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SUMMARY

Unique life inhabits the interface between air and water, presenting unique challenges
and solutions. These specimen [1, 2] as well as their environment [3, 4] are known as the
neuston. For the insects living in the neuston layer, long, hairy legs that leverage surface
tension to support their weight on the water's surface provide the solution. One such insect
is theMirovelia, which uses the alternating tripod gait to walk on the water's surface. This
gait, shared by many terrestrial insects like ants and cockroaches, alloWsrtivelia to
move ef ciently on both land and water—a feat other semiaquatic insects struggle with.
We explore how th&lirovelia maneuvers its body to thrive in both environments, utilizing
water's surface for forward propulsion.

In the neuston layer, various animals employ different techniques to walk on water.
Some animals slap the water's surface fast enough to avoid sinking [5, 6, 7, 8, 9], while
smaller creatures, like spiders [10, 11, 12, 13] and insects [14, 15, 16], leverage surface
tension. They often use either the rowing gait [14, 17] or the alternating tripod gait [14,
16]. Since the rowing gait is not optimized for land locomotion [16], we studyMhe
americanato understand how the alternating tripod gait enables amphibious movement.
The focus of this dissertation is the biomechanics and uid dynamiddiaivelia amer-
icana Speci cally, we examine three aims: the biomechanics of amphibious locomotion
in M. americanathe specialized leg dynamics bf. americanaon water, and the vortex
interaction inM. americanaon water.

First, we explore how!. americanaadjusts its gait to walk on land, water, and duckweed-
covered water, a common neuston inhabitant. We compare the differences in body and leg
speed across these surfaces and examineMoamericanaadjusts its joint angles and
stride frequency to navigate rough and patchy terrain. From these experiments, we discover
thatM. americanabend their front and hind tibiofemoral joint at higher amplitudes when

walking on rough or heterogeneous substrates as opposed to walking on water. The front
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legs move their legs at a higher amplitude on rough and heterogeneous surfaces compared
to water, while the hind legs decrease their strides on rough or heterogeneous surfaces.

Next, we investigate the role of each leg paiMnamericana By removing the tarsus
(foot) or pairs of tarsi, we evaluate the impact on the insect's speed and directionality,
determining which legs are primarily responsible for balance, propulsion, and stabilizing
direction. Through experiments, we discover that the middle legs act as the main propellers
in the system while the hind legs act as rudders. Therefore, the middle legs are needed for
movement and speed while the hind legs stabilize direction.

We then examine the uid dynamics of the alternating tripod gait through uid visu-
alization and image analysis. We measure vortex intensity via circulation and track the
placement of the middle and hind legs, discovering that the hind legs step into vortices
created by the anterior middle legs. We analyze the physics of this wake recapture and its
impact on thrust on the water's surface. Our models suggesivthamericanagain thrust
when the hind legs recapture the vortex created by the middle leg.

In conclusion, the ndings from this research provide insights into the biomechanics
and uid dynamics ofM. americanawhich can in uence the design of amphibious robots.
Future research ideas in studyiMy americanafor biology, biophysics, biomechanics,

elastocapillarity, and robotics are also proposed.
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CHAPTER 1
INTRODUCTION AND BACKGROUND

Since ancient times, humans have marveled at the notion of walking on water. Although
this feat is impossible for humans without external aids, various animals employ fascinating
strategies to traverse the neuston layer, the surface of water bodies such as rivers, ponds,
lakes, and oceans. Walking on water presents a signi cant challenge, requiring organisms
to balance their weight to remain a oat and propel themselves forward [14, 18, 19, 20].
The mechanisms of water walking can be categorized into two primary modes observed in

different animal species.

1.1 Mechanism 1: Inertial Impulse and Added Mass

The rst mode involves vigorously slapping the water with each foot at high speeds. This
technique is used by animals such as the basilisk lizard [5, 6, 7, 8] and Western and Clark’s
grebes [9]. By slapping the water, these animals create an air cavity beneath their feet and
lift their feet before the cavity collapses [21, 8]. Basilisk lizards have been observed to take
5-11 strides per second [5], while grebes run at a rate of 13-20 strides per second [9]. This
vigorous slapping provides enough force to walk on water via inertial impulses, uid drag,
and added mass [21, 6, 9]. This technique requires slapping and stroking the water with
suf cient force to counteract gravity while moving the feet quickly enough to escape the
collapsing air cavity. Although impressive, this technique only allows these animals to stay

on the water surface for short bursts.



1.2 Mechanism 2: Leveraging Surface Tension

The second mode of water walking relies on surface tension. Most animals that explore
the neuston layer use surface tension [21], predominantly arthropods such as insects [17,
22, 15], spiders [10, 12, 23], and springtails [24]. Due to their small size, these arthropods
can safely support their weight on water using surface tension. Speci cally, they leverage
surface tension through their long legs, which counteract the gravitational force acting on

their smaller bodies [21]. This balance is determined by the Baudoin number:

Ba= Mg=P (1.1)

where M is the organism's mass, g is the gravitational constaistthe surface tension of

water, and P is the wetting perimeter of the tarsi. WBen< 1, an organism can oat

on the water surface using surface tension. These arthropods' bodies and legs are covered
in hydrophobic hairs that repel water (Figure 1.1a). With an average density of 15,000
hairs permm? [14, 25, 26], these hairs create a Cassie-Baxter state, forming air pockets
between them and preventing water from wetting their legs and bodies. The high hair
density causes the legs and body to be superhydrophobic and the insect is able to leverage
surface tension for water walking. In some neustonic arthropods, these hairs are also coated
with a hydrophobic wax [27, 25, 26], increasing their roughness and enhancing their ability

to leverage surface tension for standing on the neuston layer.

1.3 Locomotion of the Epineuston

The balance of forces during locomotion for the epineuston (organisms living on the water

surface) is between uid inertia and surface tension, evaluated by the Weber number:

We= v?= (1.2)



where is the density of water, v is the velocity of the tarsi as it moves against the water
surface, and w is the width of the tarsi. Generally, for water-walking arthropigss< 1

[22, 15]. An exception is the galloping motion sometimes displayed by sher spiders on
the water surface. In this gait, the anterior three leg pairs stroke the water in unison while

the last pair remains relatively motionless.

1.4 Fluid Dynamics and Propulsion

Water-walking arthropods also utilize uid drag and bow wave forces for propulsion [10,
15]. Bow wave force is the reactive force from the tarsi pushing against the meniscus,
creating a wave moving in the opposite direction of the insect. The uid dynamics of
water-walking arthropods have been primarily studied in Gerridae [28, 29, 30, 31, 32]
and the sher spiderPolomodeq10, 12]. These species use a specialized rowing gait
for forward motion. In a sculling motion, Gerridae's middle legs perform a power stroke,
moving backward for propulsion while the front and hind legs remain motionless, providing
support on the water surface. For the sher spider, the second and third pairs of legs row
against the water surface sequentially, with a brief moment when all four legs stroke the
water simultaneously [10, 11, 13]. After the power stroke, the legs perform a recovery

stroke, moving forward into position for the next power stroke.

1.5 Comparative Analysis of Gaits

The alternating tripod gait is another common locomotion pattern amongst the epineuston
[16]. In this gait, the ipsilateral front and hind legs and the contralateral middle leg step
against the substrate in a tripod during their power stroke (Figure 1.2a). The other tripod
of legs performs the recovery stroke, often moving through the air into position for the
next power stroke, though sometimes skidding the water when resetting. In water-walking
insects (infraorder Gerromorpha), the middle legs typically move with the largest amplitude

compared to the front and hind legs [14, 16], indicating their primary role in propulsion.
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Figure 1.1:An Introduction to Microvelia(a) High resolution z-stack image @flicrov-

elia americanawith an SEM image of the middle tars{b) Image of a Gerridae and 2
Microvelia Americana showing the difference in site) Image of Microvelia pursuing an
insect trapped on the water's surface. Microvelia tend to be opportunistic as they prey on
terrestrial insects that are unable to move on the water's surfdcAn image of Microvela
Americana standing over top of some duckweed on the water's surface. Image provided
courtesy of Dr. Rohilla.

Andersen proposed that Microvelia, an insect that uses the alternating tripod gait, may be a
predecessor of rowing-gait insects [14]. Crumiere et al. showed that Microvelia and Gerris

share a common ancestor [16].

1.6 Advantages and Disadvantages of Gaits

Both gaits have their advantages and disadvantages. The rowing gait is more energy-

ef cient, allowing arthropods to travel at the same or greater speeds in terms of body lengths



Figure 1.2:Alternating tripod gait. (a) Gait cycle indicating the power stroke (colored
rectangles) and recovery phase (blank rectangles) of the alternating tripod gait. lllustration
on the right displays the alternating tripod gait. (b) Side view imagédiofovelia amer-
icanamoving on the water's surface. (c) DynamicsMf americanaon water, indicating

short skating escape-sprintsZ s) and intermittent walking behavior over a time span 5
minutes.

per second with a lower stroke frequency [16]. For exam@Blerris buenoican achieve a
maximum speed of 70 bl/s with an average stroke frequency of 6 Hz Mé$ovelia fur-

cata native to Europe, can move at an impressive 104 bl/s but requires a stroke frequency
of 71 Hz [16]. In terms of absolute speed, rowers tend to be faster@vituenoreaching

53.7 cm/s compared to 33.1 cm/s fdr furcata[16]. However, the rowing gait is special-

ized for water, resulting in a signi cant speed reduction on laBdbuends speed drops to

1.3 cm/s (1.7 bl/s) on land [16]. In contrast, the sher spider switches from a rowing gait to
an alternating tetrapod gait for walking on land [11]. The alternating tripod gait, common
among terrestrial insects, maintains higher speeds on landMvitiltrcataachieving up to

26.1 cm/s (74.4 bl/s) [16]. Another insect with amphibious locomotion isMiwovelia



americana which exhibited similar speeds on land (9.5 cm/s, 33.5 bl/s) and water (11.2
cm/s, 39.5 bl/s) [16]. This amphibious locomotion ability is intriguing, as these insects use
the same gaits as terrestrial insects. It raises questions about how their gait and body are

adapted for different surfaces, including water walking.

1.7 Studying the Biomechanics and Interfacial Fluid Dynamics oMicrovelia

Microvelia americanaFigure 1.1a) and its alternating tripod gait offer an intriguing yet
underexplored system to study biomechanics and uid dynamics on the neustorMayer.
croveliais a small insect that moves minimally unless provoked, particularly when pursuing
prey or escaping predators. When studying they dynamics of their water walking, we notice
that Microvelia spent the vast majority of its time, within a 5 minute time frame, in inter-
mittent walking (Figure 1.2c). Only 2 seconds of the 5 minutes did they perform a sprint
of 30 mm during an escape response. Therefore, we Stlidsovelias biomechanics
during its escape response. This study expldfiegovelias ability to walk on various
surfaces, including water, rough surfaces simulating land, and duckweed-covered water
(Figure 1.3). Using high-speed imaging, uid visualization, and pose estimation software,
we investigateM. american& biomechanics and the uid dynamics of its water walking
asMicrovelia navigates its complex environment.

By studying the amphibious locomotion and uid dynamicdWitrovelias alternating
tripod gait, this research contributes to the elds of biophysics, biomechanics, and interfa-
cial uid dynamics. It provides insights into how surface deformation, surface roughness,
and uid motion impact locomotion for epineustonic arthropods. These ndings could in-
form the development of small robotics for exploration of the neuston layer. While humans
may not achieve the necessary impulses to stay a oat or have legs long enough to leverage
surface tension, studying water-walking animals offers valuable insights into making this

feat more comprehensible and potentially attainable.



Figure 1.3:Introduction to the three aims addressed in this dissertation. Chapter 2
focuses on the amphibious capabilitiedbfamericanaand how it adapts its gait to move

on different surfaces. Chapter 3 discusses the speciaized leg dyanarMcsuo®ricana

as it walks on water which was studied through ablation. Chapter 4 addresses the uid dy-
namics ofM. americanawalking on water and the phenomenon of vortex re-energization.

1.7.1 Aim I: Amphibious Locomotion of Microvelia

Microvelia can be found on waters with little to no ow such as ponds, lakes, and streams
[33]. These environments are often covered in debris such as leaves, sticks, and duckweed
(Figure 1.1d), interrupted with rocks, and bounded by dirty or sandy shores. In Chapter
2, | discuss our study of the mechanics of the alternating tripod gait on water, a rough
surface simulating land, and duckweed-covered water. By using high-speed imaging and
pose estimation software, our experiments reveal the differences in body speed, leg speed,

and leg movements favlicrovelia as it navigates its complex environment.

1.7.2 Aim II: Specialized Leg Dynamics and Fluid Interactions

Observations oMicrovelia reveal that it rocks in the direction of the middle leg that is
stroking, yet it can walk in a straight line. The larger stroke amplitude of the middle legs
and the rocking motion suggest that the middle legs are the main propulsors on the water
surface [14]. Through ablation experiments, where we remove one or two tarsi, we study

the roles of the other legs in maintaining straight-line movement and the impact of injuries



on locomotion. These studies, discussed in Chapter 3, also relate to the effects of predation
and competition oMicrovelia in the wild, as they face threats from the air, underwater,

and on the surface.

1.7.3 Aim llI: Interfacial Fluid Dynamics of Vortex Interaction in Microvelia

Due to their size and speelllicrovelia’s hind tarsi often step into the vortex created by
the anterior middle leg, re-energizing the vortex before it dissipates. This phenomenon,
called vortex recapture, is studied in bulk uids and across different systems. Birds ying
in a 'V formation [34], jelly sh [35], and sh [36] all exhibit similar behaviors to improve
propulsive ef ciency. By re-energizing vortices, these animals reduce the cost of transport.
In Chapter 4, | provide a parallel to vortex recapture on the air-water interface. Using
particle image velocimetry, physical models, pressure eld analysis, and computational
uid dynamics, we examine how vortex re-energization may aid in thrusikigrovelias

hind legs.



CHAPTER 2
AMPHIBIOUS LOCOMOTION OF MICROVELIA

The text and gures in this chapter are adapted from O'Neil J et al., 2024 [37].

2.1 Introduction

In nature, water surfaces are seldom clear; a pond's surface is often littered with debris
like fallen leaves, twigs from overhead trees, and small oating plants such as duckweed
(family Lemnaceae), which can cover an entire pond's surface [38]. This obstacle ridden
surface is where epineustonic insects such as water striders mainly traverse, contending
with predators [39, 40], competitors [41, 42], and the challenge of walking on water [43,
44]. The water striders (in the order Hemiptera) are a group with much variety, consisting
of species with varying preferences for water or land and of leg spans ranging f8amm

to 30mm [45]. Studies have extensively explored the water strider's locomotion mecha-
nisms, which exploit surface tension using legs with dense hair coverage [27, 46, 47, 48].
However, previous research mainly investigates water striders on clear water [44, 21].

To really understand the characteristics of locomotion in a complex environment, we
will investigate a water strider that is able to traverse water, land, and other obstacles it
may encounter. We will look a¥licrovelia americanaa water strider that can navigate
both water and land using a single gait: the alternating tripod gait [18, 21]. The tripod gait
is well studied for insects on land, especially in ants and cockroaches [49, 50, 51, 52, 53,
54]. Most other water striders do not use the alternating tripod gait— striders like Gerridae
nd land traversal challenging (if not impossible) due to their dependence on water contact
for all legs using a specialized rowing gait [44]. Such studies on water striders have looked
at land and water preference, along with stride lengths and speeds, but details of how the

M. americanaadjusts its gait for different surfaces is sparse.
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While Microvelia are not the only amphibious critters [44, 21, 55], it is one of the few
to use just the alternating tripod gait on every surface it traverses, and one of the fastest
for its body size [44]. Other arthropods, like the shing spiders (Dolomedes), can move
on both land and water but must switch between two gaits [56, 23]. Some terrestrial,
tropical ants adopt the alternating tripod gait for emergency water escapes but only for
brief periods and with mixed success [57C. schmitziants, in symbiosis with pitcher
plants, swim in digestive uids but only for short durations and in limited capacity [58].
While each specimen is able to suf ciently traverse their speci ¢ environments, few species
can navigate across water, land, and other surfaces Mitheveliacan [44].

How the minisculeM. americanacan accomplish this multi traversal feat using just
the alternating tripod gait has intriguing implications for how we design machines which
traverse in complex environments. Robotics research has applied the alternating tripod gait
on complex surfaces, primarily focusing on terrestrial environments [59]. Uncovering how
M. americanamanages various substrates in its daily pond life, including rough surfaces
such as rocks, debris, sand, water, and duckweed (Figure 2.1a), is key for understanding the
versatility of the alternating tripod gait that distinguishes it from other water striders and
from other terrestrial arthropods. TiMe americand consistent gait on different terrains
opens potential for microrobots designed for robust travel across diverse landscapes in the
eld [59, 60, 61, 62, 63].

This chapter explores the multifaceted terrdihsamericanafrequently navigates, of-
fering new avenues for alternating tripod gait research. We exakhirsanerican& char-
acteristics of locomotion on three different substrates: water, duckweed-covered water, and
dry sandpaper to replicate locomotion on land. Duckweed on water and rocky surfaces
are common amongst tid. american& environment [64, 65, 66]. Utilizing high-speed
video and pose estimation software, we will analyze the kinematics — body speed, stroke
amplitude, and frequency — &. americanaas they navigate using the alternating tripod

gait on each surface.
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Figure 2.1:Microvelia americanaand its alternating tripod gait. (a) An M. americana
standing on duckweed fronds. Image courtesy of Dr. Pankaj Rol{ilpA high speed
camera is mounted above a container of water with duckweed on top. The container rests on
a diffuser. A light source is set at a short distance below the diffuser to provide more even
lighting. M. americanaare recorded individually running on the water partially covered
with duckweed.

2.2 Materials and methods

2.2.1 Setup

We obtainedM. americanafrom ponds and creeks from Kennesaw, Georgia. The speci-
mens were kept in a 17.5 X 14.0 X 6.5-ifgplastic container. The container held water
kept at a constant temperature of ZDand duckweed from the insects' native bodies of
water. The insects were provided with circadian lighting 12 hours out of the day, from 8
A.M. to 8 P.M. Additionally, the specimens were fed once each day with fruit ies pro-
cured from Carolina Biological Monday through Friday. We examined the locomotion
of the specimens on three different surfaces: water, 1000-grit aluminum oxide sandpaper
from Uxcell, and water covered with duckweed. Live duckwdesimna minoywas ob-

tained from Carolina Biological. These substrates were chosen for their presence in the
M. americana'snatural environment and for a comparison of how general roughness and
heterogeneity on a surface in uences locomotion. To understand speci ¢ mechanics on
different substrates, the substrates were tested as separated conditions rather than all in

one environment. We estimated the duckweed percent coverage via image processing of a
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Figure 2.2:Tested substrates for comparison of leg kinematic?hotos of each substrate

with an individualM. americana Each scale bar represents 2mm. Red arrows shows where

M. americands located. From top to bottom, the substrates are clear water, water with 10%
duckweed coverage, 25% duckweed coverage, 50% duckweed coverage, then sandpaper.
Duckweed is sometimes found with submerged routes underneath the frond as seen in 25%

coverage image.
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picture of the duckweed-water surface with ImageJ [67]. We rst used color threshold to
detect green within the image. The image was then converted to black and white, where
the white pixels were the original green pixels and all other pixels were converted to black
pixels. The image was then binarized and we calculated the percent of white pixels within
the image, using the analyze particle function within ImageJ to measure the duckweed cov-
erage. If the calculated value was within 2% of the target percent coverage, we proceeded
with experiments. In total, the locomotion of 3 specimens for each type of surface was

examined.

2.2.2 Recording

A Photron FASTCAM MINI AX 2000 set at a resolution of 1024 by 1024 pixels with a
frame rate of 2,000 frames per second was used to record the locomotion\of &maer-
icanaon the different surfaces (Figure 2.1. A Nikon 70-200mm f/2.8G ED VR Il AF-S
NIKKOR Zoom Lens was mounted onto the camera. The camera and lens were attached
to a vertically placed Thorlabs Optical Rail and pointed at the specimens' dorsal sides.
We placed the insects into 10.0 by 10.0 by 1.5-centimeter Thermo Scienti ¢ Petri dishes,
each dish being either lled halfway with water, covered with 1000-grit sandpaper, or lled
halfway with water and covered with varying amounts of duckweed (Figure 2.2). These
Petri dishes were raised slightly above a table, put against a white background, and placed
directly under the camera’'s lens. An LED light was also lit about 3 inches underneath
the Petri dishes for enhanced recording quality. Each insect was recorded individually
and gently poked with a small stick for movement to evoke an escape response on every
substrate, following existing water-strider research methods [44, 21]. A "trial” is a record-
ing of an insect where it moved at least 3 body lengths. On sandpaper and on water, we
tested 3 specimens (N=3) and total trials per substrate was n=21 (7 trials of each individ-
ual). For duckweed, N=3 and total trials per different coverage was n=15 (5 trials of each

individual). Individuals were assigned random substrate orders for testing. Experiments
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conducted alongside Kai Yung, Holden Walker, and Gaetano Di ni.

2.2.3 Tracking, Data Acquisition, and Analysis

After recording, the following points on the specimen were tracked for each recording:
the coxae, tibiofemoral joints, tibiotarsal joints, tarsi tips, the abdomen tip, and the head.
DeepLabCut (DLC) pose estimation machine learning software was utilized entirely for
the sandpaper and water surfaces when it came to tracking of all the aforementioned points
[68]. However, on the water-duckweed surface, DLC was used only to track the tip of
the abdomen, the head, the coxae, and the tibiofemoral joints. We tracked the rest of the
points manually using PFV4 since DLC was unable to track these particular points with
suf cient accuracy. Ultimately, we used the data gathered from the videos and the tracking
(position and time of each point) to calculate the displacement, velocity, joint angles, and
step amplitude for each recorded specimen. We did not calculate body speed on 10% or
25% coverage because the organism would mainly traverse the duckweed or the water
part and not both consistently throughout a trial, creating a bias of speed per trial. The
kinematics of the left and right leg for each pair were averaged together. Body tracking

conducted alongside Kai Yung, Holden Walker, and Gaetano Di ni.

2.2.4 Statistical Analysis

For statistical analysis, we used a linear mixed effects model [69] to nd if the set of treat-
ment effects yielded differences amongst the means of each group with post-hoc Tukey's
difference criterion to nd which pairs of treatment effects were statistically different (All
pairwise comparisons in Appendix). We used linear mixed effects model, since number of
trials vary per surface and to account for any possible random effects from individual spec-
imen. We compared different models with and without trial number as a treatment effect
and body length as a random effect and found that the model with only substrate type as

a treatment effect was either a better t or statistically simifar>( 0:05) to other models.
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Figure 2.3:Maximum velocities of body and of legs across substratesMaximum ve-
locitiesvinax Of M. americanaon sandpaper and duckweed are comparable, whereas move-
ment on purely water is distinct. Each dot represents a trial (recording of insect moving).
(a) Body velocity comparison on water, sandpaper, and 50% duckweed covérageg
velocity comparison on water, sandpaper, and 50% duckweed coverage for each leg lo-
cation (upper legs, middle legs, and hind legs). White circles represent the median. Bar
represents 2nd and 3rd quartiles. We de ned statistical signi cance @s<* 0.05, **

p < 0:01 *** p< 0:001

Therefore, we used the model with only substrate type as a treatment effect. In all models,
specimen number is treated as a random effect. A custom R (R version 4.4.0) script [69,
70, 71, 72, 73] was used for statistical analysis. We de ned statistical signi cance as *

p < 0:.05 ** p< 0:.01 ** p< 0:.001L

2.3 Results

2.3.1 Body and leg velocity

We found thatM. americanais signi cantly faster on water than sandpaper or 50% duck-
weed coverage, achieving a maximum speed of 56 bl/s (Figure 2.3a0:01, number

of specimen (N)=3, number of trials (n)=21 with 7 trials per individual). Our values for
body speed are similar to what has been measured in prior research [44, 21]. In contrast,
its maximum body speeds on sandpaper and with 50% duckweed coverage, at 26.5 bl/s and

28.7 bl/s respectivelyp(> 0:05), are about half that on water (for each sandpaper and wa-
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Figure 2.4:Visual representation of leg dynamicaVvl. americanalocomotion on differ-

ent substrates. (a)M. americanatarsi and tibiofemoral joint trajectories on sandpaper
compared to on watgb) Schematic demonstrating how each angle is calculated. From top
to bottom: tibiotarsal joint (AJ), tibiofemoral joint (EJ), and stroke amplitude (SA).

ter, N=3, n=21). Across substratdd, american& upper legs move at similar maximum
speeds (Figure 2.3b). Yet, on wat®ét, americanag middle and hind legs moved faster

than on sandpaper and duckweed at 51 Ig/s(0:001) and 46 bl/s f < 0:001) respec-

tively. This trend mirrors the body speed observations, which might explain the lower body
speeds on sandpaper and 50% duckweed, where the middle and hind legs did not exceed

speeds of 40 cm/s.

2.3.2 Joint angles

We measured the tibiotarsal joints and tibiofemoral joints, along with step amplitudes for
all legs across the three different substrates (Figure 2.4b). The ampltiude of the tibio-
tarsal joints (a1max ) Showed an increasing trend from water to sandpaper to duckweed
for all legs < 0:05, Figure 2.5a). On both duckweed and sandpaper, the amplitudes of
tibiofemoral joints (g3.max ) for the upper and hind legs were higher than those on water
(p < 0:001) The middle leg presented an exception, asgtsnax Was lowest on sand-

paper p < 0:00]). In terms of tibiofemoral joints, both upper leg and hind legs exhibited
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Figure 2.5:Calculated leg dynamics ofM. americana (a-c) Amplitudes of each leg, up-

per Leg (UL), middle Leg (ML), and hind Leg (HL), according to the joint angles illustrated

in (Figure 2.4Db), across substraté¢d) Stride length comparison across substrates. White
circles represent the median. Bar represents 2nd and 3rd quartiles. We de ned statistical
signi cance as *p < 0:05, ** p < 0:01, ** p < 0:001
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higher amplitudes on sandpaper and duckweed compared to wated:001).

2.3.3 Step amplitudes and stride lengths

For water, the step amplitudes and stride lengths are lowest in the upper legs and highest
in the middle and hind legs (Figure 2.5cqlg< 0:001). Figure 2.4a illustrates the increase

in stride length for water compared to sandpaper. Interestingly, the step amplitudes and
stride lengths for both middle leg and hind legs decrease in the presence of solid surfaces
(duckweed and sandpaper), correlating with their reduced maximum velocities on these
heterogenous surfaces (Figure 2.3). On water, while the hind leg's tibiofemoral amplitude
remains low, its stride lengths are higher, whereas on duckweed, despite shorter stride
lengths than on water, the tibiofemoral amplitude increases. For the upper legs, an increase

in stride length accompanies rising tibiofemoral amplitude.

2.3.4 The Effect of Duckweed Coverage on Stride Length

We compare the average stride lengths of the upper, middle, and hind legs across water,
sandpaper, and three levels of duckweed coverage (10%, 25%, and 50%, Figure 2.6a-c).
We found no statistical difference in stride lengths among all duckweed coverages and
sandpaper for upper and hind legs{ 0:05), indicating thatVl. americanaexhibits similar
stepping behavior on duckweed and sandpaper, regardless of surface coverage by obstacles.
The stride lengths of both upper and hind legs showlthamericanaapproaches all levels

of solid substrates with a uniform stepping pattern. When obseMiragnericanavalking

on 10% or 25% duckweed coverage, we notice that they maintain their stride length and
tibiofemoral joint angles for most of their traversal whether they are on water or duckweed.
The stride length of the upper legs is found to be the shortest on water (0.19 bl, N=3, n=21)
compared to other substrates (Figure 254, 0:001). In contrast, the stride lengths of the
middle and hind legs are higher on water than on duckweed and sandpaper (Figure 2.6b-c,

p < 0:001), showcasing an inverse trend. Speci cally, the stride lengths of the middle legs
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Figure 2.6:Stride length comparison across substrates and varied duckweed coverages
(10%, 25%, 50%). (a)Average stride length of upper legs on each substrate shows that
M. americanaincreases their upper leg's stride at the presence of a solid substbate.
Average stride length of middle legs across substrates show that increase in duckweed
coverage leads to a decrease in stride length. At 50% coverage the stride length of the
middle leg is similar to the stride length on sandpage}.Average stride length of hind

legs reveals tha¥l. americanadecrease the stride of their hind lengths at the presence of a
solid substrate. White circles represent the median. Bar represents 2nd and 3rd quatrtiles.
We de ned statistical signi cance asp < 0:05, ** p < 0:01, * p < 0:.001
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decrease as the friction or heterogeneity of substrates (% duckweed) increases (Figure 2.6b,
p < 0:001). With M. americanamoving slower on solid substrates (Figure 2.3a-b), their

upper legs became more active, displaying higher joint angles (Figure 2.5).

2.4 Discussion

Navigating complex environments necessitates that organisms adapt or modify their gait
for survival. For the tinyMicrovelia, navigating a pond's complex and obstacle-laden en-
vironment requires adaptability over all surfaces. Our ndings reveal ¥haamericana

not only locomotes on water, duckweed, and sandpaper but also adapts its gait to the vari-
ation of these surfaces. Across all substrate types — unimpeded water and heterogeneous
substrates of sandpaper and duckwelddamericanaexhibited the alternating tripod gait.

Previous research investigates modi ed tripod gaits on terrestrial surfaces. Blaberid
cockroaches switch from the alternating tripod gait to a metachronal gait, reducing vertical
amplitudes and enhancing lateral amplitudes to speed up on land [53]. Similarly, wood ants
[49] and fruit ies [74] increase their stride frequencies to hasten land movement. North
African desert ants shorten their stance phase to boost their body speed [50]. The changes
in gait found in terrestrial hexapods are distinct from those used by water-walking insects
due to different constraints. Either insects must learn to swim to shore or the water walking
insect must maintain a careful balance of surface tension on the deformable surface of water
in order to not drown.

There exists some exploration of tripod gaits in water— tree canopyRatdBycondyla
spp.andO. bauri, use their contralateral front legs and middle legs to row on water surfaces
in a modi ed alternating tripod gait [58], using their hind legs for roll stability to prevent
from ipping over. Other tree canopy ants, such@samericanususe their middle legs as
rudders rather than for rowing [58]. However, these excursions into uids are temporary—
with C. schmitziants, for instance, which live symbiotically with the pitcher plant, staying

in uid for less than 45 seconds, unlike th@. americanawhich spends most of its time
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on water [44, 57]. Other epineustonic organisms, if they want to traverse on land, either
have to switch to a new gait the sher spider switches from a rowing gait on water to an
alternating tetrapod gait on land) or simply cannot traverse on land at all (water striders
such as Gerridae, Rhagovelia, and Velia cannot use their rowing gait on land) [44, 21, 55,
23, 11, 75]. Thus, th&1. americanaserves as a prime supplement to what is missing thus
far as we ask how this organism is able to locomote on every substrate with just one gait.
Microvelia are known to traverse both land and water, though prior research primar-
ily focused on smooth substrates, neglecting plant-surface substrates (e.g. duckweed Fig-
ure 2.1a), and lacked within-species comparisons [44]. To address this, weMlest®eri-
canaon high friction sandpaper to mimic the rough terrain (rocks) surrounding their aquatic
habitats and on duckweed-covered water surfaces to assess locomotion on natural, hetero-
geneous surfaces within their environment. Along with noticeable visual differences in
the gait (Figure 2.4a), we identi ed distinctive gait properties¥bramericanaacross the

three different substrates, described in the next sections.

2.4.1 Upper legs and hind legs contribute more on land vs. water

M. americanaachieve signi cantly higher speeds on water than on land or duckweed-
covered areas (Figure 2.3), as demonstrated by their increased step amplitudes and speeds
on water (Figure 2.5c). The middle legs display longer stride lengths and larger step am-
plitudes than the other legs when on water, consistent with previous studies that assign
propulsion to the middle legs [44, 55]. Acting as oars, the water strider legs push against
the water [29, 31], with the middle legs stroking at a higher amplitude to provide the most
propulsion. This action suggests that decreasing the tibiofemoral joint amplitude in the
hind legs could lead to less power use, more energy conservation while pushing against
the frictionless smooth surface of water [76]. On sandpaper and with 50% duckweed cov-
erage, howevem. americanaincrease their hind legs' joint angles while reducing their

stride lengths and step amplitudes. They also heighten the joint angles in their upper legs

21



along with increasing stride lengths and step amplitudes (Figure 2.5a-d). This adjustment
occurs becaudd. americanabend their legs more, possibly lifting them higher to navigate

the topology of frictional rough surfaces. On such surfab&samericanaface dif culty
sweeping and extending their legs as easily as on water, due to obstacles obstructing their
tarsi, leading to shorter stride lengths and greater leg bending in the upper and hind legs.
Foot trajectory comparisons on water versus more frictional land surfaces further illustrate
these differences (Figure 2.5a). Terrestrial insects using the alternating tripod gait, like
cockroaches, also show higher hind tibiofemoral joint amplitudes on frictional surfaces

[77, 78].

2.4.2 M. americanatreat duckweed as a land-like surface

Across all substrated/. americana middle legs demonstrate the least variance in stride
lengths, especially when comparing water, various duckweed coverages, and sandpaper
(Figure 2.6a-c). These legs also maintain tibiofemoral joint angle values relatively con-
sistent (Figure 2.5b). This consistency suggests that the middle legs, known for being the
main propulsers on water [55, 79], maintain a similar function across different terrains.
Our ndings indicate thatVl. americananavigate duckweed coverages similarly to how
they would navigate sandpaper, treating both as "land” conditions. While adapting their
gait to accommodate substrates oating on wakér,americanadistribute more work to

the other legs on land-like surfaces as the middle leg stride lengths decrease on duckweed

and sandpaper.

2.5 Limitations and Future Work

While aiming to reproduce the complex and varied system of a pond during .cameri-
canarecordings, the range limitations of our high-speed camera and ability to reliably use
DeepLabCut to track joints in this tiny insect constrained the area availabM.fameri-

canalocomotion. Our study also encompassed a small sample size and examined a prelim-
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inary selection of substrates (limited range of duckweed coverages and 1 sandpaper type).
Despite these constraints, our experimental setup yielded consistent results across tests.
Future studies could expand the number of specimens, possibly including different juve-
nile instars for developmental comparisons and explore additional substrates or duckweed
coverage densities. Future studies may also aim to capture the transition of leg kinematics
between differing substrates, asvia americanawould navigate its natural environment.

We observed a z-component in the amplitude of leg and joint movements, which our study
did not capture. Accurately tracking leg movements in the z-direction would offer a more
complete understanding of leg behavior on heterogeneous, rough surfaces.

We also noted that duckweed fronds move wheramericanatraverse them. Future
studies could quantify the movement of these fronds duvingmericandarsi interactions.
Examining locomotion on wet versus dry surfaces could provide additional insights, given
that Microvelia inhabit environments where they may encounter both as the land surfaces
are likely to be wet being nearby water. We began testing locomotion on smooth surfaces
like glass and plastic to see its effect. We noticed Maamericanavould sometimes slip
on the glass, while they would stick to the plastic and move much slower possibly due to
static. Future researches can further look at changes in speed and gait on these surfaces.

M. americang primary movements — to pursue prey or escape predators — mean that
their cross-substrate locomotion is not always continuous. For instance, on surfaces with
sparsely scattered duckweed (10% and 25% duckwé&kdmericanaoften move across
larger water areas and halt upon reaching duckweed. This behavior likely serves as an
underwater-predator evasion strategy, yet it limited our observations of smooth transitions

between aquatic and terrestrial locomotion.

2.6 Conclusions

In our study, we determined ho. americanamodi es the alternating tripod gait to tra-

verse on different surfaces through high speed imaging and pose-estimation deep-learning
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software. Through our results, we discover thatamericanamove their upper legs at a
higher stride length on land than water, suggesting that the upper legs provide more propul-
sion on land and may be needed to facilitate walking on rougher terrain. Furthermore, we
discover that the stride lengths of the upper legs and hind legs are statistically similar across
all duckweed coverages and sandpaper within this study. This suggests thi.aroer-
icanaknow that solid debris is present on water, that they will adjust their upper and hind
legs to move similarly to their movement on lanil. americanawere also found to de-
crease their step amplitude with increasing duckweed coverage. Since the middle legs are
used as the main means of propulsion, our data suggeskd.thmericanaare adjusting

the stride of their middle legs to move more quickly on more variable terrain.

This unique application of a common terrestrial gait, the alternating tripod gait, for
aguatic running showcases the potential for bioinspired designs in cross-terrain and am-
phibious micro-robots. Inspired byl. americana future robotic designs might only re-
quire a single adaptable gait for multifaceted environmental navigation, offering insights
into mechanosensory affordances for multi-environmental adaptability [59, 61, 11, 80]. For
example, a bio-inspired robot based Mnamericanacan utilize a six-legged alternating
tripod gait that senses changes in the environment based on topological height difference,
slip, and friction, and adjust its gait behavior to accommodate different environments. The
adjustments in joint and step amplitudes will allow the robot to miMiamericanaand
maneuver between land and water. These ndings highlight opportunities for further re-
search in gaits adjustments across substrates, the biological actuation behind traversal in
diverse environments, and the implications for semi-aquatic robotics and bio-inspired de-
sign in navigating complex media, such as sand, or transitional environments [59, 81].
Ultimately, these results can in uence the design of future amphibious microbots that can

better traverse rough and uncertain terrain that may include random debris.
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CHAPTER 3
PROPULSION AND DIRECTIONALITY IN SPECIALIZED LEG DYNAMICS

The text and gures in this chapter are adapted from O'Neil J et al., 2024 [79].

3.1 Introduction

For tiny water-walking insects, venturing across the water surface involves more than bal-
ancing on surface tension. These tiny organisms encounter competition and predation from
above, below, and on the water itself. Locomotion — an organism's method of moving
through its environment — serves as a signi cant evolutionary pressure shaping morpho-
logical traits [82]. In aquatic environments, the manner in which an insect moves across
water often determines its vulnerability to predators, making the ability to quickly adapt
to changing conditions essential for epineuston living on the water surfslderovelia
americanaa water-walking insect that, unlike other water striders, possesses the ability to
move on land [44, 18, 37], allowing it to navigate obstacles on the water surface, such as
oating plants like duckweed, or even to ee to land to escape aquatic predators. Beyond
maneuvering on the surface of water without sinking [21], water striders must contend with
multiple predators in and out of the water [43], compete with others within its species for
resources and mates [83, 84, 85], and navigate the aftermath of con icts that result in bodily
damage. Should adl. americanaescape with its life but lose a limb, it faces the challenge

of continuing to move on water.

Key evolutionary drivers for the ability to walk on water include predator avoidance,
as seen in the basilisk lizard, mate displays or "rushing” in birds like Western and Clark's
grebes, and a combination of these factors for organisms that spend signi cant time at or
near the water surface, such as shing spidé&sl¢medey or water-stridersGerridag

[86, 7, 9]. For these smaller epineustonic insects and spiders [18, 21], surface tension plays
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a crucial role in water locomotion. Their bodies, covered in hydrophobic hairs, enable them
to propel across the water without sinking [44, 19, 55, 56]. Although researchers have ex-
tensively studied the morphological adaptations that allow insectdMikamericanato

walk on water [87, 88, 89, 23], and the unique use of the alternating tripod gait, similar
to ants and cockroaches [90, 51, 52], the impact of limb losMoamericanaand how

it affects their locomotion remains unexplored. During our observations. @mericana

in the wild, we have found some organisms missing parts of limbs, which inspired our
investigation into locomotive performance after natural ablation. In our laboratory obser-
vations, sinceMicrovelia cannot regenerate their limbs after their nal molt [91], the loss

of a limb can lead to them becoming easy prey to predators both above and below the water
surface. While insects commonly lose body parts [92, 93], and some may even shed limbs
intentionally through autotomy [89, 94, 95], it becomes an additional challenge when each
tarsus helps to leverage surface tension to oat and walk on the water [18, 21].

We speci cally investigate the mechanics bf. americanawith missing tarsi. The
focus of this chapter is on which tarsi removal affects direction and propulsion ani¥ihow
americanamoves in spite of limb loss. Previous studies have identi ed the middle legs as
primary 'propulsers’ due to their large stroke amplitudes compared to the front and hind
legs [55], but the roles of other legs remain less understood. We explore the effects of
tarsi loss onM. americanalocomotion by examining body velocity and directionality on
water. Through high-speed imaging, pose estimation software (DeepLabCut) [68], and in
situ ablation, we observe haw. americanadespite these challenges, adapts and continues

to navigate water surfaces.

3.2 Materials and Methods

3.2.1 Rearing and Experimental Setup

We collectedVl. americandgrom ponds and creeks in Kennesaw, Georgia. The insects were

housedind75 140 6:5inch® plastic container, lled with water maintained at a lab
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Figure 3.1:(a) High resolution z-stack image and Scanning Electron Microscopy image of
aMicrovelia americanawvith an ablated middle-right tarsu@) Schematic of experimental
setup. A high-speed camera is mounted above a container of water which rests on a diffuser.
A light source is set at a short distance below the diffuser to provide even lighting when
recording. M. americanaare recorded individually running on the watéc) lllustration
showing testeil. americanaablations. Circled parts of legs indicate the different locations

of ablations. Eight ablation conditions are investigated in this chapter.

temperature o0 C, and supplemented with duckweed from their original habitats. We
exposed thé/l. americanato circadian lighting from 8 A.M. to 8 P.M. Additionally, from
Monday through Friday, we fed the specimens daily with fruit ies procured from Carolina
Biological Supply Company, Burlington, North Carolina, USA. In total, we analyzed the
locomotion of 20 specimens in response to the following ablations (N=3 specimens for
each case): non-ablated (control), single front tarsi, single middle tarsi, single hind tarsi,
both front tarsi, both middle tarsi, both hind tarsi, ipsilateral middle and hind tarsi, and con-
tralateral middle and hind tarsi (Figure 3.1c). We observed only 1 specimen for both middle
tarsi and single front tarsi ablations. Single front tarsi ablation was not statistical different
to the non-ablated specimen, and both middle tarsi abldtegimericanawere unable to
walk on water and did not survive beyond 48 hours post-ablation. Given these outcomes

and the limited availability of specimens, we prioritized the preservation of specimens.
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3.2.2 M. americanaTarsus Ablation

Before a particulaM. americanawas ablated, it was anesthetized by placing it into a
freezer for approximately 2 minutes. This led to the insect's temporary incapacitation,
which allowed for easier and more accurate ablation to be done. After being taken out of
the freezer, we placed thd. americanaunder a magnifying glass, and the according seg-
ment(s) (Figure 3.1c) of the leg(s) were removed with a Fine Science Tools dissecting knife.
An example of ariM. americanawith its middle tarsi ablated is shown in Figure 3.1a. After
being cut, the specimen would regain consciousness and be placed into a small container
of water from its natural habitat for recovery. After one hour of being in the container, the
M. americanavas removed, its locomotion was recorded, and it was then placed back into
containment. Additionally, after having 24 hours to recuperate from the initial ablation, the

insect's locomotion was once again recorded. Ablations performed with Kai Yung.

3.2.3 Recording

To record the response of thé americanao their ablations, a Photron FASTCAM MINI

AX 2000 was used with a frame rate of 1,000 - 2,000 frames per second at a resolution
of 1024 X 1024 pixels (Figure 3.1b). A Nikon 70-200mm f/2.8G ED VR Il AF-S Nikkor
Zoom lens was mounted onto the camera for enhanced documentation. The camera was
mounted vertically on a Thorlabs Optical Rail for a top viewmbfamericandocomaotion

on water. TheM. americanawere placed in 400 100 1:5 cm?® Petri dish (Thermo

Fisher Scienti c) that was lled halfway with water, and rested on top a white diffuser
(Figure 3.1b). An LED light was also lit underneath the Petri dish for better lighting. The
ablated insects were then prodded for movement, which was recorded and analyzed one
video at a time. Experiments conducted alongside Kai Yung, Holden Walker, and Gaetano

Di ni.
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3.2.4 Tracking, Post Processing, and Analysis

After recording, DeepLabCut [68, 96] pose estimation machine learning software was uti-
lized to track the head and abdominal tip of file americanain each video. A custom

Matlab [97] script was used to calculate the displacement, velocity, and yaw angle from the
DeepLabCut tracking data. Body tracking conducted alongside Kai Yung, Holden Walker,

and Gaetano Di ni.

3.2.5 Statistical Analysis

For statistical analysis, we used a linear mixed effects model [69] to nd if the set of treat-
ment effects yielded differences amongst the means of each group with post-hoc Tukey's
difference criterion to nd which pairs of treatment effects were statistically different (all

of the pairwise comparisons are in Supplemental Information). We used linear mixed ef-
fects model, since ablation types vary in number of trials per specimen and to account for
any possible random effects from individual specimen. We compared different models with
and without repeated trials as a treatment effect and found no statistical difference between
models. Therefore, we used the model with only ablation type as a treatment effect. In all
models, specimen number is treated as a random effect. A custom R script (R version 4.4.0)
[70, 71, 72, 73, 69] was used for statistical analysis. We de ned statistical signi cance as

*p <005 ** p< 001 ** p< 0:001

3.3 Results

3.3.1 Widened Yaw Angle

First, we track each specimen as it walks across the water surface (Figure 3.2b). In com-
paring non-ablated1. americanato thoseM. americanawith both hind tarsi removed,
we observe an increase in yaw along the body as it walks on water. We then measure

the maximum body velocity of each specimen, based on the tarsi removed, and compare
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Figure 3.2:Visualization of Yaw angle, trajectory and velocity for non-ablated and
ablated M. americana (a) Yaw angle over time of aM. americanabefore ablation (non-
ablated) and after ablation (both hind ablated condition), with a visual difference in the size
of yaw angles(b) Trajectories of a non-ablated and both-hind ablafe@mericana The
increase in yaw of a both-hind ablat®d americanas visibly greater. Red circles indicate

the point of maximum velocity along the path.

these velocities to that of the non-ablated specimens (Figure 3/Bamericanawith no

tarsi removed achieve a maximum velociy{x = 14 cm/s, N=3 specimens, n=21 trials).
Despite removing either both front or both hind taMi,american& maximum body ve-
locity remains at 12 cm/s (N=3, n=2f,> 0:05). This aligns with previous researchers’
predictions that the middle legs are the main propulsers generating forward thrust [55].
Consequently, removing both middle tarsi rendefd.aamericanaincapable of moving
across the water, reducing its velocity to 2 cm/s. Next, we calculate the yaw angle over

time for each tested specimen (Figure 3.2a). We nd that, post-abldfioamericanaex-
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Figure 3.3:Analysis of yaw angle, trajectory, and maximum velocity for non-ablated

and ablated M. americana(a) Violin and box plot of maximum velocities/{ax ) of four

M. americanarepresenting the distribution .« for every trial in each condition. Pairs
without bars had no statistical difference. From left to right: control (non-abldediner-

icana (N=3 specimens, n=21 trials), both front tarsi ablated (N=3, n=21), both hind tarsi
ablated (N=3, n=21), and both middle ablated (N=1, n=4). The white circle represents the
median. Other points represent experimental values from each trial. The box represents
the second and third quartiles with the extended lines representing the rst and fourth quar-
tiles. (b) Violin and box plot of yaw angles ( ) of threeM. americanaconditions. Pairs
without bars had no statistical difference. When missing its hind tarsiMttemerican&

yaw angle increases. The yaw angle for both the left and right direction are plotted. Statis-
tical analysis shown are pairwise comparisons of treatment groups. We de ned statistical
signi cance as *p < 0:05, ** p < 0:01, *** p < 0:001

hibits an increase in yaw in both directions as they move on the water surface. Analyzing
the yaw angle versus time data, we identify the change in yaw angle=( ; i) for

each cycle, where the absolute value of the yaw angle is shown in (Figure 3.3b). For both
non-ablated specimens and those with front tarsi ablated, the yaw angle reaches 7

as they run across the water surface (Figure 3.3b). Specimens with both hind tarsi ablated
exhibit a yaw angle more than double (= 19) that of the non-ablated and front ab-
lated specimeng(< 0:001). This result underscores the role of the hind tarsi as ‘rudders’
that serve to minimize side-to-side rocking during water walking. We did not measure the
yaw angle for specimens with both middle tarsi ablated as they could not walk across the

water surface.
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Figure 3.4:Displacement compared to actual distance traveled. (d)isplacementD;)

of M. americanacompared to distance traveleD ), showcasing circular path for the
ipsilateral ablatedl. americanavs. a non-ablatetll. americanavhich moves in a straight

line. Green dot indicates the starting position, red dot indicates the er{thngiolin and

box plot showing the comparison of a setMf americanaablation conditions and their
displacement-distance ratio traveled in each trial (N=3 for each ablation condition). White
circle represents the median. Other points represent experimental values from each trial.
Statistical analysis shown are pairwise comparisons of treatment groups. Pairs without
bars had no statistical difference. Ipsilateral ablateé@mericanavere the only treatment
group to have hindered directionality shown by its lower displacement-distance ratio (N=3,
n=16). We de ned statistical signi cance ag*< 0:05, ** p < 0:01, ** p < 0:001

3.3.2 Deviated Directionality

To assess the impact of tarsal lossMnamericanadirectionality, we calculated the ratio
of the nal displacement[D,) to the total distance traveled total distance travel@gl) (
for both non-ablated and ablatéd. americana(Figure 3.4a). For a straight path, the
ratioD,=D; 1. For non-ablated specimens and most types of ablatMnamericana
typically travel in a straight line, witlD ,=D; > 0:90, and showed no statistical difference
between groups(> 0:05). However,M. americanamissing ipsilateral middle and hind

tarsi are notable exceptions, exhibitibp=D, 0:86, indicating signi cant deviation
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from a straight line§ < 0:001). Figure 3.4a illustrates this deviation with an example
of an ipsilaterally ablated specimen traveling in a circular path and ending up facing the
opposite direction from where it starte@,=D; was found to vary signi cantly from 0.5-

0.99 (Figure 3.4b).

3.3.3 Adaptation to Tarsi Loss

M. americanaadapts to the loss of key body locomotive parts (tarsi, leg) after ablation. We
observed changes in the body velocitiedvbfamericanammediately following ablation
(within an hour) compared to 24 hours later. Before ablatidn,americanaachieved

a mean maximum body velocity{a.x) of 14 cm/s. Those missing their contralateral
middle and hind tarsi initially struggled with a lower maximum velocity of 2 cm/s on the
day of its ablation (N=3, n=15). However, by the next day, thgi, was signi cantly
higher at about 8 cm/s (N=3, n=24,< 0:001). For M. americanaundergoing ipsilateral
middle and hind ablation, despite also missing two tarsi, the differeneg.nbetween

the day of ablation and the following day was not statistically signi cant (N=3, n=15,
Figure 3.5ap > 0:05). The type of ablation also signi cantly affected their gait cydié.
americanawith ipsilateral ablations continued to use the alternating tripod gait. In contrast,
those with ablations on opposite sides displayed no discernible periodicity in their gait on
the day of their ablation (Figure 3.5b), yet managed to return to the alternating tripod gait

within 24 hours (Figure 3.5c).

3.4 Discussion

For locomotion on the water surface, it is a well-documented strategy amongst water strid-
ers to rely on their middle legs as the primary propulsers of interfacial movement [55].
Water striders such &Serridae[44, 21], Rhagovelia98, 75], andVelia [55] use a row-

ing gait in which only the middle legs row against the water surface to propel themselves

forward. The remaining legs are used for support to oat on the water surface. This re-
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search af rms thatVl. americana despite using an alternating tripod gait, prioritize their
middle legs for propulsion, a nding consistent with previous studies [55]. The critical role
of these legs becomes evident upon their ablation, which results in a signi cant decrease
in velocity from 14 cm/s to 2 cm/s, underscoring their indispensability for water traversal
(Figure 3.3a).

Contrasting the alternating tripod gait . americanawith other hexapods that occa-
sionally (or accidentally) enter aquatic environments reveals a unique adaptation in its lo-
comotion strategy. For instand@, schmitzants swimming in pitcher plant digestive uids

or ants that accidentally fall into water use both their front and middle legs for propulsion

Figure 3.5: Velocity of M. americanaand how they adapt their gait. (a) Violin and

box plot of maximum velocity\(ax ) comparison of two ablated conditions, a contralateral
middle and hind tarsi ablation and an ipsilateral middle and hind tarsi ablation, on the
day they are ablated (N=3, n=21 for ipsilateral and N=3, n=15 for contralateral) and one
day after (N=3, n=16 for ipsilateral and N=3, n=21 for contralateral). Pairs without bars
had no statistical difference. For the contralateral ablatMnamericanaare unable to
walk on water on the day of ablation, but can walk the next day. White circle represents
the median. Lines represent the 1st and 4th quartile. Other points represent experimental
values from each trial. The box represents the 2nd and 3rd qudk)l&ait plot of anM.
americanawith a contralateral ablation within 1 hour of its ablatign) Gait plot of anM.
americanawith an opposite side ablation24 hours after its ablation, which matches with
the alternating tripod gait of non-ablatétl americana We de ned statistical signi cance

as *p < 0:05 ** p< 0:014 ** p< 0:001L
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[90]. Their front legs kinematically mimic terrestrial movement, their middle legs serve
as rudders, and their hind legs act as roll stabilizers [58]. Despite these ants employing
an alternating tripod gait, their "swimming” episodes are brief and rare, lasting under 45
seconds in pitcher plant uids or longer when they fall from a tree canopy into water. In
contrast,M. americanaspends most of its time on water surfaces [44, 55]. The removal
of M. americand front tarsi does not impact velocity or directionality, suggesting that the
front tarsi do not play a large role in powering water walking but may still exist to support
the balance of the alternating tripod gait. Ablation studies reveaMhaimerican& hind

legs function as rudders, facilitating directional movement and reducing yaw on water's
slippery surface.

The predator-prey dynamic underlines the importance of adaption for survival, not just
in evading predators but in recovering from attacks. While many insects can regenerate
limbs during larval stages after molting [99, 100], many do not, especially after autotomy
[94], muscle degeneration [101], or reaching nal molting stages [10d].americana
undergoes ve instars, after molting ceases [91, 103], making any post-molt damage, such
as tarsi or limb loss from an aerial bird or underwater sh, permanently affect their mobility
and directionality.

M. americanauses its middle legs as primary propulsers, causing a side-to-side rocking
motion in the direction of the active leg (due to alternating leg strides). Without hind tarsi,
this rocking motion intensi es, indicating their role as rudders. However, the removal of
front tarsi does not alter the yaw angle. For a non-ablated specimen this is at a range of

7 (Figure 3.3b). Upon removal of both hind tarsi, tdle americanarocks (yaws) at
19.

Our ndings indicate that the extent and location of limb loss critically in uemde
americang ability to maintain direction while moving on water. Loss of both the middle
tarsi is fatal as the organism cannot propel itself and eventually dies of fatigue. However,

in most other cases of tarsi damafye,americanas still able to move on water after tarsi
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loss. ParticularlyM. americanawith ipsilateral middle and hind tarsi removed show com-
promised straight-line movement, often veering off course (Figure 3.4a). This impairment
suggests challenges in predator evasion or prey capture due to reduced directional control.

Contrastingly,M. americanacontralateral middle and hind tarsi ablated initially lose
the alternating tripod gait (Figure 3.5a) and show a signi cant drop in body velocity (2.17
cm/s), but within 24 hours, they regain the tripod gait (Figure 3.5b) and approximate the
speed {max ) Of those with ipsilateral ablations, favoring straighter paths. These observa-
tions underscore the hind tarsi's role in moderating yaw caused by contralateral middle leg
movement, aiding in directional stability. This insight contrasts with the rowing gait, where
any immobilization increases yaw [104], highlighting the alternating tripod gait's biome-
chanical advantage in maintaining directionality despite limb loss. TMusmericana
despite lacking the ability to regenerate limbs post- nal molt, demonstrates remarkable
resilience and adaptability in the face of physical impairments, adds another compelling
narrative of survival and adaptation within the natural world.

Adaptable multi-surface gaits, such as the alternating tripod gait utilized bivthe
american& specialized leg dynamics, can be mimicked in future designs of small am-
phibious robots as much interest is gathering in robotics at the air-water interface and in-
creasingly complex terrains [63, 59]. A robust robot will be able to traverse a variety of

surfaces without having to enact more complex motion than an alternating tripod gait.

3.5 Limitations and Future Outlook

Our study only focuses on the removal of tarsi as the removal of the femur or the entire leg
would pose a greater impact on the overall balance, directionality, and velocity bf.the
americanawhich would con ate the roles that each leg has in locomotion. Furthermore,
different number of trials were done for different specimen due to fatigue of some specimen
during experiments. Yet, our experimental setup was able to provide us consistent results.

Future work can increase the sample size and also explore juvenile instars to further study
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the specialized dynamics of tid. americana'slegs and effect of organism size when
walking on water. Future studies can also determine if other water walking insects that
use the alternating tripod gait also have these specialized leg dynamics. Moreover, our
studies only focus on changes in yaw angle. We did not record videos from side view
or measure forces to see how missing tarsi may impact changes in pitch, balance, weight
distribution, or body height. Future research can record abldiemvelia from the side

view and measure the forces [105, 106] produced by each leg before and after ablation
to further understand other changes in locomotion from tarsi loss. In lab we explored the
effect of tarsi loss on land locomotion. It appeared that any change in body speed, if any,
was insigni cant for all ablation types compared to the non-abldfictovelia. In fact,

the both middle ablation was able to walk on sandpaper despite losing the ability to walk
on water. Furthermore, we withessed no changes in directionality. Future researchers can
further explore the impact of tarsi and limb loss on land locomotiofigroveliato make

a conclusive argument.

Microvelia has another means of propulsion on the water surface, namely Marangoni
propulsion [55], in which it spits a uid from its proboscis to lower the surface tension
within a limited area. This reduction in surface tension allowsNherovelia to propel
itself forward, and is used as an escape mechanism. Due to the reduced velocity cause
by certain ablations, Marangoni propulsion can be a more prefered way to move in certain
conditions such as predation. Future studies could study if the use of Marangoni propulsion

is more likely wherMicroveliais missing a tarsi or limb.

3.6 Conclusion

Through ablation we investigate the specialized leg dynamics withiNtb®velia ameri-
cands alternating tripod gait. Through high-speed imaging and pose-estimation deep learn-
ing software, we measure the velocity, yaw angle, and directionality dfitheemericana

with different missing tarsi. Our results show ti\at americanauses its hind legs as rud-
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ders to stabilize the direction of movement, while the middle legs are the main propulsers
for locomotion on water. When the front tarsi were ablated, we observed no impact in
overall body velocity or yaw angle, suggesting that the front legs help in balanceMhen
americanawalk on water.

When removing the contralateral middle and hind legsMhamericanawas initially
unable to traverse the water surface. Yet, the same specimen, adapted to their missing tarsi
and performed the alternating tripod gait the next day. This contrasted with the removal of
the ipsilateral middle and hind tarsi, whdvke americanawere able to use the alternating
tripod gait immediately after removal. Howevéd, americanawith the ipsilateral abla-
tion had reduced directionality and sometimes traveled in curved paths rather than straight
paths. These results suggest that the removal of middle and hind tarsi pose a tMeat to
americanain the wild asM. americanawould have higher dif culty avoiding predators or
catching prey from their reduced body velocity and inhibited directionality. Ultimately, this
study can in uence the design of future robotics that may implement their own specialized

leg dynamics for locomotion on the surface of water.
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CHAPTER 4
INTERFACIAL FLUID DYNAMICS OF VORTEX INTERACTION IN
MICROVELIAS

The text and gures in this chapter are adapted from Rohilla P., O'Neil J. et al., 2024 [107].

4.1 Introduction

The unseen ballet of vortical forces orchestrates nature's most ef cient swimmers and
iers [108, 109, 110, 111, 35, 34, 112]. These interactions, fundamental to minimizing
energy expenditure and maximizing thrust, allow organisms to utilize energy from their
own or others' wakes [108, 109, 113, 114, 36]. Jelly sh boost thrust by capturing vor-
tices during relaxation, creating high-pressure zones [35, 115]. Fruit ies capture leading-
edge vortices during the ing motion, minimizing the energy required to generate new
vortices [116, 117]. Fish exhibit such ef cient wake capture that even dead sh can swim
upstream by resonating with oncomin@ian street vortices [118, 119].

While these examples occur in bulk uids, the neuston interface — a vital ecologi-
cal niche — teems with life. From zooplankton, insects, and spiders to birds, reptiles,
and plants, countless organisms interact at this boundary in marine and freshwater ecosys-
tems [14, 16, 120, 5, 9, 24, 121, 122, 15, 123, 1, 124]. Despite the challenges of balancing
surface tension, drag, buoyancy, and capillary waves, no documented examples of vortex
recapture at this interface exist. Driven by curiosity about neuston vortical interactions, we
reveal a vortex re-energization mechanisnMiigrovelia americangHemiptera, Veliidae).

These millimeter-sized water walkers are epineustonic, living on the water surface and
are one of the smallest and fastest on this ecological nighe (50 bl/s, Figure 4.4c). Part
of the infraorder Gerromorpha, they are found in creeks and ponds worldwide and include

over 200 species [125, 126, 32, 127]. Unlike most water striders that use elongated middle
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legs for rowing,Microveliaemploy all six legs to walk and run using a tripod gait [14, 16,

37, 79]. Their unique morphology and kinematics enable them to recapture vortices shed
from their middle legs, allowing them to speedily skate across the water surface. These
amphibious insects, whose ancestors were terrestrial and used a tripod gait for movement
on land, evolved to move on water while retaining this gait [14, 128, 129, 130, 131]. Us-
ing high-speed imaging, particle imaging velocimetry, physical models, and computational
uid dynamics (CFD) simulations, we describe the epineuston vortex interactions during

the water skating behavior Microvelia.

4.2 Materials and Methods

4.2.1 Rearing

Microvelia americang2-3 mm) were collected from freshwater streams and ponds located
in Kennesaw and Austell in Georgia, USA. They were kept in aquariums of dimensions
17.5in 14in 6.5in at a constant room temperature of20 C with circadian lighting.
Microveliawere fed live wingless fruit ies and/or springtails every day. Aquarium water
was replaced every two weeks by removing about 20% of the water, as well as any debris,

which was replenished with fresh water.

4.2.2 Imaging and Image processing

Microvelia (10 specimens) were Imed walking on water using a Photron FASTCAM Mini
at 2000 frames per second (fps) with a resolution of 10B#24 (Figure 4.1a). Nikon
70-200mm f/2.8G ED VR Il AF-S Nikkor Zoom Lens was used to record the videbs.
croveliawere placed on the water contained in square Petri dishesriho scienti ¢ of
dimensions 10cm10cm 1.5cm. The high-speed camera was vertically mounted to record
the top view of theMicrovelialocomotion on water. A LED light was placed under the Petri

dish separated by a light diffuser.
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Figure 4.1:Imaging, Particle Image Velocimetry (P1V), and Physical Model Setup (a)
lllustration detailing the setup for imaging bficroveliawalking on water(b) lllustration
showing the experimental set up for PIV. Polystyrene particles sprinkle the surface of the
water which are then illuminated by a 515-532 nm laser. WherMiteovelia moves on

the water, the vortices are visualized through the particles which is recorded via high speed
camera.(c) lllustration of physical model. Two mechanical arms stroke against the water
surface which is covered with glass microspheres. These particles are illuminated by a
LED light. When the arms stroke against the water, the vortices are visualized through the
particles which is then recorded via high speed camera.

4.2.3 Tracking

After recording the high-speed video, we used DeepLabCut pose estimation machine learn-
ing software to track several points along the body. The head and abdomen tip were
tracked to digitize their time and position to calculate body speed and acceleration. The

coxofemoral joint (hip) and the tarsal tip of each leg were tracked to calculate the stroke
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Figure 4.2:CFD simulation schematicsThe rst plate rotates and translates counterclock-
wise. The wake of plate 1 is then captured by the second plate, which rotates and translates
clockwise, interacting with the wake of the rst plate. These trajectories of the plates mimic
the physical model arms' trajectrory as microvelia tarsi trjactories could not be mimicked
due to the limnitations associated with the two phase simulations.

amplitude and the coordinates of the tarsal tip were used to calculate leg speed, leg acceler-
ation and stroke frequency. To calculate the Reynolds number{RE&==), we used tarsal
linear speedu;), the diameter of the tarsus (d50 m ), and the kinematic viscosity of

water ( =1 10 ®m?/s).

4.2.4 Particle Imaging Velocimetry

PIV was used to visualize and measure the wake produc&tidgveliawhen walking on

water (Figure 4.1b). We seed the surface of the water with tla%polystyrene particles (

= 1.3 g/cc). A laser pointer (515-532 nm5 Class 11IB) creates a laser sheet at the water
interface to illuminate the particles for visualization and particle tracking (Figure 4.1b).
Microveliawere then Imed moving along the surface at 2000 fps. The velocity and vor-
ticity elds were estimated using PIVIab 2.61, a Matlab toolbox [132]. Circulation of the
vortices was measured frame-by-frame by selecting a constant area around the vortex pair

in PIVlab. PIV analysis conducted alongside Dr. Pankaj Rohilla.
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4.2.5 Pressure eld reconstruction

The pressure eld is estimated by numerical integration of the pressure gradient obtained
from the PIV velocity eld (Figure C.2). The surface ow is assumed to be locally two-
dimensional, as the out-of-surface velocity is negligible. The rst and second orders of
velocity gradients are generated from the velocity eld using the second-order nite dif-
ference method, from which the pressure gradient is calculated using the Navier-Stokes
equation. To minimize the cumulative error of pressure gradient integration, the direction
of integration is set to normal to the tarsi plane. The rectangular integration window is
located at the tarsi center, and one side of this window is aligned with the tarsi plane. The
window size contains 1515 vectors suf ciently encompassing the vortex pair. To calcu-
late the pressure difference, the data is extracted from two opposite lines parallel to the tarsi

but 2 pixels away. Pressure eld reconstruction done by Dr. Daehyun Choi.

4.2.6 Physical model

We designed and built a physical model to understand the vortices' interactions with the
hind tarsi inMicrovelia (Figure 4.1c). The physical model consisted of two copper wires
(d  0:1 mm) and two aluminum wiresd( 1 mm), an Arduino Uno and two NEMA
motors. The aluminum wires, powered by a NEMA motor, acted as two robotic arms. A
rectangular tank of water was lled partway for the robotic arms to stroke against. Thin
copper wires, attached at the front of the aluminum wires, interacted with the water inter-
face in a manner similar to that dicroveliatarsi, shedding bipolar vortices in their wake.
The motors were held in place in a 3D printed holder than would slide onto the edge of the
container. A hole was in the middle of the 3D print for a snug t to keep the motor in place.
The stroke speed was controlled with an Arduino Uno. Once running, the motors would
continue to spin until turned off. Only the rst stroke from each arm was used for analysis
so that there were no disturbances from past strokes that may impact the uid interactions

of subsequent strokes. The duration, magnitude and interval between the two arms entering
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and leaving the surface of the water were regulated by altering the orientation of the alu-
minum wires. Experiments were performed alongside Dr. Pankaj Rohilla. Physical model

analysis done by Dr. Rohilla.

4.2.7 Numerical Simulation

Two-dimensional laminar simulations (Figure 4.2) of the low Reynolds number ow have
been carried out by directly solving the incompressible Navier-Stokes equations. An over-
set mesh (also known as Chimera technique) based ow solerPimpleDyMFoam
available within the nite volume method-based open-source lib@pgnFoam is used

for the present simulations. In the overset framework, cell-to-cell mappings between the
disconnected domain and body mesh regions are established, enabling complex body mo-
tions without the penalties associated with deforming meshesinvaese distanceverset
interpolation technique is used to facilitate the interpolation betweeddherandaccep-

tor cells, while the cells inside the plates are considered todbes which do not take part

in the calculations. The spatial and temporal discretisations are second-order accurate. The
Pressure Implicit with the Splitting of the Operator algorithm with a predictor step and two
pressure correction loops has been used to couple the pressure and velocity equations. A
preconditioned conjugate gradient iterative solver is used to solve the pressure equation,
whereas a diagonal incomplete-Cholesky method is used for preconditioning. A precon-
ditioned smooth solver, with the symmetric Gauss-Seidel method as the preconditioner, is
employed for solving the pressure-velocity coupling equation. The absolute error toler-
ance criteria for pressure and velocity are set@o®. Numerical simulations done by Dr.

Chandan Bose.
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Figure 4.3:Leg Trajectories show vortex interaction Tarsal trajectories of middle and

hind legs ofMicrovelia. The solid lines represent the power strokes, while the faded blue
and red lines show the recovery strokes. The trajectories illustrate the time spent by the
tarsi during movement.

4.3 Results

4.3.1 Skating on water

Unlike water striders such &3erridaethat use a rowing gaitylicrovelia employ an alter-

nate tripod gait typical of terrestrial insects. The temporal trajectory of the middle and hind
legs shows overlapping paths during their sprint, indicating interfacial vortical interactions
(Figure 4.3). As stated in Chapter 3, the middle legslmiroveliaact as the main hydrody-
namic thrust propulsors [37, 79]. These legs exhibit a stroke amplitude 23% larger than the
hind legs, while maintaining the same stroke frequency (Figure 4.4a,b). This larger ampli-
tude allows for greater displacement with each stroke, enhancing thrust. The middle legs
also achieve higher peak linear speeds during power strokes, 21% faster than the hind legs
(Figure 4.4d). This increased speed, coupled with greater acceleration—about 25% higher

than that of the hind legs—indicates their dominant role as forceful thrust generators [79].
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Figure 4.4:Epineustonic kinematics ofMicrovelia (a) Stroke amplitudes of the middle
and hind legs (n = 15), illustrated with their tarsal tip trajectories relative to the motion of
their respective shoulder joints. The middle legs exhibit larger stroke amplitudes compared
to the hind legs(b) Stroke frequency (N = 3, n = 15) of the middle and hind tarsi, showing
an average frequency (f) of 30 strokes/s.(c) Body speed oMicrovelia on water and
land (styrofoam) in cm/s (left Y axis) and bl/s (body lengths per second, right Y axis).
The average maximum body speed on water id3 cm/s (50 bl/s), compared to
10cm/s ( 40bl/s) on land. (d) Peak tarsi speeds dficrovelia on water. The middle
legs achieve higher peak linear speeds during power strokdg ¢m/s) compared to the
hind legs ( 14 cm/s). This indicates that the middle legs act as the main hydrodynamic
thrust propulsors, with higher acceleration 2500cn?/s) compared to the hind legs (
2000cn?/s).

4.3.2 Epineuston hydrodynamic interactions

During the power stroke, the middle leg tarsi shed pairs of counter-rotating vortices (Fig-
ure 4.5a, stage ). These vortices travel downstream, interacting with the hind tarsi, which
enter the water at various spatio-temporal locations. The front tarsi generate weak vortices

that dissipate without interacting with other tarsi.
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