinosus only used retrograde limb-stepping patterns ( Figure 4.4C(ii),D(ii)). Interest-

ingly, we noticed significant body undulation in Scc. sexspinosus for Rg = 0.44; however,

we posited that bands of body curvature observed in experiments ( Figure 4.4B(ii),B(iii))

are passive response to the structures of the rugose terrains, related to the path of travel.

Further, similar to Scd. polymorpha, we observed interruptions in the limb-stepping pat-

tern, related to limb substrate collisions in the horizontal plane due to height disparities

between adjacent blocks ( Figure 4.4C(iii),D(iii)).

4.4.2 Performance across terrains

The direction that the limbs propagate can be characterized by the leg phase shift (LPS).

LPS is defined as the fraction of time over a gait cycle in which the forelimb leads the

hindlimb in a pair of adjacent limbs ( Figure 4.5A). A LPS < 0.5 corresponds to direct

limb-stepping patterns (propagated with the direction of motion). In contrast, LPS > 0.5

corresponds to retrograde limb-stepping patterns (opposite to the direction of motion). A

LPS = 0.5 corresponds to an alternating tripod gait. In hexapods, three leg pairs alternate
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Figure 4.4: Scc. sexspinosus locomoting on terrains with varying rugosity. (A) Images
of Scc. sexspinosus on on terrains with rugosity (i) Rg = 0, (ii) Rg = 0.17, and (iii)
Rg = 0.44. Arrow shows the direction of motion of the animal (left to right). All scalebars
correspond to 1 cm. Heat maps show the (B) body angles and limb angles on both the
(C) left and (D) right side of the animal over time. Black line highlights when the animal
used a direct limb-stepping pattern. Gray line highlights when the animal used a retrograde
limb-stepping pattern. Limb numbers 1 to 19 indicate those from front to rear. All panels
were generated from a single trial for each terrain.

ground contact, forming a tripod. In myriapods, an alternating tripod corresponds to every

other leg (e.g., all even numbered legs) on the same side having the same phase. However,

an alternating tripod gait has not been reported in centipedes.

We calculated the speed of both centipede species for all terrains and quantified the

limb-stepping behavior by calculating the LPS. Scd. polymorpha achieved a speed of

0.19±0.04 body lengths per gait cycle (BL/cyc) and LPS of 0.92±0.04 on Rg = 0 ( Fig-

ure 4.5B). Speed and LPS decreased with increasing terrain rugosity. Scd. polymor-
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Figure 4.5: Centipede performance as a function of average leg phase shift. (A) Dia-
gram of centipede segment, moving over time. Arrow shows direction of motion (left to
right). Blue limb denotes forelimb, F, and yellow limb denotes adjacent hindlimb, H. Leg
phase shift (LPS) corresponds to the fraction of the time a hindlimb moves in the same di-
rection as the adjacent forelimb. (B) Displacement per gait cycle of Scd. polymorpha as a
function of LPS on each terrain. Light green, medium green, and dark green, correspond to
Rg = 0, 0.17, and 0.44, respectively. (C) Displacement per gait cycle of Scc. sexspinosus
as a function of LPS on each terrain. Dashed lines corresponds to LPS = 0.5. LPS < 0.5
corresponds to direct limb-stepping patterns. LPS > 0.5 corresponds to retrograde limb-
stepping pattern. Light orange, medium red, and dark red, correspond to Rg = 0, 0.17, and
0.44, respectively. Differences were significant at p ≤ 0.05, p ≤ 0.001 for one and three
asterisks, respectively. For Scd. polymorpha, LPS differences were significant at p ≤ 0.05
between Rg = 0 and 0.44. For Scc. sexspinosus, LPS differences were significant at p ≤
0.001 between Rg = 0 and 0.17 (both LPS < 0.5 and LPS > 0.5), between Rg = 0 and
0.44, between Rg = 0.17 with distinct LPS, and between Rg = 0.17 (LPS < 0.5) and 0.44.
For Scd. polymorpha, five trials per animal were included in this analysis for terrains with
rugosity Rg = 0 (N = 4), 0.17 (N = 4), and 0.44 (N = 3). For Scc. sexspinosus, five trials
per animal (N = 4) were included in this analysis for all terrains. For Rg = 0.17, trials were
divided by the most prominent limb-stepping pattern (i.e., used for the majority of the trial)
for each animal (10 trials for direct, 10 trials for retrograde). For those trials, average LPS
was calculated over the duration of the trial that the prominent limb-stepping pattern (e.g.,
towards the end of a trial) was observed.
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pha achieved speeds of 0.21±0.05 and 0.25±0.07 BL/cyc and a LPS of 0.93±0.02 and

0.95±0.01, for Rg = 0.17 and 0.44, respectively. Previous studies have characterized the

relationship between speed and body undulation; when traveling at high speeds, centipedes

that use a retrograde limb-stepping pattern display an increase in body undulation, specifi-

cally an increase in the body wave amplitude [55, 199]. Conversely, when these centipedes

travel at low speeds, there is a significant decrease in the maximum body wave amplitude,

making body undulation negligible [55, 199]. Thus, lack of body undulation in Scd. poly-

morpha on the rugose terrains ( Figure 4.3B(ii),B(iii)) corresponds to a decrease in speed.

We note that, although on flat terrain the centipedes displayed some body undulation, cen-

tipedes were not stimulated to elicit maximum speed on any of the terrains. In other words,

we allowed centipedes to move at their preferred traveling speed.

Scc. sexspinosus achieved a speed of 0.20±0.03 BL/cyc, with a LPS of 0.14±0.06

on the flat terrain (Figure 4.5C), consistent with observations of a direct limb-stepping

pattern [55]. For Rg = 0.17, trials were categorized by LPS. Scc. sexspinosus had a wide

distribution of LPS throughout each trial; interestingly, there were two clusters of LPS

(one in the direct regime, the other in the retrograde regime) in the spectrum. When the

centipede used only direct limb-stepping patterns, it achieved a speed of 0.19±0.05 BL/cyc

and used a LPS of 0.37±0.09. In contrast, the animal achieved a speed of 0.17±0.05

BL/cyc and a LPS of 0.75±0.10 if it used retrograde limb-stepping patterns. Unlike with

retrograde limb-stepping patterns, body undulation does not emerge in centipedes that use

direct limb-stepping patterns, independent of speed [55]. In the case of Scc. sexspinosus,

when it used retrograde limb-stepping patterns it did not exhibit body undulation. Lack of

body undulation can be due to: 1) the inability of the centipede to generate and propagate

traveling waves of body curvature, or 2) higher speeds not being elicited. For Rg = 0.44,

Scc. sexspinosus used only retrograde limb-stepping patterns; the centipede achieved a

speed of 0.15±0.04 BL/cyc and a LPS of 0.81±0.11. A retrograde limb-stepping pattern

facilitates ”follow the leader” between limbs; when a single limb is placed on the ground,
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the rest of the limbs follow. Thus, we posit the centipede modulated the LPS to reduce the

uncertainty of limb substrate placement.

Figure 4.6: Centipede leg parameters. (A)∆θ̇i versus ∆θi of a single leg of Scd. polymor-
pha on flat terrain Rg, colored by time. (B) Phase, ϕi, of a single leg of Scd. polymorpha
for Rg = 0 over time. Red band highlights a single retraction period, Tret. Blue band
highlights a single stride period, Tstride. (C) Duty factor, (D) stride frequency (ωstride), (E)
step length (Lstep), and (F) stride length (Lstride) for Scd. polymorpha and Scc. sexspinosus
on all terrains. Green squares and orange circles correspond to Scd. polymorpha and Scc.
sexspinosus, respectively. Numbering corresponds to (i) Rg = 0, (ii) Rg = 0.17, and (iii)
Rg = 0.44. Differences were significant at p ≤ 0.05, p ≤ 0.01, p ≤ 0.001 for one, two and
three asterisks, respectively. For Scd. polymorpha, five trials per animal were included in
this analysis for Rg = 0 (N = 4), Rg = 0.17 (N = 4), and Rg = 0.44 (N = 3) terrain. For
Scc. sexspinosus, five trials per animal (N = 4) were included for all terrains.

Phase over time for each leg (ϕi) was calculated to find the retraction (Tret) and stride

(Tstride) period (Figure 4.6A-B). Tret and Tstride is the time associated with backward move-
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ment of a limb during stance and the duration of a gait cycle, respectively (see Materials and

Methods). These were used to calculate duty factor (DF ), stride frequency (ωstride), step

length (Lstep), and stride length (Lstride) for both Scd. polymorpha and Scc. sexspinosus

across all terrains ( Figure 4.6C-F).

Independent of terrain, both centipede species achieved comparableDF ( Figure 4.6C).

Scd. polymorpha used a DF of 0.50±0.12, 0.50±0.14,and 0.53±0.19, for Rg = 0, 0.17,

and 0.44, respectively. Scc. sexspinosus used aDF of 0.50±0.11, 0.48±0.16, and 0.51±0.18,

on Rg = 0, 0.17, and 0.44, respectively. This suggests small modulations to the timing be-

tween the swing and the stance are sufficient to navigate these environments, potentially

due to the redundancy from their many limbs. In contrast, stride frequency (ωstride) de-

creased with increasing terrain complexity ( Figure 4.6D). However, there was compara-

ble ωstride in each terrain between centipede species. Scd. polymorpha used an ωstride

of 6.0±1.7, 5.6±2.3, and 3.6±2.5 Hz, for Rg = 0, 0.17, and 0.44, respectively. Scc.

sexspinosus used an ωstride of 6.3±1, 5.2±2.50, and 3.5±1.9 Hz, for Rg = 0, 0.17, and

0.44, respectively.

Lstep and Lstride are leg parameters that can be directly impacted due to limb substrate

collisions. Thus, we expected the complexity of the rugose terrains to result in modulation

of Lstep or Lstride. Surprisingly, there were small variations in Lstep across the terrains

( Figure 4.6E). Scd. polymorpha used a Lstep of 0.08±0.04, 0.09±0.05, and 0.08±0.05

BL, for Rg = 0, 0.17, and 0.44, respectively. Scc. sexspinosus used a Lstep of 0.10±0.05,

0.10±0.06, and 0.12±0.07 BL, for Rg = 0, 0.17, and 0.44, respectively. In the case of Scc.

sexspinosus, small changes in Lstep may be due to the animals changing the propagation

direction of the limb-stepping pattern. Similarly, there were small changes in Lstride across

the terrains, for both centipede species ( Figure 4.6F). Scd. polymorpha used a Lstride of

0.17±0.11, 19±0.13, and 0.16±0.09 BL, for Rg = 0, 0.17 and 0.44, respectively. Scc.

sexspinosus used a Lstride of 0.20±0.08, 0.22±0.18,and 0.23±0.12 BL, for Rg = 0, 0.17

and 0.44, respectively. Although Scc. sexspinosus exhibits changes in the gait, Lstep and
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Lstride were averaged for all trials. Averages included when the animals were using both

direct and retrograde limb-stepping patterns. Therefore, some of the variance can be at-

tributed to intervals in which these centipedes switched from direct to retrograde.

4.4.3 Passive limb mechanics

For both centipede species, we observed limb substrate collisions along the horizontal plane

due to the height disparities between adjacent blocks. Instead of jamming (i.e., limbs get-

ting stuck/caught) into a block, the centipede’s limbs bent in the direction the force from

the block was applied (towards the body, opposite to the direction of motion). We posit

the inherent flexibility of the centipede’s limbs facilitated this limb behavior to emerge

passively, which we have termed “passive gliding”. In previous studies [208] we found

similar dynamics (i.e., passive mechanical compliance) improved locomotor performance

on complex terrain of a centipede robot model without changes in the control. Thus, we

hypothesize passive gliding allows centipedes to negotiate limb substrate collisions.

We identified each instance (when one or more limbs were bent due to a block at

any point in time) of passive gliding for every trial of both centipede species. Fig-

ure 4.7A,C, shows examples of passive gliding for Rg = 0.17 for Scd. polymorpha and

Scc. sexspinosus, respectively. We observed Scc. sexspinosus displayed a greater number

of instances (27 instances) of passive gliding than Scd. polymorpha (19 instances). How-

ever, the number of occurrences is path dependent; different paths led to different number

of occurrences of passive gliding per individual ( Figure 4.7B,D). A single Scc. sexspinosus

did not exhibit any passive gliding, while all Scd. polymorpha exhibited passive gliding.

Figure 4.7E,G, shows examples of passive gliding for Rg = 0.44 in both centipede

species. On this terrain, Scd. polymorpha and Scc. sexspinosus displayed 53 and 60

instances of passive gliding, respectively. limb substrate collisions increased with terrain

rugosity due to the increase of complexity (i.e., height disparities between adjacent blocks).

Unlike for Rg = 0.17, where few limbs collided with the block, a greater number of limbs
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Figure 4.7: Passive limb gliding during obstacle interference. (A) Snapshots of pas-
sive limb gliding during limb substrate collisions and (B) locations where horizontal limb
substrate collisions occurred for Scd. polymorpha on the less rugose (Rg = 0.17) terrain.
Arrow highlights the limb substrate interaction. (C) Snapshots of passive limb gliding dur-
ing limb substrate collisions and (D) locations where horizontal limb substrate collisions
occurred for Scc. sexspinosus for Rg = 0.17. (E) Snapshots of passive limb gliding dur-
ing limb substrate collisions and (F) locations where horizontal limb substrate collisions
occurred for Scd. polymorpha on the more rugose (Rg = 0.44) terrain. (G) Snapshots of
passive limb gliding during limb substrate collisions and (H) locations where horizontal
limb substrate collisions occurred for Scc. sexspinosus for Rg = 0.44. Distinct shapes and
colors correspond to individual trials and animals, respectively. All scalebars correspond
to 0.75 cm and refer to terrains directly below. For Scd. polymorpha, five trials per animal
were included in this analysis for (Rg = 0) (N = 4), Rg = 0.17 (N = 4), and Rg = 0.44 (N
= 3). For Scc. sexspinosus, five trials per animal (N = 4) were included for all terrains.
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exhibited passive gliding forRg = 0.44 ( Figure 4.7E,G). In addition, in some trials, passive

gliding occurred on both sides of the body. Figure 4.7E shows an example in which limbs

on both sides of the body engage in passive gliding simultaneously.

Figure 4.8: Probability of passive limb gliding across terrains. Probability density func-
tions (PDF) of the (A) body angles, (B) left leg angles, and (C) right leg angles, for both (i)
Scd. polymorpha and (ii) Scc. sexspinosus. For Scd. polymorpha, light green, medium
green, and dark green, correspond to Rg = 0, 0.17, and 0.44, respectively. For Scc.
sexspinosus, light orange, medium red, and dark red, correspond to Rg = 0, 0.17, and
0.44, respectively. For Scd. polymorpha, five trials per animal were included in this anal-
ysis for Rg = 0 (N = 4), Rg = 0.17 (N = 4), and Rg = 0.14 (N = 3) terrain. For Scc.
sexspinosus, five trials per animal (N = 4) were included for all terrains.

We calculated the probability density function (PDF) of body and limb angles to quan-

tify observed changes as a function of terrain. Figure 4.8A(i)-(ii) show the PDF of body
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angles for Scd. polymorpha and Scc. sexspinosus, respectively. On flat terrain, PDFs are

centered at 0 for both centipede species. The tails of the PDFs increase with increasing ter-

rain complexity, corresponding to larger bends on the body. Neither of the centipede species

exhibited body undulation on the rugose terrains. However, because of each terrains’ com-

plexity, there was a higher likelihood that centipedes would not travel in a straight path.

Thus, bends on the body reflected in the distributions are related to movements of the cen-

tipedes when moving from one row of blocks (down or up the page) to another. PDFs

for legs on the left and right side of the body are shown in Figure 4.8B(i)-C(ii) for Scd.

polymorpha and Scc. sexspinosus, respectively. Shifts of the peaks of the distributions

correspond to a higher likelihood of limb substrate collision with increasing terrain com-

plexity. Due to the path dependence and passive gliding observed in the centipedes, PDFs

obtained for the left and right side of the body are distinct. Thus, shifts from the peaks are

more prominent for the legs on the right side of the body, corresponding to limb substrate

collisions on the right side of the body.

4.5 Discussion

Results show that the centipedes’ have small changes in the DF , Lstep, Lstride for varying

terrain rugosity, potentially due to the redundancy (i.e., many limbs and segments) in these

animals [219]. For example, redundancy in the limbs may increase robustness and facili-

tate terrain traversal, even when a limb is compromised (e.g., damaged or lost [211]). We

observed a decrease in ωstride with increasing terrain complexity. However, further inves-

tigation is necessary to understand biomechanical advantages that these animals obtained

with lower ωstride.

We discovered that Scd. polymorpha and Scc. sexspinosus potentially leverage passive

mechanics to navigate rugose terrains. When a limb collided with an obstacle, obstacle

negotiation was facilitated by presumed passive limb flexion. We thus hypothesize that

instead of precisely controlling every degree of freedom associated with many limbs, the
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animals emergently leveraged the inherent flexibility of their limbs. Offloading the con-

trol into the mechanics is an effective strategy seen in many biological systems such as

cockroaches [198, 86, 220, 221], snakes [36], spiders [86] and crabs [86], and has been

successfully implemented in synthetic (robots) [86, 208, 209, 189] locomotors. Moreover,

the effect of passive mechanical elements for multi-legged systems has been previously

studied on myriapod robophysical models [208, 209]. Flexible passive components facil-

itated complex terrain traversal of the robot, whereas rigid components achieved limited

performance [208].

We note that animals do not rely solely on passive body and/or limb mechanics for

complex terrain traversal. Extensive research has been done in arthropods that use sensory

modulation or neural feedback for stability upon external perturbations (i.e., reflexes) dur-

ing quasi-static motion [222, 223, 224]. Yet, rapid running behaviors may limit reflexes,

due to the lack of time to adapt to perturbations [221, 225, 226]. It is hypothesized that

control (whether preflexive or reflexive) depends on the context of the animal for robust

locomotion [226]. Individual control of the limb dynamics may emerge during slow walk-

ing behaviors, as seen in other arthropods [227, 228]. However, unlike in arthropods with

few leg pairs, the presence of redundancy in centipedes potentially reduces the need for

reflexive control. That is, even if some legs fail to make proper limb substrate contact, the

centipede’s many limbs can offer other points of support and stability.

We posit these strategies (passive mechanics and redundancy) are advantageous in these

centipedes’ natural environments. Scd. polymorpha is a desert dwelling centipede whereas

Scc. sexspinosus can be found in forests within leaf litter, detritus, and under rotting logs.

Both of these centipedes must contend with heterogeneities and height disparities inherent

of the many materials in their surroundings.

It is commonly accepted that centipedes in the order Scolopendromorpha, Geophilo-

morpha, and Craterostigmorpha use retrograde limb-stepping patterns, while those in the

order Lithobiomorpha and Scutigeromorpha use direct limb-stepping patterns (as character-
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ized by Manton [20]). In addition, it is commonly accepted that the direction in which the

limb-stepping pattern is propagated is fixed (the “one-species-one wave hypothesis” [63]).

Scc. sexspinosus exhibited behaviors contrary to both of these. While Scc. sexspinosus

is of the order Scolopendromorpha (Cryptopidae family), instead of retrograde it uses di-

rect limb-stepping patterns on flat solid surfaces. Moreover, when locomoting on rugose

terrains, Scc. sexspinosus exhibited changes in the LPS corresponding to a change of limb-

stepping pattern (i.e., change in gait). This change in LPS is not unique to Scc. sexspinosus

or centipedes of the order Scolopendromorpha; previous studies have found changes in the

limb-stepping pattern with changes in the substrate [200, 67, 63, 229] in different centipede

species. Therefore, further investigation of centipede locomotion is necessary to evaluate

and advance understanding across these orders.

When presented with a terrain with height disparities, Scc. sexpinosus modulated the

limb-stepping pattern. We observed comparable performance independent of the direction

that the limb-stepping pattern was propagated (for Rg = 0.17 terrain). However, why this

is a desirable strategy for this centipede remains unknown. We posit such a strategy in-

creases the probability of finding a secure foothold. By using a retrograde limb-stepping

pattern, the centipede can place a limb on the terrain and posterior limbs follow. Thus,

the uncertainty associated with a direct limb-stepping pattern is reduced by switching to

a retrograde pattern. Further investigation is necessary to understand the biomechanical

advantage in this transition. Moreover, it is important to note that while Scc. sexpinosus

used direct limb-stepping patterns on flat surfaces, that is not the centipede’s natural en-

vironment. Therefore, the limb-stepping patterns these centipedes use in nature may be

retrograde and not direct.

The kinematic analysis of these experiments was constrained to two dimensions (along

the long and short axis of the centipede). However, sagittal movement along the height of

surface (out/into the page) could play an important role. In flat terrain, these centipedes

exhibit lifting of the body during locomotion. In rugose terrains, these animals may fall
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into cavities formed by the blocks where lifting of the body to continue terrain traversal

is essential. In other instances, centipedes have segments of the body suspended in air

while crossing large gaps. At those instances, it is possible the limb dynamics may change

(i.e., from periodic to no leg movement when crossing gaps [183, 213]) depending on the

local surroundings of each body segment. Further examination is required to understand

contributions in three dimensions in biological centipedes. Nevertheless, previous studies

on a centipede robot [208] shows passive elements facilitated passive dorso-ventral flexion,

augmenting the capabilities of the robot.

4.6 Conclusion

We performed, to the best of our knowledge, the first experiments with myriapods on ter-

rains with features modeling natural habitats and terradynamic complexity. We explored

the effects of terrain complexity on body and leg dynamics on two centipede species, Scd.

polymorpha and Scc. sexspinosus. Both of the centipede species studied were from distinct

environments and differ morphologically. Yet, these animals leveraged their morphology

and physiology to traverse complex terrains. We observed these animals used passive glid-

ing of the limbs during limb substrate interactions, potentially minimizing gait perturba-

tion and facilitating traversal. Further, on the rugose terrains, Scc. sexspinosus exhibited

changes in the LPS corresponding to a change in the propagation direction of the limb-

stepping pattern (i.e., from direct to retrograde). We note that the results presented here

correspond to a relatively small sample size (N = 4) for both centipede species. However,

our results are general and repeatable even when centipedes were not in optimal conditions

(i.e., missing limbs). That is, we observed the behaviors presented here in trials with other

individuals that did not meet the necessary criteria to be included in the results discussed.

In Scc. sexspinosus, active changes in the gait may reflect the plasticity of these animals

in response to changes in the environment. This may be due to selective pressures related

to the variability of the composition of this centipede’s environment. Comparable loco-
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motive performance between centipede species and previous robotic studies [208] suggests

that changes in gait do not improve locomotor performance. However, both our results and

previous studies [200, 67, 63, 229] suggest that gait selection is coupled to the centipede’s

immediate surroundings. We posit a retrograde limb-stepping pattern increases the proba-

bility of secure footholds and reduces the force on the limbs upon a limb substrate collision

(due to passive limb gliding) in rugose terrains.

Future comparative work could extend to other centipedes species to study their loco-

motive strategies in rugose terrains. This could offer insight to the environmental infor-

mation these animals use to select gaits. In addition, three dimensional kinematic analysis

may provide insight into the observed lifting of the body during locomotion and the effects

during complex terrain traversal. Moreover, future work could explore the locomotive per-

formance as a function of the number of leg pairs on rugose terrains with not only live

animals but also robophysical models, useful as scientific models and in tasks such as

search and rescue [208, 230].

4.7 Contributions

The contributions for the project are detailed as follows:

Eva Erickson performed animal experiments and tracking on all terrains. Daniel Soto

designed and 3D printed each rugose terrain. Kelimar Diaz provided experimental guid-

ance, and analyzed and processed the data. Kelimar Diaz, Eva Erickson, Baxi Chong, and

Daniel I. Goldman conceived the study and interpreted the results. Kelimar Diaz wrote the

original manuscript [101]. Daniel I. Goldman supervised the project, provided comments

on and modified the original manuscript [101].
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CHAPTER 5

WATER SURFACE SWIMMING DYNAMICS IN LIGHTWEIGHT CENTIPEDES

5.1 Summary

While locomotion on the surface of water is ubiquitous, previous studies have focused

on discrete environmental contact, where limb surface interactions lead to propulsion. In

contrast, less is known propulsion via continuous contact (i.e., body surface interactions).

Here, we present a centipede (Li. forficatus) that locomotes at the interface via body surface

interactions. This centipede does not predominantly use its 14 pairs of legs to locomote,

rather it exhibits tail-to-head (direct) body waves to swim across the surface. Its low mass

and body-fluid contact yield locomotion dynamics in which fluid wave drag forces domi-

nate inertia. We posit direct waves lead to non-inertial forward motion due to the animal’s

experienced drag anisotropy (ratio of normal to tangential forces). Inspired by hispid flag-

ella in microorganisms in viscous fluid, we posit forward motion using direct waves is

achieved by modulation of the centipede’s ratio of local normal to tangential forces (drag

anisotropy, less than one) due to its morphology. Thus, we modeled this centipede’s lo-

comotion using surface wave RFT with experimentally resolved drag force relations of a

centipede segment (slender body, extended limbs). Surface wave RFT predictions cap-

ture the animal’s swimming performance and shows the locomotor strategy facilitates high

performance, and potentially simplifying the animal’s neuromechanical control.

This chapter’s contents are adapted from a first authored paper submitted 2022 in Physical Review Let-
ters [102] by Kelimar Diaz, Baxi Chong, Steven W. Tarr, Eva Erickson, and Daniel I. Goldman
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5.2 Introduction

Locomotion at the water surface is a common behavior across scales [186]. Research on

surface swimmers has focused on animals using limb surface interactions for propulsion

(e.g., arthropods [231, 232, 233, 234, 235, 236], lizards [237, 238]). Inspired by the di-

verse water-running strategies, researchers have developed cm-scale robots that model limb

surface interactions comparable to their biological counterparts [231, 239, 240, 241]. Yet,

locomotion at the interface is not solely achieved via limb surface interactions. Various

animals (e.g., waterlily leaf beetle larva, salamanders, geckos) locomote at the water sur-

face using primarily body surface interactions [232, 31, 242]. However, these studies have

been limited to animals possessing two to four leg pairs; the swimming dynamics of many-

legged animals are less studied. Particularly, centipedes possess many limbs and inhabit

diverse environments. Studies on centipedes have explored limb and body dynamics [55,

200, 20, 21, 67, 67, 63, 101] on solid surfaces. Studies of centipedes on fluids [229] have

been limited to subsurface dynamics.

Arthropods with few limbs are capable of supporting their body at the interface for

propulsion. In contrast, multi-legged systems potentially rely on continuous contact due

to their multi-segmented, elongated bodies. Animals that rely on body surface interactions

for locomotion experience forces on their body that depend on the physical properties of

the environment, the body orientation (angle of attack), and the instantaneous velocity. To

model swimming in bulk fluids, Resistive Force Theory (RFT) has been extensively used

since the mid-20th century due to its simple approximations in comparison to complex

hydrodynamics in the presence of moving boundaries [73, 79]. That is, RFT integrates the

experienced thrust and drag on infinitesimal body segments of slender objects, assuming

each hydrodynamic field is decoupled from other elements. Previous studies have used

RFT to model locomotion in highly damped regimes, where viscous or frictional forces

dominate over inertial forces [71, 75, 76, 77, 78, 79, 35, 37, 243], and thus the integral
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Figure 5.1: Swimming dynamics of Lithobious forficatus. (A) Photo of Li. forficatus on
the surface of water (image credit: Kenneth Wang). (B) Snapshots of Li. forficatus swim-
ming behavior. Red circles highlight body segments with large body curvature, propagated
towards the head. (C) Centipede swimming trajectory (body midline), colored by time. (D)
Diagram of leg angles (θ) and body curvature (κ) calculations. θ was obtained by finding
the angle between the leg and the local body segment. κ was determined by fitting a circle
at each point (s) along the centipede’s body midline. (E) θ over time for the 7th leg (left
side of the body). All scalebars correspond to 0.5 cm.

of stresses is equal to zero. Further, RFT can be extended to model locomotion of slender

bodies with rigid components perpendicular to each element (i.e., microorganisms with

hispid flagella [70, 66, 243]).

Here, we perform the first study of a water surface swimming centipede, Lithobious for-

ficatus, and discover that its propulsion is dominated not by its 28 limbs (14 limb pairs) but

by surface waves generated by rear-to-front body undulation (Figure 5.1A-B). A Schlieren

method used to reconstruct the water surface indicates that the animal propels via contin-

uous emission of surface waves. Inspired by similarities of the swimming dynamics to

those of animals in highly damped regimes (e.g., low Reynolds fluids [71, 73, 75, 76, 77]

and granular frictional fluids [79, 78, 35, 37]) we model the locomotion using RFT with

empirically measured drag force relations of a slender body with extended limbs. The sur-

face wave RFT calculations capture swimming performance and suggest that the animals

generate body waves which achieve high performance without introducing potentially un-
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desirable limb-body collisions. Further, RFT shows addition of body waves to the limb

dynamics may be advantageous to reduce the neuromechanical complexity associated with

multi-terrain traversal.

5.3 Body dynamics in centipede surface self-propulsion

We performed the first study of a water swimming centipede using the environment gener-

alist Lithobious forficatus (length = 2.3±0.3 cm, 16 segments, and 14 leg pairs, N = 8, n

= 32 trials, subsection 5.9.1). Experiments consisted of placing the centipedes on a water-

filled tank (128x48.5x32 cm, 4cm deep, 25-26◦C) and recording their kinematics using a

high speed camera (AOS, S-motion) positioned over the tank (Figure 5.4A). When placed

on the water surface, centipedes used body undulation for propulsion (Figure 5.1B). Sur-

prisingly, the direction of propagation of the body wave was the same as the direction of

motion (a direct wave, Figure 5.1B-C,F).

The propagation of direct body waves was unexpected for several reasons. First, other

swimming macroscopic undulators (e.g., snakes, eels, amphibious centipedes [229]) prop-

agate the body wave against the direction of motion (retrograde). Second, centipedes in

the order Lithobiomorpha are thought unable to generate body undulation [20]. Further,

centipede gaits and body dynamics are thought to be fixed (i.e., the ”one-species one-wave

hypothesis” [63]). However, as observed in Li. forficatus and other centipede studies ( [229,

63, 67, 101]), these animals can exhibit distinct behaviors upon external perturbations.

Unlike in amphibious centipedes [229], we did not observe changes in the limb dynam-

ics on solid or fluid surfaces. Instead, the limbs exhibited a direct stepping pattern. During

swimming, the legs oscillated using a maximum leg amplitude (θmax) of 34.2±7.5◦. How-

ever, without body undulation, displacement was negligible. Using direct body waves, the

centipedes achieved swimming speeds of 0.22±0.03 body lengths per gait cycle (BL/cyc),

with a maximum amplitude of 3.9±1.5 cm−1 and a spatial frequency of 1.3±0.23. In

addition, we digitized the body midlines (using custom MATLAB code) and performed

99



Figure 5.2: Low dimensional representation of Lithobious forficatus swimming dy-
namics. (A) Space-time heatmap of κ. (B) PCA of κ for centipedes swimming (n
= 8, N = 32). Dashed curves correspond to fits (Fit for PC1 = 0.22 sin(s), fit for
PC2 = 0.22 cos(s) − 0.15) (C) Projection of PC1 and PC2 amplitudes (α1, α2, respec-
tively) colored by time. (D) Variance explained as a function of PC. First two components
(PC1, PC2) captured 75.9% of the variance. All scalebars correspond to 0.5 cm.

principal component analysis (PCA) (inspired by [8, 36]) on the body curvature (κ) to find

a low-dimensional representation of the animal’s body shapes. We found that two principal

components (PCs) captured most of the variance of the shapes (75.9%) and were well fit

by a sine and a cosine, corresponding to a wave of curvature traveling up the body (towards

the head) (Figure 5.2). Furthermore, when the animal stopped undulating its “coasting”

displacement was negligible (0.05 ± 0.02 BL). This suggests that these animals locomote

in a highly dissipative regime, where displacement relies solely on internal shape changes,

analogous to the dynamics of microorganisms and sandswimmers. We note that these cen-

tipedes are lightweight (mass 0.12 ± 0.03 g) and currents generated by air can displace

the animals when they are not generating body undulation. However, the animals do not
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generate persistent flows that could influence propulsion.

5.4 Surface waves

In highly damped regimes, locomotors generate the appropriate reaction forces to overcome

damping from viscous or frictional drag forces [71, 75, 76, 77, 78, 79, 35, 37, 243]. In the

surface swimming centipede, as noted above, no persistent flows were generated and air

resistance was negligible. However, we observed that the centipedes emitted waves during

propulsion and thus posited that the animals locomote such that propulsion is dominated

by surface wave drag, instead of viscous drag. Because little work has been done to study

such a locomotor regime, we next sought to quantitatively measure the emerging surface

waves to gain insight into the propulsion and dissipation mechanisms.

Figure 5.3: Surface wave reconstruction apparatus. (A) Experimental apparatus for
wave reconstruction. (B) Schematic of the synthetic Schlieren imaging scheme. Changes
in the original background image are denoted by u⃗ [244].

Surface waves generated by Li. forficatus during swimming were reconstructed using

a synthetic1 (Figure 5.3A-B) Schlieren imaging technique known as Fast Checkerboard

Demodulation [244, 246] (see subsection 5.9.3). Wave reconstruction resulting in mea-

sured wave height versus time revealed transient and periodic dynamics (Figure 5.4A,C).

Transient motion of the wave heights occurred when the centipede’s shape changed from
1Traditional Schlieren requires the use of aligned masks for wave reconstruction. However, the accuracy

of the alignment is critical and non-trivial (see [245])
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Figure 5.4: Surface wave reconstruction during centipede swimming. Snapshots of re-
construction of surface waves generated by Li. forficatus at the (A) near field and (B) far
field. Grey and dark blue region correspond to masks for the centipede body a legs, respec-
tively. Dark blue regions that are not in contact with the centipede body mask correspond
to areas where the reconstruction criteria was not met. Wave surface height over time for a
selected region (white circle in A,B) at the (C) near field (D) far field. Insets show single
sided amplitude spectrum of surface wave heights.

a straight to undulating body associated with changes in the gait (during startup, presumed

to be from limb to body-dominated). Periodic motion of the wave heights occurred when

the centipede constantly propagated body waves. Constant self-deformation for propulsion

is characteristic of locomotion in non-inertial regimes [36, 37, 35] such that coasting or

gliding phases do not occur. In terrestrial and low Reynolds number regimes, dissipation

is due to frictional and viscous forces. We hypothesize dissipation occurs in this centipede

via the generation of fluid surface waves which carry energy away to the boundary. The

transition from transient to periodic is characteristic of the shape changes in the animal and
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an increasing distance from the point where wave heights were measured. In the far field,

we observe changes in the wave heights that correspond to a periodic phase and dissipation

(Figure 5.4B,D).

5.5 Drag measurements

RFT allows predictions of drag-based thrust in self-deforming locomotors [75, 76, 77, 78,

79, 35, 37]. In non-inertial systems, the key insight is that the direction of motion and

speed of an undulator are governed by the ratio of normal (Fn) to tangential (Ft) forces ex-

perienced by each presumed-independently translating element. When this drag anisotropy

(Fn/Ft) is greater than one for all elements, retrograde waves produce forward propul-

sion [75, 76, 77, 78, 79, 35, 37]. RFT can be extended to objects that have rigid com-

ponents perpendicular to the object’s surface, as in hispid flagella in microorganisms [66,

243]. This flagellum’s morphology creates an effective Fn/Ft less than one over the length

of the flagellum, resulting in forward displacement using direct waves [69, 70, 66]. We

posit that because the flagella [70, 66, 243] and the swimming centipede share similar mor-

phology (i.e., extended components), have comparable wave dynamics (i.e., direct waves),

and operate in non-inertial regimes, the centipedes experience an effective Fn/Ft < 1 and

thus their locomotion can be modeled using RFT.

Because RFT requires inputs from drag forces and these had not been previously made

at the air-water interface, we sought to obtain the appropriate force relations. Drag mea-

surements were performed with an H-shaped resin printed segment (length = 12 mm, width

and height = 2 mm, leg thickness = 0.5 mm) modeling the slender body with two leg pairs

to obtain steady-state drag force (F ), and resolve Fn and Ft. Because the force magnitudes

were small, we developed a reflection-based drag measurement apparatus (Figure 5.5A,

see subsection 5.9.2). The drag apparatus was attached to a robot arm (Denso VS087) and

translated at constant speed (vd) for different attack angles (βd). F was defined as the force

obtained from 51 to 56 cm drag distance. Although the centipedes oscillate their limbs dur-
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Figure 5.5: Water surface drag measurements. (A) Experimental apparatus for drag
measurements. Dashed square highlights model segment. Inset shows top down view of
model segment. Scalebar corresponds to 1 cm. (B) Snapshot of surface waves generated by
model segment dragged at the interface for βd = 0◦ at vd = 22.5 cm/s. Arrow shows direction
of drag. Surface waves were not obtained from Schlieren reconstruction; a horizontal line
background pattern with high contrasting colors was used to visualize surface waves [247].
(C) Average drag force collected at vd = 11.25 cm/s for βd = 0◦ (light blue), 45◦ (medium
blue), and 90◦ (dark blue). (D) Average steady state force as a function of vd for βd = 0◦,
45◦, and 90◦.

ing swimming (θmax = 34.2±7.5◦), the model segment had limbs oriented perpendicular to

the body (θmax = 0◦), corresponding to the limb’s time-average position.

Forces during drag for select β at vd = 11.25 cm/s are shown in Figure 5.5C. Average

F decreased with increasing βd, and increased quadratically with vd (Figure 5.5D). We de-

composed F into contributions along the normal and tangential directions (Fn, Ft) of the

model segment (Figure 5.6A-B). Fn and Ft were well-fit by a sine and a cosine function,

respectively (Figure 5.12) and decreased with decreasing vd. For most conditions, Fn/Ft

increased with increasing βd for all vd (Figure 5.6C-D). Although at βd = 60◦ Fn/Ft ap-
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Figure 5.6: Force decomposition and drag anisotropy for surface wave drag. Force
contributions along the (A) normal and (B) tangential direction of the dragged object. Inset
in A shows to top view of the model centipede segment moving at angle βd with constant
vd. (C) Fn/Ft as a function of βd for varying vd. Solid gray area shows probability distri-
bution function (PDF) of the angle of attack (βa) measured in the swimming centipedes. βa
is defined as the angle between a local tangent angle and the average direction of motion
(inset). (D) Fn/Ft as a function of vd for varying βd. Black horizontal dashed lines corre-
spond to Fn/Ft = 1.

proached one, the centipedes exhibit attack angles (βa) primarily from 0◦ to 45◦. Further,

Fn/Ft was insensitive to vd. The insensitivity of Fn/Ft to vd suggests locomotor perfor-

mance is primarily dependent on the self-deformation pattern.
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5.6 Surface wave Resistive Force Theory

We used RFT to obtain theoretical predictions on swimming performance (Figure 5.7).

Experimentally obtained Fn and Ft were fitted as a function of βd and vd in the RFT model

(Figure 5.12). Specifically, we fit the magnitude of reaction force, defined as Ft(βd =

0), as a quadratic function of vd (Figure 5.5). Then we fit the normalized reaction force,

Ft/Ft(βd = 0) and Fn/Ft(βd = 0) as a sinusoidal function of βd:

Ft = C1v
2
d cos(βd),

Fn = C2v
2
d sin(βd). (5.1)

As stated above, RFT assumes that forces along a deforming body are decoupled.

Therefore, the swimmer can be divided into 14 independent segments. Further, in dissipation-

dominated environments where inertial forces are negligible, the net force on a body is zero

at every moment in time, giving

F =
14∑
i=1

(F [i]
n + F

[i]
t ) = 0, (5.2)

where F [i]
n and F

[i]
t are normal and tangential force on i-th element, respectively. We calcu-

late BL/cyc as a function of mean relative curvature (κmλs, Figure 5.7). We hypothesize the

animals preferentially use direct body waves, requiring no modulation of the limb-stepping

pattern for propulsion. However, other centipede species modulate their body [229] and

limb [67, 63, 101] dynamics upon changes in their environment. Thus, as observed in am-

phibious centipedes [229], we extended the predictions to the case where the centipede uses

a retrograde body wave (the chirality of the PC projections, Figure 5.7B) with limbs folded

towards the body. For direct waves, we assume forces act on the limbs (due to extended

limbs). For retrograde waves, we assume forces act on the body segments (Figure 5.7C(i)-

(ii)). Further, we compared across experimentally resolved and different Fn/Ft and limb
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posturing for both direct and retrograde waves in simulations. Direct waves with folded

limbs and retrograde waves with extended limbs lead to backward motion, and thus were

not included in the comparison (Figure 5.13).

For direct waves, we obtained good agreement using experimentally resolved forces

(Fn/Ft = 0.75) between RFT predictions and the animal’s performance (BL/cyc = 0.22±

0.03, κm/λs = 8.54± 1.76) (Figure 5.7D). This suggests that, as hypothesized, Fn/Ft ≤ 1

emerges due to the centipede’s morphology (i.e., limbs oriented perpendicular to the body).

If Li. forficatus changed its body profile during swimming, the animal would have achieved

backward displacement using a direct body wave (Figure 5.13). Thus, while the limbs did

not contribute to propulsion, they modulated the animal’s drag anisotropy ratio. Further, for

experimentally obtained and varied Fn/Ft, RFT predicts increasing BL/cyc with increasing

κm/λs, decreasing at approximately κmλs = 11.

For theoretical retrograde waves with folded limbs, performance also increased with

increasing κmλs, decreasing at approximately κmλs = 10. However, independent of Fn/Ft,

a direct wave with extended limbs achieved greater or comparable performance. Thus, the

centipedes use the behavior that guarantees a high swimming performance, potentially de-

sirable to contend with external perturbations (e.g., high waters [248]). Moreover, using

direct body waves may simplify the animal’s neuromechanical control. Specifically, for-

ward motion using retrograde waves requires a change in both the limb behavior and the

body wave propagation direction. In contrast, a direct limb-stepping pattern requires only

the addition of direct body waves for propulsion.

While drag measurements were performed for the case without limb oscillation (θmax =

0◦), the centipedes oscillate their limbs with θmax = 34.2± 7.5◦. This affects at what κmλs

limb-limb (L-L) and limb-body (L-B) intersections occur (Figure 5.7D). When θmax = 0◦,

L-L and L-B intersections occurred at κmλs ≥ 5.9 and 11.3, respectively. In contrast, when

θmax = 34◦, L-L and L-B intersections occurred at κmλs ≥ 8.7 and 11.5, respectively.

While limb oscillations may not contribute to propulsion, θmax = 34◦ facilitates greater
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Figure 5.7: Resistive Force Theory predictions. (A) Diagram of centipede and forces (red
arrows, vd, Fn, Ft, F ) acting on a segment (gray shaded region). Inset shows forces (blue
arrows, fi) acting on the mid-point (white circle) of each limb (i). (B) Diagram of projec-
tions of PCs. Black and gray curves (offset for clarity) correspond to a clockwise (direct)
and counter-clockwise (retrograde) trajectory, respectively. (C) Force diagrams obtained
from RFT for (i) direct waves with extended limbs and (ii) retrograde waves with folded
limbs. Black and gray arrows correspond to velocity (v) and reaction forces (FR), respec-
tively. Solid and dashed blue arrows correspond to the swimming direction (direction of
motion) and the wave direction (body wave propagation), respectively. (D) RFT prediction
of BL/cyc with κmλs for C(i) (orange) and C(ii) (purple). Solid orange curve corresponds
to experimentally obtained Fn/Ft = 0.75. Black cross corresponds to animal performance.
Arrows highlight κmλs values where L-L (black) and L-B (red), for θmax = 0◦ (solid) and
34◦(dashed).
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body bends and reduces emergent collisions. We observed L-L intersections in the cen-

tipedes primarily occurring at the limb tip. L-L intersections were accompanied by local

deformation of the limb shape (i.e., limb bending). Further, no L-B intersection was ob-

served in the centipedes. We posit limb oscillations allow the animals to function at the

limit of achievable body bends, without introducing L-B collisions, detrimental for propul-

sion.

Although an RFT framework has not been previously utilized for locomotion at the

interface, recent work has demonstrated that the effectiveness of RFT depends on the gov-

erning equations of the medium [74]. When the governing partial differential equations

(PDEs) are hyperbolic (e.g., granular media [78, 79, 35, 37]), stresses are localized and can

be attributed to the motion of specific body elements [74]. In contrast, when the PDEs are

elliptic (e.g., viscous fluids), the stresses in any segment can depend on the entire bound-

ary [74] and accurate modeling of in locomotion must be augmented by more sophisticated

approaches [249]. The fact that the RFT approach functions well in the centipede surface

swimming is in accord with the hyperbolic character of equations that describe surface

waves [250].

5.7 Conclusion

We performed the first centipede locomotion experiments and drag measurements at the

air-water interface. We measured the body kinematics of Li. forficatus swimming at the

surface. Specifically, we discovered this environment generalist centipede uses direct body

waves for propulsion. We posit the centipede’s ability to generate motion via direct body

waves emerged due to selective pressures from habitats (e.g., floodplains) where they must

contend with high waters to survive [248]. Inspired by RFT used to model hispid flagella

in microorganisms, we hypothesized centipedes generated motion using direct waves due

to their experienced drag anisotropy (Fn/Ft < 1) resulting from their splayed limbs. We

performed water surface drag experiments and found that for Fn/Ft ≤ 1 for the centipede’s
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angles of attack. We developed new surface wave RFT at the interface, using experimen-

tally measured empirical force relations. Surface wave RFT predictions in which wave

drag dominates inertia captured swimming speed and revealed that direct waves with ex-

tended limbs yields comparable or greater performance to retrograde waves with folded

limbs (observed in amphibious centipedes [229]). We posit the addition of direct body

waves to the limb-stepping pattern simplifies the animal’s neuromechanical control when

contending with multiple environments. We expect future multilegged robots with variable

limb orientation can use principles found here to modulate Fn/Ft and maneuver across

both terrestrial and fluid environments, augmenting the navigation capabilities of existing

multilegged robots in diverse natural terrains [208, 214].

5.8 Contributions

The contributions for the project are detailed as follows:

Kelimar Diaz performed animal experiments and tracking, designed and performed

drag experiments, analyzed and processed the data. Steven Tarr assisted animal experi-

ments and performed surface wave reconstruction. Baxi Chong performed RFT simula-

tions. Kelimar Diaz, Steven Tarr, Baxi Chong, and Daniel I. Goldman conceived the study

and interpreted the results. Kelimar Diaz, Steven Tarr, and Baxi Chong co-wrote the orig-

inal manuscript [102]. Daniel I. Goldman supervised the project, provided comments on

and modified the original manuscript [102].

5.9 Appendix

5.9.1 Animals

Centipedes were wild caught from Cuyahoga County, Ohio. Each centipede was individ-

ually housed in a plastic container on a 12 hr:12 hr L:D photoperiod at room temperature

(20-22◦ C). Centipedes were provided a source of water and fed mealworms biweekly.
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5.9.2 Reflection based drag measurement apparatus

The drag apparatus consisted of a model segment, a laser, and a camera (Figure 5.8).

The model centipede segment was attached to a thin beam (0.25 mm thick aluminum,

McMaster-Carr, 9708K51). The laser was reflected off the thin beam and a camera (Basler,

acA1300-200um) recorded the laser spot to obtain beam deflection. The centroid of the

laser was obtained by finding the global maximum pixel intensity for each frame using a

custom MATLAB code (Figure 5.10A). Steady state force was resolved from laser cen-

troid displacement by calibrating the beam to objects of known mass (0.01 g, 0.05 g, and

0.1 g, Figure 5.9. Figure 5.9B) shows example drag measurement obtained from apparatus

for βd = 60◦ at vd = 11.25cm/s. Example trials for all βd and varying vd can be found

in Figure 5.11.

5.9.3 Synthetic Schlieren imaging

Before starting the experiments, we captured a reference image of the background pattern

(checkerboard) as seen through a still free (i.e., unperturbed) surface with the high speed

camera. During experiments, surface waves created by the swimming centipedes appeared

as a distortion field u⃗ applied to the checkerboard. We compared the spatial Fourier trans-

form of the distorted checkerboard to that of the reference image to find how the carrier

peaks were modulated. When the free surface curvature had focal length greater than the

distance to the background pattern (i.e., the invertibility condition is met [244]) we filtered

the modulated signal to extract u⃗(r⃗, t), which is proportional to the gradient of the free

surface height. Moisy and colleagues [244] quantify this invertibility condition as follows:

hp < hp,c =
λ2

4π2αη0
, (5.3)

where hp is the effective surface-pattern distance, hp,c is the free surface focal length, λ

is the wavelength, α is the ratio of indices of refraction given by 1 − nair/nfluid, and η0
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is the wave amplitude [244]. Further, We adapted the open-source code in [246] for use

with our apparatus (Figure 5.4A), incorporating both a scale factor to account for additional

interfaces between the background pattern and the fluid free surface [244].

Quantitatively identifying where the invertibility condition fails requires knowledge of

wave properties that are not known a priori and cannot be reliably obtained from the recon-

struction itself. However, we note that failed reconstruction surface height data typically is

highly discontinuous, both with itself and with successfully reconstructed surface heights.

We used this characteristic to estimate regions where the reconstruction failed per video

frame with an autocorrelation method described by the following steps:

1. Perform a 2D spatially-moving variance with square kernel given by the 8-way near-

est pixel neighbors.

2. Compare the moving variance to a threshold value. We obtained our threshold

through trial-and-error but postulate that it is related to the effective distance between

the free surface and background pattern.

3. Convert any pixels for which the variance exceeds the threshold to a mask.

4. Perform minor cleanup on the mask using morphological operations. The result is an

estimate of all failed surface reconstructions in the frame.
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Figure 5.8: Reflection based drag measurement apparatus. (A) Image of experimental
apparatus, consisting of a thin metal beam, a laser, and a camera. (B) Resin printed cen-
tipede segments for (from top to bottom) βd = 90, 60, 30, and 0◦.

Figure 5.9: Beam calibration to obtain forces. Pixel displacement as a function of mass.
The thin metal beam was placed horizontally and calibrated with objects of known mass
(M ) to resolves forces from laser spot displacement (inset). Points were well fit (red line)
by a linear function (y = mx+ b, R2 = 0.96), where the slope (m = 19, 890) corresponds
to the calibration factor.
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Figure 5.10: Raw data obtained from drag measurements. (A) Measured pixel intensity
along the long axis of the laser spot. Blue curve corresponds to a fitted Gaussian. (B) Raw
force measurement (black) obtained from drag experiments for βd = 60◦ at vd = 11.25
cm/s. Yellow and blue line correspond to forces along the normal and tangential direction
of the model centipede segment, respectively.

Figure 5.11: Raw experimentally obtained drag forces. Example drag measurement
obtained from experiments for βd = A) 90◦, B) 75◦, C) 60◦, D) 45◦, E) 30◦, F) 15◦, and G)
0◦ with varying vd. Colors corresponds to vd. All axis are equal.
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Figure 5.12: Force decomposition fits. Normalized (by Ft(βd = 0)) (A) Fn and (B) Ft as
a function of βd for varying vd. Solid black lines correspond to sine and cosine fits for Fn
and Ft, respectively.

Figure 5.13: Surface wave RFT for varied limb posturing. RFT predictions of swim-
ming performance for direct waves with folded limbs (gray line) and retrograde waves with
extended limbs (black line).
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CHAPTER 6

CONCLUSION AND FUTURE WORK

6.1 Conclusion

In this dissertation, we studied undulatory locomotion in three distinct systems unified

by high damping. For each of these systems, the ability to exhibit a behavior (i.e., for-

ward motion and turning) depends on the proper coordination of the body segments and/or

appendages. Using a combination of experiments, theoretical models, and robophysical

modeling, we broadened our understanding across all of these systems.

In Chapter 2, we extended dimensionality reduction techniques and a geometric frame-

work (in collaboration with Baxi Chong) to turning behaviors (i.e., small-angled turns,

omega turns) in Cae. elegas laboratory environments (agar and fluid). On agar, we found

that turning behaviors can be described as a single behavior; these are controlled by a su-

perposition of two traveling waves, a turning and traveling wave, where modulations of

the amplitude of the turning wave lead to different turning rates and consequently turn-

ing behaviors. In fluids, dimensionality reduction did not capture superimposed traveling

waves, due to indistinguishable spatial frequencies between the turning and the forward

wave. However, a single traveling wave with both amplitude and phase modulation are

sufficient to model the animal’s turning behaviors. Our work suggests that the underlying

neural dynamics involve the superposition of muscular excitation waves from independent

oscillatory neural circuits in Cae. elegans.

In Chapter 3, we studied quadriflagellate gait coordination and hydrodynamic perfor-

mance. To the best of our knowledge, we developed the first free self-propelling, macro-

scopic robophysical model of a quadriflagellate algae swimming in a low Reynolds en-

vironments. Then, we prescribed gaits observed in distinct alga species - the pronk, the
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trot, and the gallop (clockwise and counterclockwise in our robot). Further, we varied the

relative orientation of the flagella. We found that hydrodynamic performance (in terms

of body length per gait cycle) was sensitive to both appendage orientation and swimming

gait. In addition, we captured what we observed in the algae, the trot gait achieved the

greatest hydrodynamic performance by having a greater resistance backward displacement

during the recovery stroke. We posit that distinct gaits arose in each algae species due to

selective pressures (e.g., availability of nutrients), where distinct locomotive strategies are

advantageous for specific ecology.

In Chapter 4, we performed a comparative study of centipedes with distinct limb and

body dynamics, Scd. polymorpha and Scc. sexspinosus, locomoting on model rugose ter-

rains. Experiments revealed that both centipede species potentially leveraged the inherent

physiology of their limbs to negotiate limb-terrain collisions. For Scc. sexspinosus, we

found that this animal changed its limb-stepping pattern with terrain rugosity; when this

centipede locomoted on the rugose terrains in changed the direction the limb-stepping pat-

tern was propagated from direct (with the direction of motion) to retrograde (opposite to

the direction of motion). We hypothesize that gait change allowed the centipede to reduce

the uncertainty in finding a secure foothold.

In Chapter 5, we studied the swimming dynamics of a surface swimming centipede, Li.

forficatus. We found that, instead of using primarily its limbs, this centipede relied on direct

body waves (with the direction of motion, towards the head) to generate self-propulsion.

We sought to understand how this animal achieved forward propulsion with the use of direct

body undulation. A surface wave reconstruction technique revealed that the centipede emit-

ted waves during locomotion, which we posit carried dissipated energy from the system.

Inspired by hispid flagella in microorganisms, we adopted a surface wave RFT approach

and performed the first drag measurements at the air-water interface. Experiments revealed

that the animal’s morphology modulates the forces that a segment experiences; due to the

extended limbs drag forces in the forward/backward direction (normal forces) were greater
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then those in the lateral direction (tangential forces), enabling forward motion with direct

waves. We developed a surface wave RFT using experimentally resolved forces and found

that theoretical predictions captured the centipede’s performance. Further, surface wave

RFT showed that the animals are using the strategy that achieves the greatest swimming

speed, while reducing the complexity of the neuromechanical control.

6.2 Future Work

6.2.1 Cae. elegans turning strategies in model complex terrains

In Chapter 2, we present a study of worm turning in homogeneous laboratory environ-

ments. We hypothesize that the ability to vary turning rate via amplitude modulation is a

robust strategy for complex, heterogeneous environments. Future work can explore turn-

ing in various laboratory model heterogeneous environments such as lattices. Preliminary

experiments in lattices suggest that, omega turns in particular, are may be advantageous in

confined spaces where collisions might be undesirable. Moreover, inspired by our observa-

tion in Cae. elegans (superimposed forward and turning wave), previous work has shown

that in robophysical models omega turns are robust to various external perturbations [117].

However, further investigation is required to understand how do these worms maneuver

and turn in other heterogeneous environments (e.g., models of rotten fruits, fluids of vari-

ous viscosities, wet granular media), providing insight to how these animals navigate their

natural environments.

6.2.2 Fluid flow as a function of swimming gait

In Chapter 3, we show that distinct gaits can lead to different performance on algae species

that are closely related and/or share similar morphology. The respective gait of each species

potentially arose from selective pressures related to their environments. Thus, we posit

that species that use the trot gait rely more on phototaxis for photosynthesis, whereas the

species that use the pronk and the gallop rely on mixing the surrounding media for nutrient
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Figure 6.1: Omega turns in heterogeneous terrains. Cae. elegans performing an omega
turn in a dense lattice. Blue and red circle highlight the head and tail, respectively.

acquisition.

Future work can study how flow fields arise from distinct gaits in three dimensions. Us-

ing three dimensional Particle Image Velocimetry (PIV) [251] can lead to insightful studies,

extending from the currently developed robophysical model. We hypothesize that a trotting

gait will have flows that generate thrust opposite to the direction of motion. Moreover, we

hypothesize that both a pronking and galloping gait flows will lead to a combination of

similar thrust generation (as there is forward progression) with additional vortex-like struc-

tures that moves particles towards the cell body. Preliminary experiments (performed by

Ellen Liu) in a biflagellate robophysical model show that symmetric and asymmetric gaits

lead to distinct fluid flows.

6.2.3 Three dimensional motion of centipede

In Chapter 4, we performed a comparative study of two centipede species traversing rugose

terrains. As discussed, we observed three dimensional contributions on, not only the rugose

terrains but also, flat, homogeneous terrain (Figure 6.2). Three dimensional motion of the

centipedes is reminiscent of the sidewinders (Cr. cerastes [51, 40]) vertical wave, where

presumably the limbs move the body up and down during locomotion. Thus, future work

can study three dimensional locomotion of centipedes a behavior that might be general
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across order but, to the best of our knowledge, has not been previously discovered.

Figure 6.2: Three dimensional motion of centipedes. Example vertical lifting of Scd.
polymorpha on (A) flat and (B) less rugose terrain. Red arrows denote segments that show
pronounced lifting. Centipede moves from left to right.

6.2.4 Physics of surface wave-drag

In Chapter 5, we report a surface swimmer (Li. forficatus) that can achieve a drag anisotropy

less than one due to its morphology (slender body and extended limbs). We posit the cen-

tipede locomotes in a wave-drag dominated regime, instead of viscous or friction domi-

nated. Further, the effectiveness of RFT, as discussed, suggests the force flow/fields are

hyperlocalized (i.e., independent for each segment). However, we do not fully understand

the physics of this wave-drag dominated regime, in which we posit damping emerges from

energy being carried away by the surface waves towards the boundary. Future work can

develop a cm-scale robophysical model and fully develop a surface wave-drag RFT frame-

work. Further, extended drag experiments varying parameters such as leg length and num-

ber of leg pairs may elucidate some of the unknowns at the air-water interface.
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[191] T. L. Daniel and E. Meyhöfer, “Size limits in escape locomotion of carridean
shrimp,” Journal of Experimental Biology, vol. 143, no. 1, pp. 245–265, 1989.

[192] S. Sane, “The aerodynamics of insect flight,” Journal of experimental biology,
vol. 206, no. 23, pp. 4191–4208, 2003.

[193] E. Chang-Siu, T. Libby, and R. Tomizuka M.and Full, “A lizard-inspired active
tail enables rapid maneuvers and dynamic stabilization in a terrestrial robot,” in
2011 IEEE/RSJ International Conference on Intelligent Robots and Systems, IEEE,
2011, pp. 1887–1894.

[194] E. Kim and Y. Youm, “Design and dynamic analysis of fish robot: Potuna,” in
IEEE International Conference on Robotics and Automation, 2004. Proceedings.
ICRA’04. 2004, IEEE, vol. 5, 2004, pp. 4887–4892.

136



[195] K. Ma, P. Chirarattananon, S. Fuller, and R. Wood, “Controlled flight of a biologi-
cally inspired, insect-scale robot,” Science, vol. 340, no. 6132, pp. 603–607, 2013.

[196] R. Full and M. Tu, “Mechanics of a rapid running insect: Two-, four-and six-legged
locomotion,” Journal of Experimental Biology, vol. 156, no. 1, pp. 215–231, 1991.

[197] C. Li, S. Hsieh, and D. Goldman, “Multi-functional foot use during running in
the zebra-tailed lizard (callisaurus draconoides),” Journal of Experimental Biology,
vol. 215, no. 18, pp. 3293–3308, 2012.

[198] S. Sponberg and R. Full, “Neuromechanical response of musculo-skeletal struc-
tures in cockroaches during rapid running on rough terrain,” Journal of Experimen-
tal Biology, vol. 211, no. 3, pp. 433–446, 2008.

[199] B. Chong et al., “Self propulsion via slipping: Frictional resistive force theory for
multi-legged locomotors,” arXiv preprint arXiv:2207.10604, 2022.

[200] S. Manton, “The evolution of arthropodan locomotory mechanisms. part 8. func-
tional requirements and body design in chilopoda, together with a comparative ac-
count of their skeleto-muscular systems and an appendix on a comparison between
burrowing forces of annelids and chilopods and its bearing upon the evolution of
the arthropodan haemocoel,” Zoological Journal of the Linnean Society, vol. 45,
no. 306-07, pp. 251–484, 1965.

[201] G. Loeb, “Control implications of musculoskeletal mechanics,” in Proceedings of
17th international conference of the engineering in medicine and biology society,
IEEE, vol. 2, 1995, pp. 1393–1394.

[202] I. Brown and G. Loeb, “A reductionist approach to creating and using neuromuscu-
loskeletal models,” in Biomechanics and neural control of posture and movement,
Springer, 2000, pp. 148–163.

[203] L. M. Roth and E. Willis, “Tarsal structure and climbing ability of cockroaches,”
Journal of Experimental Zoology, vol. 119, no. 3, pp. 483–517, 1952.

[204] W. Federle, E. Brainerd, T. McMahon, and B. Hölldobler, “Biomechanics of the
movable pretarsal adhesive organ in ants and bees,” Proceedings of the National
Academy of Sciences, vol. 98, no. 11, pp. 6215–6220, 2001.

[205] W. Federle, M. Riehle, and R. Curtis A.S.G .and Full, “An integrative study of
insect adhesion: Mechanics and wet adhesion of pretarsal pads in ants,” Integrative
and Comparative Biology, vol. 42, no. 6, pp. 1100–1106, 2002.

137



[206] S. Aoi, T. Tanaka, S. Fujiki, T. Funato, K. Senda, and K. Tsuchiya, “Advantage of
straight walk instability in turning maneuver of multilegged locomotion: A robotics
approach,” Scientific reports, vol. 6, no. 1, pp. 1–10, 2016.

[207] K. Hoffman and R. Wood, “Turning gaits and optimal undulatory gaits for a mod-
ular centipede-inspired millirobot,” in 2012 4th IEEE RAS & EMBS International
Conference on Biomedical Robotics and Biomechatronics (BioRob), IEEE, 2012,
pp. 1052–1059.

[208] Y. Ozkan-Aydin, B. Chong, E. Aydin, and D. Goldman, “A systematic approach
to creating terrain-capable hybrid soft/hard myriapod robots,” in 2020 3rd IEEE
International Conference on Soft Robotics (RoboSoft), IEEE, 2020, pp. 156–163.

[209] D. Koh, J. Yang, and S. Kim, “Centipede robot for uneven terrain exploration:
Design and experiment of the flexible biomimetic robot mechanism,” in 2010 3rd
IEEE RAS & EMBS International Conference on Biomedical Robotics and Biomecha-
tronics, IEEE, 2010, pp. 877–881.

[210] M. Masuda and K. Ito, “Semi-autonomous centipede-like robot with flexible legs,”
in 2014 IEEE International Symposium on Safety, Security, and Rescue Robotics
(2014), IEEE, 2014, pp. 1–6.

[211] K. Hoffman and R. Wood, “Robustness of centipede-inspired millirobot locomo-
tion to leg failures,” in 2013 IEEE/RSJ International Conference on Intelligent
Robots and Systems, IEEE, 2013, pp. 1472–1479.

[212] S. Aoi, Y. Egi, and K. Tsuchiya, “Instability-based mechanism for body undulations
in centipede locomotion,” Physical Review E, vol. 87, no. 1, p. 012 717, 2013.

[213] K. Yasui et al., “Decentralized control mechanism underlying interlimb coordi-
nation of centipedes,” in Proc. of the 8th International Symposium on Adaptive
Motion of Animals and Machines (AMAM2017), 2017, pp. 83–84.

[214] B. Chong, J. He, D. Soto, T. Wang, D. Irvine, and D. Goldman, “A shannon-
inspired framework for multi-legged matter transport,” In review, 2022.

[215] D. Soto, K. Diaz, and D. Goldman, “Enhancing legged robot navigation of rough
terrain via tail tapping,” in Climbing and Walking Robots Conference, Springer,
2021, pp. 213–225.

[216] D. Soto, “Simplifying robotic locomotion by escaping traps via an active tail,”
Ph.D. dissertation, Georgia Institute of Technology, 2022.

[217] C. Sahley, “Behavior theory and invertebrate learning,” in The biology of learning,
Springer, 1984, pp. 181–196.

138



[218] F. Krasne and D. Glanzman, “What we can learn from invertebrate learning,” An-
nual review of psychology, vol. 46, p. 585, 1995.

[219] R. Full and D. Koditschek, “Templates and anchors: Neuromechanical hypotheses
of legged locomotion on land,” Journal of experimental biology, vol. 202, no. 23,
pp. 3325–3332, 1999.

[220] J. Mongeau, A. Demir, J. Lee, N. Cowan, and R. Full, “Locomotion-and mechanics-
mediated tactile sensing: Antenna reconfiguration simplifies control during high-
speed navigation in cockroaches,” Journal of Experimental Biology, vol. 216, no. 24,
pp. 4530–4541, 2013.

[221] D. Jindrich and R. Full, “Dynamic stabilization of rapid hexapedal locomotion,”
Journal of Experimental Biology, vol. 205, no. 18, pp. 2803–2823, 2002.
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