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Abstract

Animals can traverse any complex 3-D terrain and substrate by modifying their

primary locomotion strategy or transitioning to other strategies. Robots, unlike

animals, often struggle to traverse similar environments due to lack of understanding

of robot-obstacle/substrate interaction to generate propulsion. Understanding this

interaction will help develop control strategies for robots to locomote similarly to

animals. Snake and amphibious fish locomotion are excellent for traversing complex

3-D terrains and wet flowable substrates respectively.

Snakes can successfully traverse such terrains via 3-D body bending to generate

the right propulsion. Snake robots still struggle to traverse such terrains due to lack of

understanding in controlling 3-D body bending to push against obstacles to generate

and control propulsion. Previous studies show that generalist snakes likely sense

body-terrain contact forces via tactile sensing to adjust body bending in real-time.

We took the robophysics approach to understand snake locomotion on complex 3-D

terrain due to lack of knowledge of tactile sensing. We developed a sensorized snake

robot capable of 3-D body bending and tactile sensing. We allowed this robot to

traverse an obstacle using vertical bending and showed that it is useful for systematic

studies due to high repeatability.

Despite challenges in traversing wet flowable substrates due to variable wetness,

amphibious fishes can easily adapt to such variations via body and fin adjustments

with substrate interaction. To understand how locomotor morphology, control, and

kinematics permit performance, quantification of locomotor-substrate interaction and

how propulsive forces are generated are necessary. Despite several studies on dry,

wet, and saturated sand, only few animal studies focused on mud with no study in
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Abstract

interaction mechanics yet. We developed tools and methods to prepare, control, and

maintain mud with different strengths similar to sand. We performed systematic

studies of mudskipper and ropefish, and a preliminary study of bichir moving on

different mud strengths with each animal representing a distinct strategy used by

amphibious fishes on land. All three fishes had more sinkage and contact length as

mud weakened. Mudskipper used its tail to propel against weaker mud. Bichir and

ropefish vertically lifted some body sections likely to reduce drag on stronger mud.
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Chapter 1

Introduction

1.1 Motivation and overview

The natural environment animals regularly interact with is often complex. It can be

uneven terrain with boulders and rocks, terrain filled with twigs and tree branches,

and substrates such as snow, boulders, pebbles, gravel, sand, silt, and clay (Fig. 1.1).

Substrates such as boulders and pebbles are considered uneven terrain if their size is

comparable to small animals (Fig. 1.1D). Substrates with particles that flow when

Figure 1.1: Natural environment and substrates. (A) Uneven terrain filled
with obstacles such as rocks and boulders. (B) Terrain with twigs and tree branches.
(C) Snow-filled environment. (D) Types of substrates varying with particle size found
in the natural environment. Image Courtesy of (A-C) Pexels, and (D) Google Images,
Getty Images, CMM Landscape Supply, Wikipedia, and Bryan’s Lawn Maintenance.
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force is applied are considered to be flowable substrates (Fig. 1.1D). These flowable

substrates can either yield and behave similarly to a solid or flow similar a fluid

depending on the forces relative to the yield strength (Coussot, 1997; Goldman, 2014;

Li et al., 2009; Mazouchova et al., 2010; Sharpe, Kuckuk, and Goldman, 2015; Winter,

Deits, and Hosoi, 2012). Wet flowable substrates in particular can also get wetter or

dryer which causes variation in the yield strength at which the solid-fluid transition

occurs. Hence, movement in the natural environment can be challenging.

Despite the environment being complex and challenging to move on, animals

of different types, bodies, and shapes can move exceptionally well on both complex

Figure 1.2: Animals moving in complex 3-D terrain and on wet flowable
substrates. Snakes bending their body in 3-D to traverse (A) uneven terrain and (B)
a tree branch. Amphibious fishes such as (C) mudskipper and (D) catfish walking on
muddy areas at the water–land interface. Image Courtesy of (A) video from BBC,
(B) video from National Geographic, (C) Getty Images, and (D) Practical fishkeeping
website.
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3-D terrain and substrates. They can either transition between different locomotion

modes (Othayoth, Thoms, and Li, 2020; Fu et al., 2020; Astley and Jayne, 2009)

or modify their primary locomotion mode with small changes (Marvi et al., 2014;

Naylor and Kawano, 2022) to facilitate locomotion based on the obstacle/substrate-

animal interaction. Some animals use body bending (Jurestovsky, Usher, and Astley,

2021; Fu, Astley, and Li, 2022) or tail bending (Naylor and Kawano, 2022; McInroe

et al., 2016; Wang et al., 2013) to generate the right propulsive force based on the

obstacle/substrate-animal interaction. Limbless and amphibious fish locomotion are

excellent for traversing complex 3-D terrain and wet flowable substrates such as mud

respectively (Fig. 1.2).

Bio-inspired robots have great potential in a variety of applications in 3-D

terrains and on wet flowable substrates. Limbless and appendage-based robots can be

used for soil testing along the rivers, rescue missions in muddy areas after rain and

floods, and exploring muddy areas. Snake robots (Hirose, 1993; Liljebäck, Pettersen,

and Stavdahl, 2010; Borenstein, Hansen, and Borrell, 2007; Wright et al., 2007) can

also be used in various applications in unknown terrains filled with obstacles such as

search and rescue during earthquakes to move between and over rubble, exploring

unknown environments such as planet exploration, and inspection of industrial pipes.

Unlike animals, robots still have difficulty moving in such environments due to a lack

of understanding of the locomotor-obstacle/substrate interaction.

Generalist snakes can bend their body in 3-D likely using contact force (tactile)

sensing via sensory feedback to generate the right forces to traverse any complex

terrain in real time. Understanding how the terrain contact forces are exerted or

redirected will help in the development of control strategies that use terrain contact

3



Chapter 1. Introduction

force feedback to help snake robots move easily on any complex 3-D terrain.

Amphibious fishes regularly make foray onto land at the water–land interface

and adapt to mud at different strengths easily. The amphibious fish-mud interaction

mechanics will help fully understand how locomotor morphology and kinematics

permit performance. This will in turn help in developing better control strategies for

robots moving on wet flowable substrates such as mud with different mud strengths.

This interaction mechanics can be understood using resistive force theory which

experimentally estimates drag and lift forces on the locomotor’s body (Li, Zhang,

and Goldman, 2013; Maladen et al., 2009) because no fundamental theories exist for

understanding the locomotor-substrate interaction mechanics on flowable substrates.

This requires tools and methods to control and maintain the mud strength which does

not exist for mud yet unlike those well-established for sand (Li et al., 2009; Sharpe,

Kuckuk, and Goldman, 2015).

Robophysial models can be used to perform systematic and controlled exper-

iments and help obtain repeatable results (Aguilar et al., 2016). They are hence

useful as active physical models of animals for studying locomotion. There is a lack of

understanding of the use of vertical bending via tactile sensing in snakes and snake

robots to generate propulsion and a lack of understanding of the emergence of the use

of vertical bending in fishes to vertically lift parts of their body to propel against mud

and lift some body sections to modulate ground friction with mud strength variation.

A robophysical model will be useful in understanding the use of vertical bending to

generate propulsion or modulate ground friction.

In this dissertation, we performed biological and robot experiments to understand

non-legged animal locomotion on complex 3-D terrain and wet flowable substrates
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such as mud. We have used force measurements to characterize mud and used a

sensor model for dynamic force measurement. We will focus on the use of vertical

bending by animals to generate propulsion and modulate ground friction. We have

divided the objective into two studies based on the environment: (1) development

of a robot to study the use of tactile sensing by snakes for 3-D body bending as

sensory feedback in complex 3-D terrain and (2) understanding amphibious fishes

moving on mud with variation in mud strength. To achieve (1), we have developed

a robophysical model, a sensorized snake robot, that will help in understanding the

principles behind tactile sensing in snakes in traversing 3-D terrain and show that it

can be used to perform systematic and controlled experiments and obtain repeatable

results for force measurements. To achieve (2), we have investigated three model

organisms representing the three distinct strategies seen in amphibious fishes on

mud with different mud strengths and performed force measurement experiments for

resistive force theory. We have also developed a fish robophysical model to study the

coordination of lifting and lateral bending. We will describe the relevant background

and knowledge gaps in Sec. 1.2. We will then describe the research objective and

questions we plan to investigate and how we approached them in Sec. 1.3.
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1.2 Background

1.2.1 Limbless locomotion on uneven terrain

1.2.1.1 Snakes and snake robots use lateral bending to generate propulsive forces on
vertical obstacle-filled terrain

Snakes use lateral bending to push against vertical obstacles such as rocks and tall

plants to generate propulsion when navigating natural terrains filled with obstacles.

Previous studies have shown that snakes use lateral undulation to push against vertical

peg-like obstacles to generate propulsive forces to move forward (Schiebel, Hubbard,

and Goldman, 2020; Kano et al., 2012; Gray and Lissmann, 1950; Kelley, Arnold,

and Gladstone, 1997; Jayne, 1986; Moon and Gans, 1998) (Fig. 1.3A-C). Lateral

undulation is a type of snake locomotion where the body bends in a wave-like pattern

Figure 1.3: Lateral bending by snakes to push against vertical obstacles.
(A-C) Snake laterally bending its body to push against discrete vertical obstacles
such as pegs to generate propulsion to progress forward. (D-E) Snake robot using
contact force sensing via sensory feedback to push against the vertical obstacles to
generate enough propulsive forces to progress forward. Reproduced from (Schiebel,
Hubbard, and Goldman, 2020; Kano and Ishiguro, 2013; Gray and Lissmann, 1950;
Liljebäck et al., 2011).
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and this pattern is propagated from head to tail to generate forward propulsion.

Based on the habitats they encounter, snakes can be categorized into specialists

and generalists. Specialists are usually confined to a specific environment whereas

generalists often encounter various terrains in their habitat (Schiebel, Hubbard, and

Goldman, 2020). Specialist snakes such as desert specialists when moving on terrain

filled with vertical obstacles do not change their wave pattern and remain similar to

when moving on a flat surface (Schiebel, Hubbard, and Goldman, 2020). Generalist

snakes, on the other hand, modify their waveform i.e, lateral bending, based on the

density of the vertical obstacles (Schiebel, Hubbard, and Goldman, 2020; Kelley,

Arnold, and Gladstone, 1997; Gray and Lissmann, 1950). They likely use the terrain

contact force sensing as feedback to help maintain contact and control the direction

of propulsion.

Studies have developed snake robots with terrain contact sensing capabilities

and have been able to laterally bend and traverse over terrains with vertical obstacles

(Kano and Ishiguro, 2013; Liljebäck et al., 2011; Liljebäck, Pettersen, and Stavdahl,

2010; Hirose, 1993) successfully similar to generalist snakes (Fig. 1.3D-E). These

robots have been able to achieve this by using sensory feedback where they use terrain

contact sensing to bend the body laterally (Kano and Ishiguro, 2013; Liljebäck et al.,

2011). This suggests that snakes generate propulsion using lateral bending and it is a

sensory-modulated process.
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1.2.1.2 Use of vertical bending by snakes and snake robots to propel against complex
3-D terrain

Studies have investigated the use of vertical bending by snakes during traversal in

arboreal environments such as cylinders representing perches with different slopes

and pegs protruding out of the cylinder surface (Astley and Jayne, 2009; Astley and

Jayne, 2007), array of horizontally placed cylinders representing branches (Jurestovsky,

Usher, and Astley, 2021), and gliding (Yeaton et al., 2020) (Fig. 1.4A-C). The ground

reaction forces measured over the horizontally placed cylinders (Fig. 1.4A) showed that

snakes use vertical bending to push against the obstacles to generate large propulsive

forces (Jurestovsky, Usher, and Astley, 2021).

A previous study in snakes found that snakes use vertical bending to lift parts of

their body during lateral undulation to increase speed and efficiency on solid ground

by modulating ground friction (Hu et al., 2009). Sidewinders also use a combination

of vertical and lateral lifting to modulate friction and drag forces on sandy slopes

but do not use vertical lifting directly for propulsion generation (Marvi et al., 2014).

A recent study revealed that generalist snakes combine vertical bending and lateral

bending during traversal in complex 3-D terrains in the natural environment and that

vertical bending was used to potentially generate propulsion when the snake moved

over a terrain filled with blocks of varying heights (Fu, Astley, and Li, 2022). Vertical

and lateral bending combined increases the number of obstacle-body contact push

points that help generate propulsive forces (Fu, Astley, and Li, 2022) (Fig. 1.4D).

This suggests that snakes likely use sensory feedback to control body bending to push

against the terrain in 3-D to generate contact forces along the desired direction.

Many snake robots for traversal on 3-D terrains have used methods such as
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Figure 1.4: Vertical bending by snakes to push against lateral obstacles
in an arboreal environment and in complex 3-D terrain. (A) Generation of
propulsive forces via vertical bending by snakes when moving on an array of horizontally
placed cylinders. (a) Snake moving over an array of cylinders. (b) Vertical, fore-aft,
and lateral force as a function of time. (B) Snake using vertical bending during
gliding. (a-b) Horizontal and vertical bending angles as a function of snout-vent
length (SVL). (c) Overlaid snapshots of snake gliding. (C) Snake moving over (a)
bare perch and (b) perch with pegs. (D) Snake moving over terrain with blocks of
varying heights using vertical and lateral bending to increase obstacle-body contact
push points. Reproduced from (Jurestovsky, Usher, and Astley, 2021; Yeaton et al.,
2020; Astley and Jayne, 2009; Fu, Astley, and Li, 2022).

Figure 1.5: Vertical bending by snake robots to push against lateral
obstacles. Snake robot vertically bending its body to push against the obstacles
using (A) pre-defined shape open loop control, (B) operator aided control, and (C)
contact force via sensory feedback. Reproduced from (Jurestovsky, Usher, and Astley,
2021; Takemori, Tanaka, and Matsuno, 2018b; Fu and Li, 2023).

vision to scan the environment and plan motions to adapt to its geometry (Tanaka and

Tanaka, 2013; Pfotzer et al., 2015; Takemori, Tanaka, and Matsuno, 2018a; Fu and

Li, 2020; Takemori, Tanaka, and Matsuno, 2021; Nakajima et al., 2018), mechanical

(Takemori, Tanaka, and Matsuno, 2018a; Fu and Li, 2020; Kimura and Hirose, 2002)
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and controlled compliance (Wang et al., 2020; Takemori, Tanaka, and Matsuno, 2018a;

Travers, Whitman, and Choset, 2018) to maintain terrain contact. These methods

only made robots slip more and move very slowly (Wang et al., 2020; Tanaka and

Tanaka, 2013) in a complex terrain. These robots have used vertical bending to bridge

height differences but it did not generate enough propulsion.

A few snake robots have been able to use vertical bending to push against the

terrain for propulsion using a pre-defined shape open loop control (Jurestovsky, Usher,

and Astley, 2021) or operator-aided control (Arai et al., 2008; Takemori, Tanaka, and

Matsuno, 2018b; Takanashi et al., 2022; Takanashi et al., 2023) (Fig. 1.5A-B). To

enable the snake robot to vertically bend its body to generate enough propulsion to

move similar to snakes, contact force feedback is necessary. A few snake robots have

used sensors that can detect forces or contact as feedback to help robots bridge height

differences via vertical bending on 3-D terrain but not for generating propulsion directly

(Hirose, 1993; Wu and Ma, 2011). A recent study studied propulsion generation using

vertical bending via sensory feedback (Fu and Li, 2023) and found that contact force

feedback increased the robustness of propulsion generated via vertical bending against

various backward loads or unknown terrain geometry (Fig. 1.5C). Despite being able

to generate the right propulsion via sensory feedback, the snake robot was equipped

with discrete force sensors on its wheels which could potentially get caught onto the

terrain asperities and could not sense forces on other parts of the robot body (Fu and

Li, 2023). Hence there is a need for a sensorized snake robot whose body is smoother

and has a large number of force sensors distributed along its body.
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1.2.1.3 Model terrain to study snake locomotion

Complex 3-D terrains, the natural environment for some snakes, are filled with 3-D

obstacles of different sizes and shapes (Gart, Mitchel, and Li, 2019; Jurestovsky, Usher,

and Astley, 2021; Fu, Astley, and Li, 2022). To study how snakes use tactile sensing

for vertical bending, the environment needs to be simplified with obstacles where only

vertical bending can be used with no possibility of using lateral bending. A previous

snake study used a wedge-shaped obstacle to study only vertical bending in snakes

(Jurestovsky, Usher, and Astley, 2021). A half-cylindrical obstacle is an excellent 3-D

terrain for studying vertical bending in snakes because it provides sufficient contact

for the robot body to generate propulsion and prevents tactile sensors from getting

damaged from sharp edges such as the tip of a wedge-shaped obstacle.

1.2.2 Amphibious fish locomotion on mud with different mud strengths

1.2.2.1 Appendage-based animals and robots use lateral bending for effective locomo-
tion in a variety of environments

Some animals use lateral body and tail bending for effective locomotion either as part

of their regular locomotion in the terrestrial environment or only when the environment

becomes challenging. Some mammals such as ferrets use lateral body bending during

walking (Kafkafi and Golani, 1998). Some studies have shown that reptiles such as

lizards (Reilly and Delancey, 1997; Farley and Ko, 1997) and salamanders (Bennett,

Simons, and Brainerd, 2001; Chong et al., 2021) regularly use axial bending in

coordination with their limbs for effective locomotion (Fig. 1.6A).

Amphibious fishes also use lateral bending when walking with axial-appendicular-
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Figure 1.6: Use of Lateral body and tail bending in appendage-based
locomotion. (A) Salamander using lateral body bending. (B) Mudskipper using
lateral tail bending on 20◦ inclined sand substrate. (C) Salamander-inspired robot
using lateral body bending. Reproduced from (Chong et al., 2021; Naylor and Kawano,
2022).

based locomotion (Bressman, Gibb, and Farina, 2018; Pace and Gibb, 2014; Du,

Larsson, and Standen, 2016; Standen et al., 2016) and axial-based locomotion (Pace

and Gibb, 2014; Clardy, 2012; Mehta et al., 2021; Sayer, 2005) on land. Studies have

found that mudskippers use lateral tail bending (Fig. 1.6B) in combination with their

appendicular-based locomotion to generate propulsion when moving in challenging

environments such as sand surfaces with (Naylor and Kawano, 2022; McInroe et al.,

2016) and without (Naylor and Kawano, 2022) inclination and on substrates such as

gelatin (Wang et al., 2013).

Appendage-based robots developed with lateral body (Crespi et al., 2013) and

tail (McInroe et al., 2016) bending capabilities have been shown to improve locomotion

performance when body/tail bending is used (Fig. 1.6C). This suggests that lateral

body and tail bending does help generate propulsion for effective locomotion. Therefore,

amphibious fishes such as mudskippers likely use tail and lateral body bending to

generate propulsion when locomotion becomes difficult on certain mud strengths.

A systematic variation in the mud strength will show the emergence of the use of

tail/body bending when locomotion becomes difficult.
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1.2.2.2 Use of vertical bending by animals to enhance locomotion and propel against
terrain/substrate

Some terrestrial animals are capable of bending their body vertically to improve

locomotion on land. Some mammals such as cheetahs, kowari, grey short-tailed

opossums, cuis, tree shrews, pikas, and cats regularly bend their spine vertically

to enhance locomotion gaits such as galloping (Kamimura et al., 2022; Bertram

and Gutmann, 2009; Schilling and Hackert, 2006) and half-bounding (English, 1980;

Schilling and Hackert, 2006) (Fig. 1.7). By using vertical bending they increase their

speed and stride length.

Previous studies on American eels have mentioned the use of a rendition of

concertina locomotion in addition to lateral undulation on loose wet pebbles (Mehta

Figure 1.7: Use of vertical spine bending in legged locomotion. (A) Cheetah
using vertical body bending to enhance galloping gait. (B) Kowari using vertical body
bending to enhance half-bounding gait. Reproduced from (Kamimura et al., 2022;
Schilling and Hackert, 2006).
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et al., 2021), and the use of concertina-like movement of more burst movement on

increased inclined wet sand and pebble substrates (Redmann et al., 2020). A study

on snowflake moray mentioned the use of a rendition of sidewinding, a rendition of

concertina locomotion, and a combination of lateral undulation and concertina locomo-

tion on a wet sand substrate (Mehta et al., 2021). This suggests that elongated fishes

start to use vertical bending and body lifting when it becomes difficult to locomote

on substrates. Despite an observation of a small, local tail lifting in mudskippers on

inclined sand (Naylor and Kawano, 2022), there is no study in lifting in fishes. A

previous study on snakes found that they lift curved parts of their body to modulate

ground friction (Hu et al., 2009). It is likely that elongated amphibious fishes also are

capable of lifting parts of their body similar to snakes to modulate ground friction. A

systematic variation in the mud strength will show the emergence of the use of vertical

bending by amphibious fishes to lift body sections when locomotion becomes difficult.

1.2.2.3 Model substrate to study amphibious fish locomotion

Flowable substrates can have particles of varying sizes (Fig. 1.1D). Boulders and

pebbles (Mehta et al., 2021; Standen et al., 2016) are larger compared to small

amphibious fishes and hence are more like an uneven, mostly rigid terrain (> 2 cm,

Fig. 1.1D). Substrates with particles that flow when force is applied are considered to

be flowable substrates. Substrates with particles (< 2cm, Fig. 1.1D) can be categorized

either as mostly coarse grains (gravel, coarse and fine sand), or mostly fine clay (silt

and clay) (Coussot, 1997). Substrates with mostly coarse grains have no grain-grain

cohesion and have weaker cohesion when water is added whereas mostly fine clay

substrates have stronger cohesion between the particles and water due to colloidal
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effects (Coussot, 1997).

Wet flowable substrates can also behave differently depending on water content.

For example, mud with high water content acts like a viscous fluid whereas mud with

low water content acts as a fractured solid. The solid-fluid transition occurs at the

intermediate concentration of water in mud. We can control this water content using

solid volume fraction which is defined as the volume of solid by the volume of both

solid and water prior to mixing. The natural habitat of amphibious fishes at the

water–land interface often has wet flowable substrates such as mud or wet sand (Clack,

2012; Perry et al., 2015; Wendt et al., 1997) which vary in solid composition and

wetness. It is challenging to move on such substrates because they can behave similarly

to a solid or flow similar to a liquid depending on the forces applied relative to yield

strength (Coussot, 1997; Goldman, 2014; Li et al., 2009; Li, Hsieh, and Goldman,

2012; Mazouchova et al., 2010; Sharpe, Kuckuk, and Goldman, 2015; Winter, Deits,

and Hosoi, 2012). This yield strength at which the solid–fluid transition occurs also

varies depending on the water content of the substrate (Coussot, 1997). Wet flowable

substrates such as mud can also have a strong cohesion due to colloidal effects (Coussot,

1997). This causes the substrate to stick to the animal’s body and appendages which

can affect the animal’s locomotion. Despite these challenges, amphibious fishes can

easily transition between different strategies and adapt to substrate variation on which

they locomote by adjusting their body and appendages as they interact with the

substrate.

Some amphibious fish locomotion studies have started quantifying the kinematics

(Naylor and Kawano, 2022; Redmann et al., 2020) and muscle control (Horner and

Jayne, 2014; Lutek and Standen, 2021) to help better understand how fishes locomote
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on wet flowable substrates. Several previous studies have investigated animal and

robot locomotion on sand varying from dry (Li, Hsieh, and Goldman, 2012; Maladen

et al., 2009; McInroe et al., 2016; Naylor and Kawano, 2022), partly wet (Kudrolli,

Ramirez, and Weitz, 2019; Sharpe, Kuckuk, and Goldman, 2015) to fully saturated

sand (Dorgan, 2018; Redmann et al., 2020). Some amphibious fish studies have

investigated locomotion on viscous solids such as gelatin (Wang et al., 2013) and

viscous fluids made of polymers methyl cellulose (Lutek and Standen, 2021), and

Poly-Bore (Horner and Jayne, 2008) mixed with water. Yet there are only a few

animal locomotion studies on mud (Falkingham and Horner, 2016; Horner and Jayne,

2014; Lutek and Standen, 2021; Naylor and Kawano, 2022), especially in the solid-fluid

transition concentration with no variation and controlling of mud strength.

To fully understand how the locomotor morphology, control, and kinematics

permit performance it is necessary to quantify the environmental interaction between

the fish and mud which requires controlling and maintaining mud strength. Natural

mud can consist of both fine clay and some coarse grains. This complicates the

controllability of natural mud because its strength is a function of not only the solid

volume fraction but also a percentage of fine clay among the solid particles. Clay mud

with no coarse grains is an excellent model substrate because it behaves qualitatively

similar to natural mud yet its strength is only a function of solid volume fraction

(Coussot, 1997).

It is important to prepare the substrate at a desired strength and control and

maintain the substrate strength throughout the animal study to help understand the

substrate-locomotor interaction mechanics. This is especially important in animal

studies that take several days. Tools and methods to control and maintain the
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substrate strength have been well established for dry sand which uses an air fluidized

bed (Li et al., 2009; Maladen et al., 2009) to prepare and maintain sand at the desired

volume fraction (Fig. 1.8A) and wet sand which uses a wet media preparation method

and sieve apparatus (Sharpe, Kuckuk, and Goldman, 2015) (Fig. 1.8B). There have

been some robot studies that have systematically varied the water content of mud-sand

mixtures (Liu, Huang, and Qian, 2023) and mud (Liang et al., 2012; Zhang et al.,

2016), yet there are no methods or equipment established for preparing, controlling,

Figure 1.8: Equipments to control and maintain solid volume fraction. (A)
Air fluidized bed for dry sand. (B) Sieve apparatus for wet sand. (C) Geotester
pocket penetrometer for measuring penetration resistance in soil. Image Courtesy of
(C) Gilson Company. (A-B) reproduced from (Li et al., 2009; Sharpe, Kuckuk, and
Goldman, 2015).
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and maintaining mud strength during the study and storage.

Commercially available penetrometers (Fig. 1.8C) have been used in measuring

the penetration resistance of the substrate to estimate the strength of the soil. However,

these penetrometers are not sensitive enough to measure the force on weaker mud.

We can develop a device that uses a similar mechanism to help measure force and

depth during penetration into the mud with the capability to modify the probe area

suitable for each mud strength.

1.2.2.4 Amphibious fish’s sustained locomotion strategies when moving on solid
ground

Amphibious fishes regularly make foray onto land using three distinct sustained

terrestrial locomotion strategies (Pace and Gibb, 2014) at the water–land interface.

The three distinct strategies are defined based on the use of their pectoral fins and

lateral body bending on solid ground as follows:

1. Appendicular-based locomotion: Mudskippers (Fig. 1.9B, E) are the only

known amphibious fish to use this strategy (Wicaksono et al., 2018; Wang et al.,

2013; Swanson and Gibb, 2004; Pace and Gibb, 2009; Kawano and Blob, 2013).

The animal is slightly elongate (Fig. 1.9A, i) with relatively large pectoral fins

(Swanson and Gibb, 2004; Pace and Gibb, 2009; Kawano and Blob, 2013)(Fig.

1.9A, ii). Appendicular-based locomotion is analogous to humans’ motion when

using crutches (Kawano and Blob, 2013; Pace and Gibb, 2014) and hence is also

known as crunching gait. Here the animal uses the pectoral fins to lift its body and

propel it forward by vaulting over the fins which act as a pivot in one cycle with

minimal lateral body bending when moving on solid ground (Harris, 1960; Pace
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and Gibb, 2014).

2. Axial-based locomotion: Elongate fishes (Fig. 1.9A, i) with relatively small fins

and very elongated body (Fig. 1.9A, ii) such as ropefish, American eel, gunnel,

prickleback, etc. use body lateral bending with minimal dorsoventral body bending

Figure 1.9: Amphibious fishes using three distinct strategies. (A) (i) Body
length to body width ratio of amphibious fishes that use three distinct terrestrial
locomotion strategies. (ii) Fin length to body length ratio of amphibious fishes that
use three distinct terrestrial locomotion strategies. Amphibious fishes that use (B)
appendicular-based , (C) axial-appendicular-based and (D) axial-based locomotion.
(E-G) Overlapped frames of animal moving with (B) appendicular-based, (C) axial-
appendicular-based and (D) axial-based locomotion. Image Courtesy of (B-D) Pexels,
Aquatic Arts, Jules Bohanon, The BioFiles - Bill Hubick, Google Images, Missouri
Department of Conservation, Animal Crossing New Horizons, Sierra Leone and Russell
Brian Tate (CE fish essentials), squarepond.org, and NatureGate and reproduced from
(Clardy and Hilton, 2016). (E-G) reproduced from (Pace and Gibb, 2014).
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(Fig. 1.9D, G) to propel forward on solid ground (Pace and Gibb, 2011; Clardy,

2012; Mehta et al., 2021; Sayer, 2005; Gillis, 1998; Gillis, 2000; Watz et al., 2019;

Ward et al., 2015). This is analogous to lateral undulation by snakes (Schiebel

et al., 2019).

3. Axial-appendicular-based locomotion: Intermediately elongate fishes (Fig.

1.9A, i) with relatively medium pectoral fins (Fig. 1.9A, ii) such as bichir, walking

catfish, tidepool sculpin, hillstream loach, snakehead, and arapaima, etc. use this

strategy (Fig. 1.9C, F) to locomote on solid ground (Bressman, Gibb, and Farina,

2018; Bressman et al., 2019; Du, Larsson, and Standen, 2016; Standen et al., 2016;

Ward et al., 2015; Crawford et al., 2020; Bressman, Morrison, and Ashley-Ross,

2021; Flammang et al., 2016; Johnels, 1957; Crawford et al., 2020; Standen, Du,

and Larsson, 2014). Here, the animal uses a combination of lateral body undulation

and pectoral fins alternatively over each cycle to propel forward which is analogous

to army crawling (Bressman, Gibb, and Farina, 2018; Bressman et al., 2019; Du,

Larsson, and Standen, 2016; Standen et al., 2016; Davenport and Matin, 1990;

Bressman, Morrison, and Ashley-Ross, 2021; Flammang et al., 2016; Johnels, 1957;

Crawford et al., 2020; Standen, Du, and Larsson, 2014).

1.2.3 Model organism for representative environments

1.2.3.1 Generalist snake - Model organism for complex 3-D terrain

Generalist snakes are those snakes that can live in a variety of habitats in the natural

environment. They likely use sensory feedback to control body bending to push against

the terrain in 3-D to generate contact forces along the desired direction (Fu, Astley,
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and Li, 2022). Snakes have cutaneous mechanoreceptors distributed on their body

which likely are used for tactile sensing and have proprioceptors within their muscles

and tendons that provide information about the internal position, movement, and

force sensing (Von During, 1979; Crowe, 1992; Crowe-Riddell et al., 2019; Proske,

1969). Despite having these capabilities, it is still unknown how these sensors are used

by snakes to detect body position or environmental forces to control their locomotion.

This lack of knowledge makes it difficult to study and understand how snakes detect

and use contact forces as feedback to generate propulsion in complex 3-D terrain. We

will develop a snake robot to study the use of tactile sensing in bending the body

vertically in response to terrain contact.

1.2.3.2 Mudskipper - Model organism for appendicular-based locomotion on mud

Mudskipper (Periophthalmus barbarus) (Fig. 1.10A) is an excellent model organism to

study appendicular-based locomotion because its natural environment is the mudflats

which often have mud mixed with some silt and sand with natural variation in the

wetness of the mud. There have been several extensive studies on different species of

mudskipper locomotion on land in terms of kinematics and muscle control (Kawano

and Blob, 2013; Pace and Gibb, 2009; Wang et al., 2013). Mudskipper is also the

Figure 1.10: Model organisms on mud. (A) Mudskipper (Periophthalmus bar-
barus). (B) Ropefish (Erpetoichthys calabaricus). (C) Bichir (Polypterus senegalus).

22



Chapter 1. Introduction

only known fish that uses this strategy. The transitioning between strategies or

modifications to its sustained terrestrial locomotion strategy with variation in mud

strength will help interpret its locomotion, connect to the previous work, and provide

novel insights on its adaptation to mud strength variation.

The crutch walking gait is the mudskipper’s sustained locomotion on land

(Kawano and Blob, 2013; Pace and Gibb, 2009; Wicaksono et al., 2018). When

using this gait, the mudskipper uses its two pectoral fins in phase with each other to

lift the body and crutch forward with minimum to no body bending. The animal’s

sustained locomotion in water is swimming where it laterally bends its body to generate

thrust (De and Nandi, 1984; Jaafar and Murdy, 2017; Pace and Gibb, 2009; Wang

et al., 2013). This likely means that the mudskipper can either start to modify its

appendicular-based locomotion by combining it with lateral body bending or start to

show a new strategy to help it move as it interacts with the substrate.

Earlier studies have observed mudskippers using other types of locomotion in

the natural environment (De and Nandi, 1984; Dijk, 1960; Jaafar and Murdy, 2017;

Stebbins and Kalk, 1961). Mudskippers switch from swimming to burst locomotion

such as skipping on water surfaces where the animal bends its tail to help propel itself

forward (De and Nandi, 1984; Jaafar and Murdy, 2017; Stebbins and Kalk, 1961) or

fast-starts, which is also known as C-starts where the animal forms a C shape with

its body upon seeing a threat or perturbation and swims fast in a different direction

(Jaafar and Murdy, 2017; Swanson and Gibb, 2004).

The animal’s escape response on land upon seeing a threat is jumping, where it

laterally bends its tail to thrust itself off the substrate over several body lengths (Dijk,

1960; Harris, 1960; Stebbins and Kalk, 1961; Swanson and Gibb, 2004). Some studies
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have observed variation in the normal crutch walk mode when gelatin was used as a

substrate (Wang et al., 2013) or when inclination was added to a mud (McInroe et al.,

2016; Naylor and Kawano, 2022) and sand surface (Naylor and Kawano, 2022). In

both cases, the animal bent its tail laterally likely to help generate propulsive forces to

move forward. The use of different locomotion strategies by the mudskipper suggests

that the animal is capable of transitioning to other strategies when the sustained

locomotion fails.

1.2.3.3 Ropefish - Model organism for axial-based locomotion on mud

Studies have extensively investigated ropefish’s (Erpetoichthys calabaricus) (Fig. 1.10B)

terrestrial locomotion to better understand the kinematics and muscle control (Pace

and Gibb, 2011; Ward et al., 2015) during terrestrial locomotion, making it an

excellent model organism for axial-based locomotion. On land, ropefish uses lateral

undulation with minimal dorsoventral bending (Pace and Gibb, 2014), which is less

precise than snake’s lateral undulation, likely due to the differences in musculature

and morphology (Pace and Gibb, 2011). When swimming, the ropefish’s anterior

body has relatively linear forward movement, and its posterior body and tail have a

cyclic lateral movement with paddling of pectoral fins (Pace and Gibb, 2011; Pace

and Gibb, 2014). A study found that as the water depth reduces, the animal starts to

have an increased magnitude of lateral excursions and wave amplitude in the anterior

part of the body (Pace and Gibb, 2011). The animal’s body is capable of modifying

the wave number and amplitude of the lateral bending.

The ropefish’s elongated body likely has the capability of lifting similar to snake’s.

Previous studies on American eels have mentioned the use of a rendition of concertina
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locomotion in addition to lateral undulation on loose wet pebbles (Mehta et al., 2021),

and the use of concertina-like movement of more burst movement on increased inclined

wet sand and pebble substrates (Redmann et al., 2020). A study on snowflake moray

mentioned the use of a rendition of sidewinding, a rendition of concertina locomotion,

and a combination of lateral undulation and concertina locomotion on a wet sand

substrate (Mehta et al., 2021). This suggests that elongated fishes start to use vertical

bending and body lifting when it becomes difficult to locomote on substrates. A

previous study found that snakes lift curved parts of their body to modulate ground

friction (Hu et al., 2009). Ropefish may also have this capability and could likely use

vertical lifting in combination with lateral bending on higher mud strengths when the

mud starts to act more similar to a solid. There has been only one observation of a

small, local tail lifting in mudskippers on inclined sand (Naylor and Kawano, 2022).

Hence, the use of lifting some body sections by ropefish with systematic variation in

mud strength is a novel strategy.

1.2.3.4 Bichir - Model organism for axial-appendicular-based locomotion on mud

Bichir (Polypterus senegalus) (Fig. 1.10C) has been extensively studied in terms of

kinematics and muscle control compared to other fishes that use axial-appendicular-

based locomotion on land in (Foster, Dhuper, and Standen, 2018; Standen, Du, and

Larsson, 2014; Standen et al., 2016; Du and Standen, 2017; Du and Standen, 2020;

Wilhelm et al., 2015; Du, Larsson, and Standen, 2016) and hence an excellent model

organism to study this locomotion strategy. During terrestrial locomotion on land,

the animal uses a combination of traveling and standing waves to generate body

undulation and uses the placement of alternating pectoral fins to lift the body over
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each cycle to propel forward (Pace and Gibb, 2014; Standen et al., 2016). When

swimming, bichirs use pectoral fins to generate thrust with irregular body undulation

that provides minimum thrust (Standen et al., 2016). Bichirs also use axial-based

locomotion similar to snake lateral undulation on pebble surfaces (Standen et al.,

2016). This shows that the animal is likely capable of modifying its body bending

and body-fin coordination with mud strength variation.

1.2.4 Using robophysical models to study animal locomotion

Compared to animals, robots can be used for performing systematic and controlled

experiments and help obtain repeatable results. They have been useful as active

physical models of animals for studying locomotion in different environments, especially

complex environments where it is difficult to create tractable theoretical models

(Aguilar et al., 2016; Ijspeert, 2014; Long, 2012; Gravish and Lauder, 2018).

Snakes likely use tactile sensing to bend their body in 3-D via sensory feedback

when traversing 3-D complex terrains. A sensorized snake robot can be used to study

and understand the principles behind how the body deforms in response to terrain

contact to generate the right forces via sensory feedback and develop better control

strategies to help robots traverse complex 3-D terrains similar to snakes.

Amphibious fishes likely are capable of using vertical bending for propelling in

the sagittal plane and lifting body sections to modulate ground friction on different

mud strengths. A fish robophysical model with vertical lifting and lateral bending

capabilities can be used to help understand how amphibious fishes use vertical bending

to lift their bodies in coordination with lateral bending.
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1.2.5 Measuring forces on the locomotor’s body during interaction with
obstacles/substrates

Contact force measurements have been extensively used in different aspects of robot

locomotion and manipulation tasks and have helped advance their understanding and

performance (Roberts, Zadan, and Majidi, 2021). This includes object identification

(Sundaram et al., 2019), slip detection (Wang et al., 2019), tactile sensing (Yao et al.,

2020; Zhu et al., 2020), exploration and interaction with cluttered environments

(Gruebele et al., 2020), and terrain identification and classification (Shill et al., 2014;

Wu et al., 2019).

Snake robots have been equipped with different types of sensors for the detection

of forces or obstacle contact (Kano and Ishiguro, 2013; Liljebäck et al., 2011; Liljebäck,

Pettersen, and Stavdahl, 2010; Hirose, 1993; Kamegawa et al., 2020; Wu and Ma,

2011; Tadokoro, 2019; Thandiackal et al., 2021; Liljebäck et al., 2012b; Taal, Yamada,

and Hirose, 2009; Gonzalez-gomez et al., 2010). To improve contact, the sensors

distributed along the entire length of the snake robot’s body must be sufficiently

flexible to allow the compliant body segments to conform passively to the 3-D terrain

(Fu and Li, 2020). The sensors must provide sufficient coverage on each robot segment

to accommodate contact variation in complex 3-D terrain.

Sensors such as strain gauges (Thandiackal et al., 2021; Liljebäck et al., 2012b),

optical sensors (Taal, Yamada, and Hirose, 2009), and switches (Hirose, 1993) are quite

rigid and not ideal for contact sensing (Fig. 1.11A). Sensors made of pressure-sensitive

materials are flexible and more suitable for placing on the robot body. Such sensors

that are commercially available (Kano and Ishiguro, 2013; Liljebäck, Pettersen, and

Stavdahl, 2010; Liljebäck et al., 2011; Wu and Ma, 2011) come in specific sizes and
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Figure 1.11: Contact force sensors. (A) Rigid force sensors. (B) Commercially
available flexible piezo-resistive sensors, Force Sensitive Resistor (FSR) sensors. (C-D)
Custom-made, flexible, low-cost, piezo-resistive pressure sensors. Image Courtesy of
(A) ATI Industrial Automation, TE Connectivity, Thermax Power & Energy Supplies
and Equipment Inc., and (B) Sparks Fun. (C-D) reproduced from (Sundaram et al.,
2019; Kalantari et al., 2011).

shapes which makes them less suitable for high coverage (Fig. 1.11B). Despite providing

high coverage, custom-made sensors with pressure-sensitive materials (Kamegawa

et al., 2020; Tadokoro, 2019; Gonzalez-gomez et al., 2010) require substantial effort and

special equipment for manufacturing. Recent studies have developed low-cost, piezo-

resistive pressure sensor design (Sundaram et al., 2019; Kalantari et al., 2011) that

can be custom-made to any shape for maximal coverage and is easy to manufacture

(Fig. 1.11C-D). This sensor design will meet the requirements for a sensorized snake

robot.

Piezo-resistive sensors, including the commercially available ones, under a con-

stant load, exhibit creep behavior in the sensor response that occurs before settling to a

constant value due to the viscoelastic nature of the piezo-resistive material (Kalantari
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et al., 2011; Brinson and Brinson, 2015). This takes longer than the typical periods

(10−1 − 101 s) of most robot locomotion, although soft robots in particular can be as

slow as the creep behavior (Rus and Tolley, 2015). Because of this, creep behavior

was not considered in most previous mobile robot studies that use piezo-resistive force

sensors (Liljebäck, Pettersen, and Stavdahl, 2010; Shill et al., 2014; Wu et al., 2019;

Kamegawa et al., 2020; Li et al., 2021). The characteristic time of this creep behavior

is large and can be comparable to the timescale of robot locomotion, especially when

the robot can become stuck in a complex 3-D terrain which results in sustained contact.

This can be challenging for dynamic force measurement. Hence it is necessary to use

a sensor model that considers sensor creep behavior for estimating dynamic forces

accurately.

No fundamental theories exist to estimate the drag and lift forces for understand-

ing the locomotor-substrate interaction mechanics on flowable substrates. Resistive

force theory can be useful in finding force laws empirically analogous to theoretical

force laws (the Navier-Stokes Equation) in fluids and aerodynamics. Previous studies

have used resistive force theory to understand how the animals and robots interact

with substrates by estimating drag and lift forces on the locomotor’s body for dry

(Astley et al., 2020; Ding et al., 2012; Ding, Li, and Goldman, 2013; Goldman, 2014; Li,

Zhang, and Goldman, 2012; Li, Hsieh, and Goldman, 2012; Li, Zhang, and Goldman,

2013; Maladen et al., 2009; Maladen et al., 2011; Mazouchova et al., 2010; Mazouchova,

Umbanhowar, and Goldman, 2013; McInroe et al., 2016; Zhang and Goldman, 2014)

and wet (Sharpe, Kuckuk, and Goldman, 2015; Winter, Deits, and Hosoi, 2012) sand.

Recent animal studies have also been able to apply resistive force theory in estimating

thrust and drag forces on the animal’s appendages during interaction with substrates
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(Chong et al., 2021; Chong et al., 2023). Such force laws have not yet been developed

for mud due to the difficulty in preparing and maintaining mud at a desired mud

strength. Through resistive force theory, we can better understand the locomotor-mud

interaction mechanics with variations in mud strength.

1.3 Research objectives and questions

Figure 1.12: Research objective and approach for this dissertation. Image Courtesy
of vivid reptiles.

The overall objective of this dissertation is to study non-legged locomotion on

complex 3-D terrain and wet flowable substrates (Fig. 1.12). We will integrate biology,

robotics, and physics to help achieve the research objective and answer questions in this

dissertation. We have divided the objective into two parts based on the environment

(complex 3-D terrain and mud) and chose model organisms that move well in each
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environment to study (Fig. 1.12): (1) development of a robot to study the use of

tactile sensing by snakes for 3-D body bending as sensory feedback in complex 3-D

terrain and (2) understanding amphibious fishes moving on mud with variation in mud

strength. The following shows how we will achieve the specific goals and questions

over each chapter:

1. Chapter 2 details the robotic and force measurement studies to understand snake

locomotion on complex 3-D terrain.

2. Chapter 3 details the tools and methods developed and the force measurement

experiments to control and maintain mud strength.

3. Chapter 4 details the biological study to understand mudskipper locomotion

with variation in mud strength.

4. Chapter 5 details the biological, robotic, and force measurement studies to

understand ropefish locomotion with variation in mud strength.

5. Appendices 7.1 details the preliminary biological study to understand bichir

locomotion with variation in mud strength.

Chapter 2: Sensorized robot to directly measure contact forces for 3-D
body bending

To establish a robotic platform to study how to use contact sensing to modulate 3-D

body bending to propel against 3-D terrain for locomotion similar to snakes, we first

developed a sensorized robophysical model that can sense direct terrain contact forces.

Through robot experiments, we showed that the robot can measure contact forces

with high repeatability which will be helpful for systematic studies to understand the

physics principles behind snake locomotion. We performed experiments to calibrate
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the sensors on the robot to improve the accuracy of estimated force and inform the

future design of terrain testbeds for studying complex 3-D terrain traversal. We also

showed that we can obtain dynamic force measurements using a sensor model that

takes into account the creep behavior that can be comparable to the timescale of robot

locomotion.

Chapter 3: Tools and techniques to prepare and maintain mud strength

As a first step towards understanding the locomotor-mud interaction mechanics, we

showed how we can prepare large quantities of mud systematically for different mud

strengths. We also showed how well we can maintain the mud strength from our mud

characterization methods and tools developed which the previous studies were unable

to do. We then showed that we can perform systematic and controlled experiments

through mud characterization.

Chapters 4: Mudskipper adapting to different mud strengths by modifying
its sustained strategy or transitions to other strategies

We performed a systematic study of the mudskipper moving on different mud strengths

which has not been performed until now. We used high-speed camera videos to

measure and quantify the animal’s performance during the crutch walking mode. We

investigated the variation in the crutch walking gait through kinematics from 3-D

tracking as the mud strength varied. We also performed statistical and 2-D kinematic

analyses for the different strategies that emerged with mud strength variation.
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Chapter 5: Ropefish adapting to different mud strengths

We performed a systematic study of the ropefish moving on different mud strengths

using the same experiment protocol as the mudskipper study. We used high-speed

camera videos to measure and quantify the animal’s performance on different mud

strengths. We investigated the coordination of novel body lifting and lateral bending in

ropefishes through kinematics from 3-D tracking. We performed horizontal drag force

measurements for resistive force theory on mud which will help calculate the modulation

of lift and drag forces by body lifting. We have developed a fish robophysical model

that will be used in studying body lifting and lateral bending coordination.

Appendices 7.1: Bichir adapting to different mud strengths

We performed a preliminary study of the bichir moving on mud with different mud

strengths using the same experiment protocol as the mudskipper and ropefish studies.

We used high-speed camera videos to measure and quantify the animal’s performance

during its terrestrial locomotion on different mud strengths. We used 2-D kinematics

to compare the performance across different mud strengths.
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SenSnake: A snake robot with contact force sensing
for studying locomotion in complex 3-D terrain

This chapter was previously published as an article entitled SenSnake: A snake robot

with contact force sensing for studying locomotion in complex 3-D terrain, authored

by Divya Ramesh, Qiyuan Fu, and Chen Li, in IEEE International Conference on

Robotics and Automation (Ramesh, Fu, and Li, 2022). We re-used the article in this

chapter with slight changes of the format under CC BY 4.0 and with permissions from

all authors.

2.1 Author Contributions

Divya Ramesh developed robot, conducted experiments, analyzed data, and developed

model; Qiyuan Fu developed robot control and assisted robot design and experimental

setup; Divya Ramesh and Chen Li wrote the paper.

2.2 Acknowledgment

We thank Xiangyu Peng, Nikhil Murty and Kaiwen Wang for early sensor and robot

prototyping; Yaqing Wang for calibration setup development; and Yaqing Wang,

Ratan Othayoth, and Henry Astley for discussion.

This work was supported by an Arnold and Mabel Beckman Foundation Beckman

Yong Investigators Award, a Burroughs Wellcome Fund Career Award at the Scientific

Interface, a Johns Hopkins University Catalyst Award, and the JHU Whiting School

34



Chapter 2. SenSnake: A snake robot with contact force sensing for studying
locomotion in complex 3-D terrain

of Engineering start-up funds.

2.3 Summary

Despite advances in a diversity of environments, snake robots are still far behind

snakes in traversing complex 3-D terrain with large obstacles. This is due to a lack of

understanding of how to control 3-D body bending to push against terrain features to

generate and control propulsion. Biological studies suggested that generalist snakes

use contact force sensing to adjust body bending in real time to do so. However,

studying this sensory-modulated force control in snakes is challenging, due to a lack of

basic knowledge of how their force sensing organs work. Here, we take a robophysics

approach to make progress, starting by developing a snake robot capable of 3-D body

bending with contact force sensing to enable systematic locomotion experiments and

force measurements. Through two development and testing iterations, we created

a 12-segment robot with 36 piezo-resistive sheet sensors distributed on all segments

with compliant shells with a sampling frequency of 30 Hz. The robot measured

contact forces while traversing a large obstacle using vertical bending with high

repeatability, achieving the goal of providing a platform for systematic experiments.

Finally, we explored model-based calibration considering the viscoelastic behavior of

the piezoresistive sensor, which will for useful for future studies.

2.4 Introduction

Snake robots hold the promise as a versatile platform for traversing in a variety of

environments for critical applications (Walker, Choset, and Chirikjian, 2016; Liljebäck
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et al., 2012a). However, despite snakes’ remarkable locomotor capacities in 3-D terrain

with large obstacles (Gart, Mitchel, and Li, 2019; Schiebel, Hubbard, and Goldman,

2020; Fu et al., 2020), snake robots still suffer slower speeds and larger slip (Wang

et al., 2020; Tanaka and Tanaka, 2013) in similar terrain. Some snake robots use vision

to scan the terrain and plan motions to adapt to its geometry (Tanaka and Tanaka,

2013; Pfotzer et al., 2015; Takemori, Tanaka, and Matsuno, 2018a; Fu and Li, 2020;

Takemori, Tanaka, and Matsuno, 2021; Nakajima et al., 2018). Others use mechanical

(Takemori, Tanaka, and Matsuno, 2018a; Fu and Li, 2020; Kimura and Hirose, 2002)

or controlled (Wang et al., 2020; Takemori, Tanaka, and Matsuno, 2018a; Travers,

Whitman, and Choset, 2018) compliance to maintain terrain contact. However, despite

progress on using 2-D lateral bending to push against vertical asperities on flat surfaces

to generate propulsion (Kano and Ishiguro, 2013; Liljebäck et al., 2011; Liljebäck,

Pettersen, and Stavdahl, 2010; Hirose, 1993), we know little about how to use 3-D

body bending to push against complex 3-D terrain to generate propulsion.

An ability to sense and adjust contact forces against the terrain likely contributes

to generalist snakes’ superior performance. When using 2-D lateral bending to push

against vertical structures, generalist snakes can adjust their body bending in real

time to maintain contact and control the direction of propulsion (Schiebel, Hubbard,

and Goldman, 2020; Kano et al., 2012), suggesting that this is a sensory-modulated

process. Snakes possess both cutaneous mechanoreceptors (i.e., skin tactile sensing)

and proprioceptors within the muscles and tendons (i.e., internal position, movement,

and force sensing) (Von During, 1979; Crowe, 1992; Crowe-Riddell et al., 2019; Proske,

1969; Schaeffer and Waters, 1996), yet it remains unknown how these sensors are used

to detect body position or environmental forces to control locomotion. Such a lack of
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basic knowledge makes it difficult to study snakes to understand how to sense and

control contact forces to generate propulsion in complex 3-D terrain.

Robots have proven very useful as physical models of animals for studying

locomotion, especially in complex environments, where it is difficult or impossible to

create tractable theoretical models (Aguilar et al., 2016; Ijspeert, 2014; Long, 2012;

Gravish and Lauder, 2018). In addition, contact force measurements (Roberts, Zadan,

and Majidi, 2021) have advanced understanding and performance of many aspects of

locomotion and manipulation tasks, including object identification (Sundaram et al.,

2019), slip detection (Wang et al., 2019), tactile sensing (Yao et al., 2020; Zhu et al.,

2020), exploring and interacting with cluttered environments (Gruebele et al., 2020),

and terrain identification and classification (Shill et al., 2014; Wu et al., 2019). Here,

to establish a robotic platform for studying the physical principles of sensing and

controlling contact forces to generate propulsion in complex 3-D terrain and ultimately

improve snake robot performance, we developed a snake robot, SenSnake, capable of

3-D body bending with contact force sensing along its body.

Our sensors have two design requirements. First, they must be sufficiently

flexible to allow compliant body segments to passively conform to 3-D terrain to

improve contact (Fu and Li, 2020). Second, they must provide sufficient coverage of

each segment to accommodate variable contact in complex 3-D terrain. A variety

of sensors have been used to detect forces or contact for snake robots (Kano and

Ishiguro, 2013; Liljebäck et al., 2011; Liljebäck, Pettersen, and Stavdahl, 2010; Hirose,

1993; Kamegawa et al., 2020; Wu and Ma, 2011; Tadokoro, 2019; Thandiackal et al.,

2021; Liljebäck et al., 2012b; Taal, Yamada, and Hirose, 2009; Gonzalez-gomez et al.,

2010). Sensors based on strain gauges (Thandiackal et al., 2021; Liljebäck et al.,
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2012b), optics (Taal, Yamada, and Hirose, 2009), and switches (Hirose, 1993) are

rigid. Sensors based on pressure sensitive materials are flexible and more suitable for

our needs. Among these, off-the-shelf ones (Kano and Ishiguro, 2013; Liljebäck et al.,

2011; Liljebäck, Pettersen, and Stavdahl, 2010; Wu and Ma, 2011) come in specific

sizes and shapes and are less suitable for high coverage; custom ones (Kamegawa

et al., 2020; Tadokoro, 2019; Gonzalez-gomez et al., 2010) provide high coverage but

require substantial effort and special equipment to manufacture. Here, we chose a

low-cost piezo-resistive pressure sensor design that can be custom made to any shape

for maximal coverage and is easy to manufacture, following recent work (Sundaram

et al., 2019; Kalantari et al., 2011).

We first developed and tested an initial robot prototype (Sec. 2.5). Based on

limitations revealed from the testing, we refined the robot and sensor design (Sec.

2.6). This enabled the robot to move over a large obstacle and measure contact forces

with high repeatability (Sec. 2.6), achieving our major goal of providing a robotic

platform for systematic experiments (rather than optimizing robot performance as

in many robotics studies). In addition, we performed experiments to calibrate the

sensors on the refined robot, which can improve force estimate accuracy and inform

future design of terrain testbeds for studying complex 3-D terrain traversal (Sec. 2.7).

Finally, we summarize contributions and discuss future work (Sec. 2.8).
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2.5 Initial sensor & robot development

2.5.1 Initial robot prototype

The initial robot prototype, SenSnake v1 (0.9 m long, 0.044 m cross-sectional radius,

4.6 kg), had 12 alternating pitch and yaw segments to bend in 3-D (Fig. 2.1A). Each

segment had a servo motor (Dynamixel XM430-W350-R) fully enclosed in a soft shell

casted from silicone (Ecoflex 00-30, Smooth-On Inc.) (Fig. 2.1C, black) attached

Figure 2.1: SenSnake v1. (A) CAD showing 3-D bending with pitch and yaw
degrees of freedom. (B) Photo of robot without sleeve. (C) Exploded view of a
segment. (D) Side view CAD of three segments with sensors on the side of yaw and
bottom of pitch segments.
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via 3-D printed shell holders (Fig. 2.1C). On the outside of the soft shell, each pitch

segment had an array of four sensors (in a 2 × 2 arrangement) on its bottom, whereas

each yaw segment had two such arrays on both sides (Fig. 2.1D). This resulted in a

total of 72 sensors, which could be recorded at a sampling frequency of 17 Hz (see Sec.

2.5, C). The soft shell was intended to deform passively during terrain interaction to

improve terrain sensor contact.

The robot was powered by a 12 V DC power supply. The motors were daisy-

chained and controlled via a USB communication convertor (U2D2, Dynamixel). A

rubber layer covered each sensor to prevent sensor wear and tear (Fig. 2.1B). A

PolyEthylene Terepthalate braided sleeve (Flexo Pet, Techflex) covered the robot to

reduce friction. Eighteen 8-pin FFC cable adapter to 8-DIP adapter PCB boards

(green in Fig. 2.1A, C) were attached to the top part of the shell holder to connect

sensors to a Data Acquisition board (DAQ).

2.5.2 Sensor fabrication

The sensor array consisted of seven layers (Fig. 2.2A). A piezo-resistive film (3M

Velostat, 0.1 mm thickness, Adafruit Industries) was sandwiched between parallel

stainless steel conductive threads (3 ply, 0.25 mm thickness, Adafruit Industries) above

and below, placed perpendicular to each other (Fig. 2A). A crossing of thread above

and below forms a single sensor. An adhesive sheet (Gizmo Dorks 468MP, 2.54 mm

thickness, 3M) was placed over the conductive threads (Fig. 2.2A) and adhered to the

piezo-resistive film, followed by a sheet of plastic wrap.

Each sensor experiences a reduction in resistance Rs on application of normal

force. The sensor conductance, Cs = 1/Rs, increases linearly with the force applied
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Figure 2.2: Sensor fabrication, calibration, and data acquisition. (A) Piezo-
resistive sensor design. (B) Average conductance between 225 s and 300 s as a function
of force applied (3 trials each) from calibration experiments in Sec. 2.7. Dashed line is
best linear fit. (C) Signal isolation circuit to collect the sensor readings. Blue squares
are piezo-resistive sheets. Vref = 2.5 V, Rg = 1000 Ω, RC = 900 Ω.

(Fig. 2.2B):

Cs = mF + d (2.1)

where m and d are constants (multimedia material, video 1).

2.5.3 Sensor data acquisition

To obtain sensor resistance Rs, we replicated the DAQ designed in (Sundaram et al.,

2019), which uses a signal isolation circuit to scan through sensors one at a time

using a multiplexer and a demultiplexer (Fig. 2.2C) and minimize sensor crosstalk,
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Figure 2.3: Sampling frequency of sensor data acquisition. (A) Sampling
frequency as a function of the number of sensors (mean ± s.d. over 100 sampling
cycles). (B) Comparison of sampling frequency between one and two DAQ used. 1024
sensors were scanned for each case.

an undesirable effect that sensors close to each other affect each other’s resistance

(D’Alessio, 1999). We characterized the sampling frequency of the DAQ, defined as the

frequency at which data from all sensors being tested can be received. As expected,

sampling frequency decreased monotonically with the number of sensors (Fig. 2.3A),

starting at about 20 Hz for one sensor, decreasing to 10 Hz for 300 sensors, and

approaching only a few Hz for 1000 sensors. When two DAQ were used, sampling

frequency decreased but only slightly (Fig. 2.3B).

2.5.4 Experiments and issues revealed

We tested SenSnake v1 on flat rigid ground and a pile of small wooden blocks using

lateral undulation (15.24 cm long, 5.08 cm wide, 3.38 cm tall: Fig. 2.4A-B). In both

cases, the robot did not progress forward due to a lack of anisotropic friction necessary

for undulating on smooth flat surfaces (Hu et al., 2009). We observed constant forces
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when the robot remained stationary for the first 10 s (Fig. 2.4C-D). During lateral

undulation, forces oscillated periodically on flat ground (Fig. 4C) and not so regularly

Figure 2.4: Initial robot prototype experiment. (A) Lateral undulation on
flat ground. (B) Lateral undulation on rubble of wooden blocks. (C) Force readings
varying with time on flat ground. (D) Force readings varying with time on rubble
of wooden blocks. 1L and 1R indicate 1st segment left and right, 2B indicates 2nd

segment bottom.
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on blocks (Fig. 2.4D). These results showed that the sensors can detect the expected

forces during locomotion (multimedia material, video 2).

However, these tests also revealed several issues. First, we observed small signals

on a large portion of force sensors on the body segments in contact with the block

pile. This suggested that the silicone shell did not deform sufficiently to distribute

highly localized stresses at terrain contact points widely to reach the exact locations

of the sensors. Because each sensor covered only a small area at the crossing of the

perpendicular conductive threads, it could not detect a large force signal. Contrary to

expectation, the differences between the four sensors within each 2 × 2 sensor array on

the block pile were similar to those on flat ground (Fig. 2.4C-D) likely a result of the

lack of direct contact at the sensor point. This further showed that the intended high

sensor spatial resolution did not outweigh the small sensor area limitation. Moreover,

some of the sensors developed substantially noisy reading during experiments (Sensors

3R, 4B, 11L in Fig. 2.4C-D) because the sensor-chipboard connection wires became

loose.

We also tested the robot traversing a single large obstacle as high as 0.28× robot

length by propagating a vertical bending shape that conforms to the obstacle down

its body, a strategy inspired by recent animal observations (Jurestovsky, Usher, and

Astley, 2021). Although the robot was able to generate the desired shape evolution on

its own, it failed to use it against the large obstacle to propel forward. Examination

of motor angle data revealed that the motors could not reach the desired positions

during obstacle interaction. This was likely because pushing against the large obstacle

resulted in high contact forces concentrated on segments contacting the forward half

of the obstacle. To propel the entire robot forward, these segments must sustain these
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large contact forces to overcome the large frictional drag from the substantial robot

weight from the silicone layers. This large force requirement, together with restrictions

from the sleeves, probably resulted in motor overload and trigged motor to give to

prevent damage.

2.6 Refined sensor & robot development

We made several design and fabrication improvements to address these issues in

a refined robot. These include: (1) replacing the solid silicone shell with a more

compliant, hollow shell to reduce robot weight and sleeve restriction and improve

body/sensor-terrain conformation; (2) replacing each 2 × 2 sensor array with a single

sheet sensor (Kalantari et al., 2011) for more reliable force detection, further increasing

sampling frequency; (3) adding a sensor to the left, right, and bottom sides of each

segment to improve overall body sensor coverage; and (4) embedding wiring inside

the robot to minimize disturbance during locomotion.

2.6.1 Refined sensors

We switched to a piezo-resistive sheet sensor to reduce the number of sensors, improve

wire packaging, and increase sensor area. The sheet sensor is similar to the sensor

array in design and working principle, except that the conductive threads (Fig. 2.2A)

were replaced with a copper conductive sheet (Copper foil sheet with conductive

adhesive, 0.07 mm thickness, Adafruit Industries) on either side (Fig. 2.5A).
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2.6.2 Refined robot

The refined robot, SenSnake v2 (0.96 m long, 0.036 m segment radius, 2.4 kg), has 12

segments (Fig. 2.5B) with same joint structures as the initial robot (Fig. 2.5A). To

make the robot lighter, the silicone shell was replaced with a compliant, hollow shell

Figure 2.5: SenSnake v2 design. (A) CAD showing 3-D bending of robot. (B)
Robot photo. Top, side, and front view CAD (C-E) and photos (F-H) of a segment.
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to evenly distribute the force on the sensor (Fig. 2.5E). Because only the sides and

bottom of the robot came in contact with the terrain obstacles during traversal, the

rigid upper part of the shell was 3-D printed using PLA (Fig. 2.5C, blue), whereas

the rest of the shell was 3-D printed soft using TPU (Fig. 2.5D, yellow).

Three sheet sensors (4 cm long, 3.5 cm wide) were distributed over majority

of the soft shell (Fig. 2.5E) to detect forces on the left, right and bottom sides of

each segment, totaling 36 sensors with a sampling frequency of 30 Hz. A rubber layer

covered each sensor to prevent sensor wear and tear (Fig. 2.5G). We improved wiring

to be enclosed inside the shell for better protection (Fig. 2.5F, H). We installed 3-D

printed holders to mount LED motion capture markers to track each segment.

2.6.3 Experiments

To test how well our sensor and robot improvements solved the problems in the initial

prototype and demonstrate its usefulness for understanding locomotion in complex

terrain, we tested the refined robot on wooden half-cylindrical obstacle constructed

from assembling laser cut boards (Fig. 2.6A-B). To reduce friction, we covered the

entire surface with plastic sheet (0.254 mm polytetrafluroethylene sheet, McMaster,

USA). Eight motion capture cameras (PhaseSpace IMPULSE X2) tracked 4 unique

LED markers on each segment to obtain 3-D kinematics at 960 Hz (Fig. 2.5C).

We used feedforward control using Robot Operating System at a frequency of 50

Hz to propagate a pre-defined vertical bending shape down the body at 0.034 rad/s

in a follow-the-leader manner. This pre-defined shape was generated by manually

pushing the robot down to conform to the obstacle and recording the motor angles.

The controller used linear interpolation of motor angles over time to propagate the
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Figure 2.6: Force response generation during robot vertical bending. (A,
B) Experimental setup. (C) Side view snapshots of robot traversing a large half-
cylindrical obstacle. (D) Side view reconstruction of segment positions from motion
capture data. (E) Measured force as a function of time for all sensors on bottom of
the robot. White lines in B correspond to snapshot times in A. We note that sensor
10 does not give reliable force measurement due to loose sensor connection. Each
sensor is individually calibrated (Eqn. 2.1). Each sensor’s force data were offset by
the absolute value of minimal negative value to remove artifacts of “negative pressure”
from small sensor drift due to disturbance from the robot’s self-deformation.
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shape down the body. The robot started with the 6th segment on top of middle of

the obstacle, because on a flat ground a vertical bending could not generate sufficient

propulsion to move it forward.

Overall, the robot conformed well to the obstacle and generated sufficient

propulsion to propel itself forward to traverse the large obstacle. As the robot moved

forward, all the contact forces patterns propagated backward relative to the robot

(Fig. 2.6E). For the first 10 seconds after the robot started moving, forward motion

was smooth (Fig. 2.6Ci), with substantial normal forces ( 5 N, 22% robot weight)

on the segments contacting the front of the obstacle and the horizontal surface (Fig.

2.6Di). Besides supporting part of the robot weight, the normal force against the front

side of the obstacle also resulted in forward propulsion.

Until the middle of the robot passed over the middle of the obstacle (Fig.

2.6Ci), the robot slowed down momentarily on the obstacle, presumably due to a

relative contact. As the robot continued to propagate bending backward, the segment

contacting the front side of the obstacle pushed harder and generated a very large force

(23 N, 98% robot weight) (Fig. 2.6ii). This buildup of forward propulsion eventually

helped the robot overcome frictional drag and slip forward rapidly, after which it

resumed steady motion (Fig. 2.6C-Eiii). See multimedia material, video 3 for an

example video.

We performed three trials and found excellent repeatability in the robot’s motion

and sensor data (Fig. 2.7A-B), achieving our main goal of providing a robotic platform

for systematic experiments to understand principles (Aguilar et al., 2016; Ijspeert,

2014; Long, 2012; Gravish and Lauder, 2018).
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Figure 2.7: High system repeatability for robophysics studies. (A) Segment
forward position as a function of time. (B) Force as a function of time for all bottom
sensors. Sensor 10 does not give reliable force measurement due to loose connection.

2.7 Model-based sensor calibration

With proper design and fabrication, piezo-resistive force sensors enabled our snake

robot to detect contact forces when traversing large obstacles. This is consistent with

previous success in snake robots doing so against large vertical structures on horizontal

surfaces (Kano and Ishiguro, 2013; Liljebäck et al., 2011; Liljebäck, Pettersen, and

Stavdahl, 2010; Hirose, 1993). One distinction is that these previous studies focused

mainly on using sensor data to generate locomotion in a robot. Our robot sensor

development is not only to help generate locomotion, but also to provide quantitatively

accurate measurements necessary for understanding the physical principles of snake

propulsion generation using 3-D body bending.
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For our goal, it is useful to consider the viscoelastic nature of piezo-resistive

material, which causes a creep behavior of the sensor reading after force application

(Brinson and Brinson, 2015). We carried out sensor modeling and calibration experi-

ments to obtain high-fidelity force information from sensing reading, following recent

work in developing a physics-based sensor model (Kalantari et al., 2011)).

2.7.1 Sensor model

Various models have been developed to model creep behaviors in viscoelastic materials

under a constant stress (Brinson and Brinson, 2015). Simpler 2-parameter solid models

Figure 2.8: Calibration setup. (A) Sensor model. (B) Sensor conductance vs.
time (black) and exponential fit (red) using Eqn. 9. (C, D) Front and side view
schematics of calibration setup. (E) Front view photo of calibration setup.
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such as Maxwell or Kelvin-Voigt models do not accurately describe creep or relaxation,

respectively (Brinson and Brinson, 2015). Here, we used the 3-parameter Kelvin-Voigt

representation of standard linear solid model (Fig. 2.8A) (Kalantari et al., 2011;

Brinson and Brinson, 2015), which was demonstrated to accurately describe creep

and relaxation in piezo-resistive material (Kalantari et al., 2011). The stress-strain

dynamics from this model is:

σ + µ1

E0 + E1
σ̇ = E0E1

E0 + E1
ε + µ1E0

E0 + E1
ε̇ (2.2)

where σ = F/A is the stress applied, ε is the induced strain, E0 and E1 are elastic

coefficients and µ1 is viscous coefficient of the piezo-resistive material, F is the force

applied, and A is the sensor’s active area that is being deformed. Note that E0, E1,

and µ1 are model fitting parameters that linearly increase with the force applied

(Kalantari et al., 2011), not constant material properties.

In addition, a previously developed physics model well describes the physical

mechanism of how sensor deformation leads to resistance change (Kalantari et al.,

2011). The resistance-strain relationship from this model is:

Rs = ρ1 + ρ2

2

√︄
πH

F
+ R0(1 − ε)e−γDε[ π

6ϕ

1
3 −1] (2.3)

where Rs is the total resistance measured, ρ1 and ρ2 are the resistivities of the piezo-

resistive and conductive materials, respectively, H is the hardness of the material that

measures the material’s resistance to localized plastic deformation, R0 is the initial

resistance of the piezo-resistive material (2.58 kΩ), D is the filler particle diameter
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(500 nm), and ϕ is the volume fraction of filler particles (0.2873). γ is defined by:

γ = 4π

h

√
2meφ (2.4)

where h is the Plank’s constant, me is the mass of an electron, and φ is the potential

barrier height between two adjacent filler particles (0.05 eV). Parameter values are

from (Kalantari et al., 2011).

2.7.2 Model parameter estimation

The sensor model parameters E0, E1, and µ1 are estimated using the least squares

parameter estimation method (Soderstrom and Stoica, 1989). The strain ε is estimated

using the Eqn. 2.3 for a given constant force and the measured Rs. The stress-strain

dynamics in Eqn. 2.2 can be rewritten as:

σ + aσ̇ = bε + cε̇ (2.5)

where:

a = µ1

E0 + E1
, b = E0E1

E0 + E1
, a = µ1E0

E0 + E1
(2.6)

The stress-strain system can be further rearranged:

σ = ϕθ, ϕ =
⎡⎣
ε ε̇ −σ̇

⎤⎦ (2.7)

53



Chapter 2. SenSnake: A snake robot with contact force sensing for studying
locomotion in complex 3-D terrain

If ϕ is a non-singular matrix, then the following equation can be used to estimate θ

and the model fitting parameters:

θ̂ = (ϕT ϕ)−1ϕT σ =
⎡⎣
b̂ ĉ â

⎤⎦T

(2.8)

An exponential fit of the sensor conductance Cfit was used to estimate the sensor

model parameters:

Cfit = c1 + c2e
−c3t (2.9)

We estimated c1, c2 and c3 for each trial by finding the least root mean square error fit

while constraining their ranges so that the fit visually matched maximal and minimal

conductance values.

2.7.3 Calibration setup

We developed a calibration system to calibrate the sensors systematically and repeat-

edly. A servo motor rotates a 3-D printed wheel (Fig. 2.8D, orange), which tries to

rotate another wheel through a cable with a spring (stiffness = 246 N/m) to push a

probe against the sensor. The spring allows the pushing wheel (Fig. 2.8D, red) to

stop rotating while generating a controlled force that can be measured by measuring

spring deformation. During calibration, we attached a fully assembled segment onto

an aluminum beam and actuated the motor to apply a constant force for 370 s at a

sampling frequency of 6 Hz. We tested four different constant forces, 1.75, 3, 4 and

5.25 N, and collected 3 trials each (multimedia material, video 4).
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Figure 2.9: Model-based sensor calibration results. (A) Large flat probe.
(B) Small flat probe. (C) Sharp edge probe. (D) Multi-point probe. (i) Measured
sensor conductance as a function of time for four different constant forces. (ii) Average
conductance after 300 s using data in (i) as a function of applied force. (iii) Model
fitted sensor parameters (Eqn. 2.6) as a function of applied force using large flat probe.
(E) Damaged sensor from multiple trials using probes in B-D. The dashed lines in (ii)
and (iii) indicate linear fit lines. Black, blue, green, and red are for applied forces of
1.75, 3, 4, and 5.25 N.
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2.7.4 Choice of calibration probe

In complex 3-D terrain, the robot may push against various objects, resulting in flat

surface (Fig. 2.9A-B), edge (e.g., Fig. 2.9C), corner, or point (Fig. 2.9D) contact.

These diverse contact conditions may affect the repeatability of the sensors and fidelity

of sensor model, but few studies considered their effects (Kalantari et al., 2011; Cholleti

et al., 2021). To test how robust our sensors and model-based calibration is, we tested

four probes simulating different types of contact: a large flat probe covering the entire

sensor (Fig. 2.9A), a small flat probe (Fig. 2.9B), a sharp edge probe (Fig. 2.9C),

and a multi-point probe (Fig. 2.9D).

For the large and small flat probes, all three estimated parameters increased

linearly with force (Fig. 2.9A, B, iii), consistent with previous observations (Kalantari

et al., 2011). However, for the sharp edge and multi-point probes, the estimated

parameters increased less linearly as force increased (Fig. 2.9C, D, ii). In addition,

the piezo-resistive sensor layer creased substantially after repeated calibration tests

with the small flat, sharp edge, and multi-point probes (Fig. 2.9E). Close observations

of probe-sensor interaction during calibration showed that the local shape of the

compliant shell changed significantly with forces concentrated on small contact areas,

likely contributing to sensor creases (multimedia material, video 5).

These observations are informative for our future systematic robophysics ex-

periments. To ensure high-fidelity force data to gain principled understanding of

locomotion in complex 3-D terrain, it is more practical to design terrain testbeds with

large obstacles that are sufficiently smooth to minimize edge or corner contact so that

the resulting forces can be well described by the sensor model. Certainly, sensors

more robust to such contacts inevitable in the real world still need to be developed
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for robotic applications.

Figure 2.10: Proof of concept of model-based dynamic force estimation.
(A) Idea of dynamic force decomposition using Boltzmann superposition principle.
(B, C) Proof of concept using 2-step force input. (B) 2-step force measured using
calibration setup (black) vs. estimated from model (red). (C) Sensor conductance
measured (black) vs. estimated (red) using 2-step force. (D, E) Proof of concept
using sinusoidal force. (D) Sinusoidal force input generated mathematically (black)
vs. estimated from model (red). (E) Sensor conductance estimated using sinusoidal
force (red), with Gaussian noise added (E, black) to simulate real data.
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2.7.5 Dynamic force measurement using the sensor model

The piezo-resistive sensor’s creep occurs with a characteristic time of 102 s (Fig. 2.8B),

longer than typical periods (10−1–101 s) of most robot locomotion (although soft

robots can be as slow as this creep behavior (Rus and Tolley, 2015)). Because of

this, creep behavior was not considered in most previous mobile robot studies with

piezo-resistive force sensors (Liljebäck, Pettersen, and Stavdahl, 2010; Shill et al., 2014;

Wu et al., 2019; Kamegawa et al., 2020; Li et al., 2021). In preliminary experiments,

we found that the snake robot can easily become stuck when attempting to move in

complex 3-D terrain resulting in sustained contact. In this case, considering sensor

creep behavior is necessary for estimating dynamic forces accurately.

To do so, we can decompose dynamic forces into multiple infinitesimal phases and

fitting the sensor model to each phase, using the Boltzmann superposition principle

(Brinson and Brinson, 2015; Huseby and Matsuoka, 1967) (Fig. 2.10A):

ε(t) = σ0J(t) +
∫︂ t

0+
J(t − τ)dσ(τ)

dτ
dτ (2.10)

where σ0 is the initial stress applied at t = 0, τ is the time that measures dynamic

changes in stress σ(t) (which does not exist for a constant force), 0+ denotes the time

after the initial stress is applied, and J(t) is defined as:

J(t) = ε(t)
σ(t) = 1

E0
+ 1

E1
(1 − e

− E1
µ1

t) (2.11)

For example, the resulting strain for the force in Fig. 2.10A is (where A is sensor
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active area):

ε(t) = F0

A
J(t) + F1 − F0

A
J(t − t1) + F2 − F1

A
J(t − t2) + . . . (2.12)

We first tested how well this works for a simple 2-step force input (Fig. 2.10B, black)

measured from the calibration setup. We applied the model (Eqns. 2.2 and 2.3) using

the superposition principle (Eqn. 2.10) to estimate the resulting sensor conductance

(Fig. 2.10C, red), which well matched the measured conductance (Fig. 2.10C, black).

We then applied the model using the superposition principle in the reverse direction,

using the measured sensor conductance (Fig. 2.10C, black) as input to estimate the

force applied (Fig. 2.10B, red), which well matched the measured force (Fig. 2.10B,

black).

Next, we tested how well this works for a dynamic, sinusoidal force input (Fig.

2.10D, black), which is generated mathematically and free of noise. We applied the

model using the superposition principle to estimate the resulting conductance (Fig.

2.10E, red), which is also noise-free. Next, we added Gaussian noise to the resulting

conductance (Fig. 2.10E, black) to simulate real measured conductance data. Then

we applied the model using the superposition principle in the reverse direction, using

the simulated sensor conductance (Fig. 2.10C, black) as input to estimate the force

applied (Fig. 2.10D, red). Despite the noise, it well matched the sinusoidal force input

(Fig. 2.10D, black).
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2.8 Summary & future work

To provide a platform for studying how to use contact force sensing to modulate 3-D

body bending to propel against 3-D terrain for locomotion, we developed a snake robot

with contact force sensors distributed along its entire body. Through two development

and testing iterations, our robot was able to obtain contact force measurements while

moving over a large obstacle with high repeatability required for systematic studies.

Our next step is to add feedback control using force estimated by the model from the

sensor readings, so that the robot can adjust body bending to better conform to and

push against complex 3-D terrain (Fu and Li, 2021).
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Chapter 3

Control and characterization of mud strength for
studying locomotion on wet flowable substrates

This chapter is to be submitted as an article entitled Control and characterization of

mud strength for studying locomotion on wet flowable substrates, authored by Divya

Ramesh, Gargi Sadalgekar, Qiyuan Fu, Zachary Souders, Jack Rao, and Chen Li, in

the Journal of Experimental Biology (Ramesh et al., 2024a). It will be in revision at

the time of submission of this dissertation.
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3.3 Summary

Some animals regularly interact with mud of varying strengths in muddy terrains,

riverbeds, and at the water–land interface. Despite mud being challenging to move

on, animals can adapt to substrate variation as they interact with the substrate. To

understand this substrate-locomotor interaction mechanics, it is important to prepare

substrate at desired strength and, control and maintain the strength throughout the

animal study because the yield strength varies with water content. Tools and methods

have been established for controlling and maintaining the substrate strength of dry and

wet sand, but it is still yet to be established for mud due to difficulty in controlling and

maintaining desired strength. There has been no previous study of animal locomotion

on mud with varying mud strength yet. In this study, we developed tools and methods

to control and characterize mud and have shown we can control and maintain mud

strength during experiments.

3.4 Introduction

Some animals regularly interact with various substrates of different sizes ranging from

boulders, pebbles, gravel, sand, silt, clay, and snow in nature. These substrates are

considered flowable if the particle size is much smaller than the size of the animal.

Substrates with particles that flow when force is applied are considered to be flowable

substrates. The natural environment often contains a mixture of flowable substrates

which makes the animal-substrate interaction complex and difficult to study.
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Flowable substrates can have particles of varying sizes (Fig. 3.1A). Boulders

and pebbles (Mehta et al., 2021; Standen et al., 2016) are larger compared to small

animals and hence are more close to uneven, mostly rigid terrain (> 2 cm, Fig. 3.1A).

We only consider substrates with particles that are much smaller in size compared

to animals to be flowable substrates (< 2cm, Fig. 3.1A). These particles (Fig. 3.1A)

can be categorized either as mostly coarse grains (gravel, coarse and fine sand), or

mostly fine clay (silt and clay) (Coussot, 1997). Substrates with mostly coarse grains

have no grain-grain cohesion and have weaker cohesion when water is added whereas

mostly fine clay substrates have stronger cohesion between the particles and water

due to colloidal effects (Coussot, 1997). This makes fine clay substrates much weaker

compared to mostly coarse grains substrates.

Wet flowable substrates can also behave differently depending on the water

content. For example, mud with high water content acts similar to a viscous fluid

(Fig. 3.1C-D) whereas mud with low water content acts as a fractured solid (Fig.

3.1C-D). The solid–fluid transition occurs at the intermediate concentration of water

in mud (Fig. 3.1C-D). We can control this water content using solid volume fraction

(ϕ) which is defined as the volume of solid by the volume of both solid and water

prior to mixing. Natural mud can consist of both fine clay and some coarse grains,

which complicates the controllability of this mud because its strength is a function

of not only the solid volume fraction but also a percentage of fine clay among the

solid particles. Clay mud with no coarse grain is an ideal choice for a controllable wet

flowable substrate because it behaves qualitatively similar to that of natural mud and

its strength is only a function of the solid volume fraction.

Wet flowable substrates such as mud and wet sand vary in solid composition
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and wetness and are often found in muddy terrains, riverbeds, and at the water–land

interface (Clack, 2012; Perry et al., 2015; Wendt et al., 1997). These substrates can

behave similarly to a solid or flow similar to a liquid depending on the forces applied

relative to yield strength (Coussot, 1997) which makes it a challenge for the animal to

locomote. This yield strength at the solid–fluid transition also varies depending on

the wetness or dryness of the substrate. Wet substrates such as mud can also stick

to the animal’s body and appendages due to strong cohesion from colloidal effects

(Coussot, 1997) which then affects the animal’s locomotion. Despite these challenges,

animals can transition between different strategies and adapt to substrate variation

Figure 3.1: Substrate types. (A) Types of substrates vary in particle size (Image
courtesy of Google images). (B) Mostly coarse grains such as sand varied with
strength. (C) Mostly fine clay such as mud varied with strength. (D) Clay mud
varied with strength which is dependent on solid volume fraction (ϕ) only. ϕH is
the upper bound and ϕL is the lower bound for the solid–fluid transition regime for
Georgia Kaolin mud. Image Courtesy of (A) Google Images, Getty Images, CMM
Landscape Supply, Wikipedia, and Bryan’s Lawn Maintenance, (B) Google Images
and iStock, (C) Posterazzi, BBC, and Google Images.
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during locomotion as they interact with the substrate.

To understand the animal-substrate interaction mechanics for a specific substrate,

several animal and robot studies have been performed in a lab setting (Astley et al.,

2020; Dorgan, 2018; Mazouchova et al., 2010; Naylor and Kawano, 2022; Redmann

et al., 2020). There have been many animal and robot locomotion studies on dry

(Astley et al., 2020; Hall, McGowan, and Lin, 2022; Li, Hsieh, and Goldman, 2012;

Maladen et al., 2009; Mazouchova et al., 2010; McInroe et al., 2016; Naylor and

Kawano, 2022; Schiebel et al., 2020; Tao, Huang, and Tang, 2020; Marvi et al., 2014),

wet (Kudrolli, Ramirez, and Weitz, 2019; Sharpe, Kuckuk, and Goldman, 2015), and

saturated sand (Dorgan, 2018; Redmann et al., 2020; Tao, Huang, and Tang, 2020) but

only a few studies have focused on mud (Falkingham and Horner, 2016; Godon et al.,

2024; Horner and Jayne, 2008; Liang et al., 2012; Lutek and Standen, 2021; Naylor

and Kawano, 2022; Zhang et al., 2016) especially in the solid–fluid transition regime.

There are only a few studies in amphibious fishes on thick clay mud (Falkingham and

Horner, 2016; Standen et al., 2016; Horner and Jayne, 2014; Naylor and Kawano, 2022)

and only two studies have investigated amphibious fishes moving on viscous fluids

that behave similar to mud with different viscosities (Horner and Jayne, 2008; Lutek

and Standen, 2021). There are no animal studies on mud with systematic variation

of mud strength yet where the interaction mechanics have been investigated due to

difficulty in controlling and maintaining mud strength.

To understand the substrate-locomotor interaction mechanics, it is important to

prepare the substrate at a desired strength and control and maintain the substrate

strength throughout animal study. This is especially important in animal studies

whose duration spans several days. These tools and methods have been well established
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for dry sand by using an air fluidized bed (Li et al., 2009; Maladen et al., 2009) to

prepare and maintain sand at the desired volume fraction using air blown into the

testbed at different pulses and wet sand using a sieve apparatus (Sharpe, Kuckuk,

and Goldman, 2015) that uses a shaker table to allow the media to fall easily through

the sieve from the vibration generated by the shaker. Despite having a systematic

variation in the water content of mud-sand mixtures (Liu, Huang, and Qian, 2023)

and mud (Liang et al., 2012; Zhang et al., 2016) in some robot studies, there are no

methods or equipment established yet for preparing, controlling, and maintaining mud

strength during the study and storage.

In this study, we will show how we can systematically prepare mud with different

mud strengths in large quantities and how well we can maintain mud strength from

our mud characterization methods and tools which the previous studies were unable

to do. We will characterize mud using the penetration resistance which is often used

in measuring the strength of soil. Through the mud characterization, we will show

that we can perform systematic and controlled experiments enabling us to study how

the animal copes with varying mud strength and how the mud sticking to the animal’s

body and appendages affect locomotion which has been difficult to do till now.

3.5 Materials and Methods

3.5.1 Choice of clay mud for the study and its preparation

Because kaolin mud (Coussot, 1997) is readily available, we used Georgia Kaolin

(China Clay, Old Hickory Clay Company, Florida, USA) as the choice of clay mud

for mud characterization and Edgar Plastic Kaolin (EPK) clay (Edgar Minerals,
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USA) for our preliminary mud experiments. To prepare mud uniformly, we developed

an automatic mixing system (Fig. 3.2A-B). This system consists of an automated

stand mixer (ACA, model A86208, JEAHII, Guangzhou KeYue Technology Co. Ltd.,

Guangzhou, China) to mix the mud evenly. It also has a custom-made dipper that

pushes the mud powder into the bowl filled with water periodically every 0.5 seconds

using a rotating cam that is controlled by a 12 V DC motor. Based on the desired

ϕ, we estimated the weight of kaolin needed for a given weight of tap water. We

used mud with mud strength varying in the intermediate regime (ϕL < ϕ < ϕH). We

characterized mud strength with ϕ = 20%, 25%, 27%, 34%, 39%, 41%, and 42% for

Georgia Kaolin mud characterization and ϕ = 14%, 27%, 34%, and 39%, for EPK

mud characterization.

3.5.2 Experimental testbed with higher mud depth to reduce boundary
effects

We used a container (HOMZ, Chicago, IL, USA) that is 1.02 m in length, 0.51 m in

width, and 0.16 m in height to hold the clay mud during experiments and storage

Figure 3.2: Mud preparation and storage during experiments. (A) Auto-
mated mud preparation system. (B) Schematic of the automated mud preparation
system. (C) Sealed testbed to prevent and reduce water loss between experiments.
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(Fig. 3.2C). When there is mud with low depth in the tub (Fig. 3.6A), the intruder

during mud characterization will be affected by boundary effects from the bottom

of the tub. Boundary effects are defined as artifact forces applied on an object as it

moves near the container’s boundary (Coussot, 1997). This hence causes an increase

in the slope of the force as a function of depth profile when the intruder is close to

the boundary (Fig. 3.6B). To avoid the effects, the container was filled with mud up

to at least 3/4th of the tub height.

3.5.3 Sealing method to minimize water loss during storage

The sides of the lid of the container used for the experiments were covered with rubber

sealing strips (CloudBuyer) to further make the lid airtight and prevent water drops

from escaping through the sides of the lid (Fig. 3.2C). We placed a plastic wrap

directly over the mud to minimize water evaporation at the mud surface to the top of

the lid during storage (Fig. 3.2C). We then placed lashing straps (ACE-Lashing Straps,

Acelane) around the closed container to tighten the lids further onto the container

(Fig. 3.2C).

To test how well the sealing method works, we characterized EPK mud with ϕ

= 39% on four different locations (3 trials each) over the course of 1 hour (7 trials with

an interval of 10 minutes) using a geotester pocket penetrometer (Gilson company

inc, Ohio, USA), which is the normal duration of animal experiments in a day. The

penetration force measured for each location was then used for spatial comparison

of mud strength. The penetration force across the four locations was averaged for

each time interval for temporal comparison. The deviation of the force averaged

spatially and temporally was then overlaid with force measurement for ϕ = 39% and
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compared with averaged force measurements for ϕ = 14%, 27%, and 34% from mud

characterization at a depth of 0.64 cm.

3.5.4 Automated vertical penetration device to characterize mud

We developed an automated vertical penetration device to characterize mud (Fig.

3.3A-B) by measuring force as a function of depth across different ϕ. This device

consists of a Dynamixel motor (XM430-W350-R) programmed to move the intruder

by 4.96 cm into and out of the mud at 0.31 cm/s. The motor rotation is translated

to linear displacement using a threaded rod (12” lead screw, 1/4”-16 thread size,

Figure 3.3: Mud characterization tools. (A) Automated vertical penetration
device CAD. (B) Automated vertical penetration device. (C) Custom portable
penetrometer CAD. (D) Custom portable penetrometer. (E) Block diagram of the
penetration device control system.
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McMaster-Carr, Princeton, NJ, USA) connected to the motor shaft (Fig. 3.3A). A

1-D force sensor (Strain gauge load cell, 5 kg, S18X4) is connected to the intruder

to estimate forces. The load cell mount is connected to the threaded rod using three

smooth rods (24” Linear Motion Shaft, 1/4” diameter, McMaster-Carr, Princeton, NJ,

USA) and is fixed to the threaded rod by a lead screw nut (Fig. 3.3A). The probe

area was reduced for higher ϕ to make it easier for the probe to penetrate the mud

without large resistance. The automated penetration device was secured to a frame

made up of T-slotted framing (McMaster-Carr, Princeton, NJ, USA) to ensure that

the probe was placed perpendicular to the mud surface (Fig. 3.3E). The load cell

readings were collected using an Arduino nano (Arduino.cc). We used MATLAB to

control the motor and collect the load cell reading in real time (Fig. 3.3E).

The force estimated from the load cell had small oscillations in the data due

to the small movement in the threaded rod which were removed by filtering the data

using a band stop filter. The displacement was estimated from the motor position.

The force and displacement data were synchronized using time from the motor data

and then cropped to start when the intruder contacted the mud surface using the

load cell measurements. The force readings were then normalized such that all the

forces were based on the same probe area. To ensure that the displacement measured

is perpendicular to the mud surface, it was calibrated so that the displacement

reading was closer to the ground truth displacement using the linear relationship

between the two displacements. The ground truth displacement was measured from

the position of the intruder tracked using DLTdv digitizing tool (Hedrick, 2008;

https://biomech.web.unc.edu/dltdv/) from the side view camera video taken during

penetration over 3 trials.
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3.5.5 Custom portable penetrometer to maintain mud strength during
animal study

To perform animal experiments over several days, we need to track the water loss each

day and maintain the mud strength during experiments. To maintain repeatability, we

needed to characterize the mud strength at the end of each animal trial on disturbed

mud. This was difficult to do using the automated vertical penetration device due

to its bulkiness. The commercial penetrometers available are lightweight but are not

sensitive enough to detect forces on weaker mud. So, we developed a custom portable

penetrometer that uses the same mechanism as the automated vertical penetration

device to characterize mud across multiple locations on the testbed (Fig. 3.3C-D).

The custom portable penetrometer also uses a 1-D force sensor (Strain gauge

load cell, 5 kg, S18X4) that is connected to the intruder probe to detect forces. A gear

rack and a gear (LEGO, Billund, Denmark) were used to convert the motor rotation

into a linear motion (Fig. 3.3C-D). A servo motor (MG90S) was used to passively add

resistance when powered to help move the probe slowly on mud with weaker ϕ (Fig.

3.3C-D). To measure the displacement of the probe, a hall effect sensor (AS5048B,

AMS, Austria) was used (Fig. 3.3C). One end of the axle connected to the gear is

attached with a magnet whose rotation is detected using the hall effect sensor (Fig.

3.3C). We used an Arduino Nano (Arduino.cc) to get the load cell and hall effect sensor

readings and MATLAB to receive the data in real-time (Fig. 3.3E). The diameter of

the probe used for higher ϕ was reduced to penetrate the mud easily without much

resistance. We placed the penetrometer over a frame made up of T-slotted framing to

ensure that the probe was perpendicular to the mud surface.

The linear displacement was measured using the angular displacement readings
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from the hall effect sensor. The load cell reading was used to find the initial contact

with the mud by the probe during penetration. The initial contact with the mud was

then used to crop the linear displacement and vertical force data to start at the initial

contact. The linear displacement was corrected using displacement calibration. The

vertical force was then split into penetration force and extraction force by estimating

the end of penetration, start, and end of lift force using the displacement and time

data. The penetration force and displacement were first cropped to have the data

up to 3 cm in depth. The force was then interpolated to have the same range of

displacement across different trials. This force was then normalized such that all the

forces were based on the same probe area. The interpolated penetration force was

averaged across different trials and locations for each penetration test completed in a

day. To compare across all the mud strengths, the penetration force ranged over 0 to 1

cm in depth. We also tested the performance of the custom portable penetrometer by

comparing its mud characterization with the mud characterization from the automated

vertical penetration device.

3.5.6 Mud characterization to choose mud strength for animal experiments
and tracking mud strength during animal experiments

Clay mud with mud strengths varying from ϕ = 20% (weak mud) to ϕ = 42% (strong

mud) was characterized using the automated vertical penetration device to choose

different ϕ that varied drastically in terms of penetration force for experiments. We

chose ϕ = 27% because it is close to the lower limit of the solid–fluid transition regime.

We also chose ϕ = 34%, 39%, and 42% which are in the solid–fluid transition regime.

We also chose dry mud (very high ϕ) in the fractured mud regime. We prepared the
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dry mud by drying out the water content over several days after the wet mud was

flattened in a container.

We performed animal experiments and collected penetrometer data over a total

of 6, 8, 5, 8, and 1 day for ϕ = 27%, 34%, 39%, 42%, and dry mud respectively. We

used the custom portable penetrometer to characterize mud strength spatially on the

disturbed mud after animal trials every 1 hour for over 18 locations for the first three

penetration tests on Day 1 and 4 locations after Day 1 because the mud was found

to be spatially uniform. For days when we had very few animal trials that lasted

less than an hour, we only completed one penetration test over 18 locations. On ϕ =

39%, we still performed penetration tests over 18 locations for each day because the

penetrometer was improved despite showing spatial uniformity to ensure repeatability

in the mud characterization results. We characterized mud across 4 locations with 3

trials each for dry mud.

3.6 Results

3.6.1 Comparison of automated vertical penetration device and custom
portable penetrometer

During intrusion, when the intruder is pushed into the mud, there is a lift force due

to the hydro-static-like pressure from the mud. During extraction, when the intruder

comes out of the mud, there is a force exerted from the hydro-static-like pressure

in the opposite direction due to mud sticking to the intruder’s base. This lift force

increases with depth when the intruder is pushed in. There is a decrease in negative

force as depth reduces when the intruder is lifted off the mud (Fig. 3.4A-B). Our
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Figure 3.4: Mud characterization. (A) Mud strength for Georgia Kaolin is
characterized by vertical force from penetration and extraction as a function of depth
measured using an automated vertical penetration device. (B) Mud strength for
Georgia Kaolin is characterized by vertical force from penetration and extraction as a
function of depth estimated using a custom portable penetrometer. Color in (A) and
(B) for each mud strength is a function of force at 1 cm. (C) A schematic of the four
locations on mud used to test water loss during storage. (D) Lift force over the four
locations with 3 trails each shows spatial uniformity after resetting disturbed mud.
(E) Lift force as a function of time over four locations with 3 trials each showing
minimal drift in force due to evaporation. (F) Lift force deviation from the sealing
test (red) compared with the penetration force (black, curve is an exponential fit)
at 0.64 cm depth from EPK mud characterization of different ϕ with 3 trials each.
Error bar in E and F corresponds to the mean ± s.d. The drift in the force is small
compared to the strength varying with ϕ.
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mud characterization experiments using the automated vertical penetration device

showed that as ϕ increased, the vertical penetration (lift) force also increased for a

given depth (Fig.3.4A-B).

In comparison to the automated vertical penetration device mud characterization

(Fig. 3.4A), the vertical penetration force as a function of depth profile for each ϕ

measured from the custom portable penetrometer (Fig. 3.4B) was close to each other.

This shows that the custom portable penetrometer can be used in our experiments to

track water loss and characterize mud in place of the automated penetration device.

3.6.2 Sealing method provides minimal water loss during storage

We found the mud to be spatially uniform across the 4 locations (Fig. 3.4C-D) during

the mud characterization for testing the sealing method. The drift in force as it varied

with time showed a small water loss due to evaporation over 1 hour which is the

normal duration of our experiments (Fig. 3.4E). But this variation in strength for

mud with given ϕ was much smaller (red square marker, Fig. 3.4F) compared to

the strength difference when ϕ was varied and hence was still within the deviation

(black square marker, Fig. 3.4F). This shows that the sealing method can overall help

us control and maintain mud strength during our experiments to enable repeatable

experiments over several days.

3.6.3 Maintaining and controlling mud strength during animal experi-
ments

The vertical penetration force during each penetrometer test had a minimum standard

deviation for each day (each curve in Fig. 3.5A-E), which shows that the mud was
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Figure 3.5: Controlling mud strength during experiments. Vertical penetration
force averaged over all the locations as a function of depth during penetration for mud
up to 1 cm with (A) ϕ = 27%, (B) ϕ = 34% (C) ϕ = 39% (D) ϕ = 42% and (E)
dry mud. Each color corresponds to a day. Penetration testing curves for the same
day have the same color. The shaded error bars indicate mean ± s.d.

spatially uniform over each penetrometer test. The overlapping of the curves of all the

penetrometer tests completed in a day shows that the mud was temporally consistent

(same colored curves in Fig.3.5A-D). A gradual increase in the vertical penetration

force over each day (different colored curves, Fig. 3.5A-D) for mud strengths with

ϕ = 27%, 34%, 39%, and 42% indicates small water loss over each day. Because the

number of days the animal was tested on ϕ = 34% was greater than that of ϕ = 39%,

there was more water loss on ϕ = 34%.
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3.7 Discussion

To achieve the goal of quantifying animal-mud interaction and understanding the

underlying interaction mechanics during the animal locomotion on mud, we developed

tools and methods to help maintain and control mud strength during the experiments

as a first step. The results in Sec. 3.6.1 show that they would help us in performing

more repeatable and systematic experiments. These tools and methods developed will

help study animal locomotion over a broader scale and explore the different locomotion

strategies seen in amphibious fishes.

3.7.1 Mud preparation system to prepare mud more uniformly

Locomotion on substrates such as sand has been extensively studied due to the

development and use of an air fluidized testbed (Li et al., 2009; Maladen et al., 2009)

and sieve apparatus (Sharpe, Kuckuk, and Goldman, 2015) to control dry and wet

sand respectively. There have been no animal studies yet on mud where the strength

of mud was systematically varied due to the difficulty in preparing different mud

strengths for animal experiments. There are some robot studies on mud with varying

mud strength (Liang et al., 2012; Zhang et al., 2016), but no preparation methods or

equipment have been established yet for mud. In this study, we have developed an

automated mud preparation system that will help in preparing mud with different

strengths in large quantities (Fig. 3.2A-B).
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3.7.2 Tools to characterize mud strength to track water loss during animal
experiments

We have developed an automated vertical penetration device (Fig. 3.3A-B) to help

characterize mud which allows us to estimate the force as a function of the depth

profile (Fig. 3.4A). Using this profile, we have shown that we keep track of the mud

strength (Fig. 3.5) during the experiments using the custom portable penetrometer

(Fig. 3.3C-D). To ensure the repeatability of the force as a function of depth profile,

we need to be careful in ensuring that the probe is always perpendicular to the mud

surface and is always cleaned before every use. To avoid boundary effects (Fig. 3.6),

the device was always placed away from the walls of the container at a sufficient

distance and was only penetrated up to a depth well above the bottom of the container.

When using the penetrometer, we need to be careful in pushing the probe steadily at a

slow speed to ensure that the hall effect sensor tracks the magnet’s rotation accurately,

especially on lower ϕ. Despite using a motor to increase the penetration resistance

the operator still needs to move the probe slowly to ensure accurate reading from the

sensor.

3.7.3 Improvements made to the automated vertical penetration device

We made a few improvements to the automated vertical penetration device as it was

tested on mud. The first prototype (Version 1) of the automated vertical penetration

device had a shorter threaded rod and a 3D-printed flange (Fig. 3.7A-B) to connect

the threaded rod to the motor shaft (Fig. 3.7A-B). Version 2 of the prototype replaced

the 3D-printed flange with a shaft coupler because it was hard to align the motor

shaft with the screws very accurately. One end of the threaded rod was hot glued to
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the shaft coupler to secure the rod and prevent it from moving. The threaded rod

was also supported by two parts (Fig. 3.7C-D) mounted onto the T -slotted framing

from both ends instead of one part (Fig. 3.7A-B) to prevent the linear slider from

wobbling. Version 3 (Final version) of the prototype had a longer threaded rod to

help the probe have a larger displacement (Fig. 3.7E-F).

3.7.4 Improvements made to custom portable penetrometer

We made several improvements to the custom portable penetrometer as it was tested

on mud during the animal experiments. We added a frame with 100 g weight on either

side in the Version 0 prototype (Fig. 3.8B) because the prototype (Fig. 3.8A) was

difficult to hold and place it perpendicular to the mud surface. A motor attached

to a gear was also added to the gear rack to provide resistance when it was powered

as the probe was pushed into the mud with weaker ϕ (Fig. 3.8B). We improved the

handle that helps in pushing the probe into the mud and the frame in the Version 1

prototype (Fig. 3.8C) to help hold the penetrometer better.

We added a thicker gear rack to the Version 2 prototype to reduce the bending

of the gear rack and adjusted the frame to increase the range of motion (Fig. 3.8D).

We also tested a smaller gear in the Version 2 prototype, but it did not have enough

resistance even with the motor powered on in the mud with lower ϕ (Fig. 3.8D). To

reduce the side-to-side movement of the gear rack, we made it wider in the Version 3

prototype (Fig. 3.8E). We also added a stronger frame with a better weight holder in

this prototype (Fig. 3.8E). We improved the frame with better wire management in

the Version 4 prototype (Fig. 3.8F) because the wires kept getting caught during the

mud characterization.
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All of the previous versions of the prototype were built mainly of LEGO parts,

with different parts hot glued together. During experiments, the hot glue started

to fail in keeping parts together when force was applied to push the probe into the

mud. Over time, the hot-glued LEGO parts did not have sufficient adhesion and came

apart. The axle to which the magnet was connected also moved often because it was

attached using LEGO parts. This resulted in the hall effect sensor having inaccurate

readings. To improve the prototype’s robustness, we replaced the LEGO parts with

machine-made and 3D-printed parts (Fig. 3.8G-F).

3.7.5 A sealing method to help minimize water loss

We have shown that the sealing method (Fig. 3.2C) developed minimizes water loss

from evaporation spatial-temporally (Fig. 3.4D-F). Despite this water loss being

minimal, it is difficult to prevent water evaporation completely. In nature, the mud

strength varies constantly and is a continuous variable. Thus, even with a small water

loss, the overall mud strength relatively remains the same. Using these tools and

methods we have developed we have shown that we can control and maintain the

mud strength which was difficult to do previously and allow us to perform animal and

robot studies on mud with repeatability over several days.

3.8 Future work

Our tools and methods developed for locomotion studies with systematic variation

in mud strength despite showing successfully maintaining, controlling and tracking

mud strength during experiments can still be improved further. First, the latest
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version of the custom portable penetrometer is yet to be tested during mud and animal

experiments. A better wire management still needs to be made for the penetrometer

with the circuit board enclosed inside a shell on the penetrometer. Currently, the wires

and the circuit boards are still exposed on the latest version of the penetrometer for

quick debugging during experiments. These improvements will make the penetrometer

more robust. The hall effect sensor’s detection of the magnet rotation is consistent

only when the probe is pushed into the mud at a slow velocity. This can be improved

by using better hall effect sensors or using other types of linear position tracking

sensors. This will help perform mud characterization at different velocities which will

help in studying how animals cope with disturbed mud.

Second, the automated mud preparation system can only mix small quantities

each time. This will be useful for robot experiments that need a much larger mud

testbed depending on their size which needs a much larger mud mixing system. Third,

the sealing method is yet to be tested for maintaining mud strength for a substantial

amount of time which is crucial for performing animal studies which lake longer

durations of time spanning over several months.

3.9 Appendix
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Figure 3.6: Boundary (A) Intruder pushing into the mud for a higher depth and
lower depth filled container. (B) Force as a function of depth profile for ϕ = 34%
(Black) and 39% (Red) for lower depth (dashed-dotted line) and higher depth (Solid
line) filled container.

Figure 3.7: Improvements to the automated vertical penetration device.
(A) Version 1 prototype CAD. (B) Photo of Version 1 prototype. (C) Version 2
prototype CAD. (D) Photo of Version 2 prototype. (E) Version 3 prototype (Final
version) CAD. (F) Photo of Version 3 prototype (Final version).

82



Chapter 3. Control and characterization of mud strength for studying locomotion on
wet flowable substrates

Figure 3.8: Improvements to the automated custom portable penetrometer.
(A) Photo of the prototype. (B) Photo of the Version 0 prototype. (C) Photo of
the Version 1 prototype. (D) Photo of the Version 2 prototype. (E) Photo of the
Version 3 prototype. (F) Photo of the Version 4 prototype. (G) Photo of the Version
5 prototype. (H) Version 5 prototype CAD.
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Chapter 4

Terrestrial locomotion by mudskippers on wet flow-
able substrate of varying strength

This chapter is to be submitted as an article entitled Terrestrial locomotion by

mudskippers on wet flowable substrate of varying strength, authored by Divya Ramesh,

Gargi Sadalgekar, Jiangqi Tan, and Chen Li, in the Journal of Experimental Biology

(Ramesh et al., 2024b). It will be in revision at the time of submission of this

dissertation.
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4.3 Summary

Amphibious fishes can transition between different strategies as they traverse substrates

of varying strength when they regularly make foray onto land. Mudskippers are

likely capable of transitioning between strategies as they interact with the natural

environment. We hypothesize that the mudskipper starts to adapt its locomotion

strategy by either modifying the crutch walking gait or showing emergence of new

gaits to help cope with variation of the wet substrate strength. We allowed the animal

to move over mud of 5 different mud strengths. From our observations, we found that

the animal started to sink more, had more contact length and hence moved slower

and had reduced distance as the mud strength decreased from strong to weak mud.

This is likely due to more mud starting to stick to the animal’s body and appendages

as the mud got weaker. This enabled the animal to use jump mode more often. On

the weakest mud, the failure of the jump mode led to the emergence of variants of the

crutch walk mode that involved tail bending. On the strongest mud, despite high mud

strength, the speed of the animal decreased due to the mucus on the animal’s body

and appendages quickly drying up. This caused the animal to use the jump mode
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more often.

4.4 Introduction

Amphibious fishes can transition from swimming in water to crawling on land (Astley

and Jayne, 2007; Bressman, 2022; Pace and Gibb, 2014; Sayer, 2005) when making

forays onto land at the water–land interface. Previous studies have revealed how

amphibious fishes use morphologies and control systems originally made for swimming

in walking or crawling on solid surfaces (Bressman, 2022; Bressman, Gibb, and Farina,

2018; Bressman et al., 2019; Bressman, Morrison, and Ashley-Ross, 2021; Pace and

Gibb, 2011; Redmann et al., 2020; Standen et al., 2016).

The natural habitat of amphibious fishes often has wet flowable substrates such

as mud or wet sand (Clack, 2012; Perry et al., 2015; Wendt et al., 1997) with varying

solid composition and wetness. It is challenging to move on such substrates because

they can behave similarly to a solid or flow similar a liquid depending on the forces

applied relative to yield strength (Coussot, 1997; Goldman, 2014; Li et al., 2009; Li,

Hsieh, and Goldman, 2012; Mazouchova et al., 2010; Sharpe, Kuckuk, and Goldman,

2015; Winter, Deits, and Hosoi, 2012). This yield strength at which the solid–fluid

transition occurs also varies as the substrate gets dryer or wetter (Coussot, 1997). Wet

substrates such as mud can also have a strong cohesion due to colloidal effects (Coussot,

1997) that make it stick to the animal’s body and appendages which can affect the

animal’s locomotion. To adapt to these challenges, amphibious fishes amphibious

fishes may adjust their body and appendages or even transition to other locomotor

strategies.
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Recent studies have started quantifying kinematics (Naylor and Kawano, 2022;

Redmann et al., 2020) and muscle control (Horner and Jayne, 2014; Lutek and

Standen, 2021) to better understand how fishes move on wet flowable substrates.

Despite several previous animal and robot studies on sand varying from dry (Li, Hsieh,

and Goldman, 2012; Maladen et al., 2009; McInroe et al., 2016; Naylor and Kawano,

2022), partly wet (Kudrolli, Ramirez, and Weitz, 2019; Sharpe, Kuckuk, and Goldman,

2015) to fully saturated sand (Dorgan, 2018; Redmann et al., 2020), there are only a

few animal studies on mud (Falkingham and Horner, 2016; Horner and Jayne, 2014;

Naylor and Kawano, 2022; Standen et al., 2016) especially in the solid–fluid transition

concentration. Some amphibious fish studies have used viscous solids such as gelatin

(Wang et al., 2013) and viscous fluids such as methyl cellulose (Lutek and Standen,

2021) and Poly-Bore (Horner and Jayne, 2008) when water is mixed as substrates.

To fully understand how the locomotor morphology, control, and kinematics permit

performance it is necessary to quantify the environmental interaction between the

fish and the wet flowable substrates to help understand how fishes generate forces

to locomote. There have been no studies yet on mud-animal interaction mechanics

unlike on sand (Li, Hsieh, and Goldman, 2012; Maladen et al., 2009; Sharpe, Kuckuk,

and Goldman, 2015).

For this study we will focus on appendicular-based locomotion which is one of

the three distinct strategies found in amphibious fishes when walking on land (Pace

and Gibb, 2014). We chose mudskipper (Fig. 4.1A) as the model organism because

they are found in mudflats, their natural environment, which often has mud mixed

with some silt and sand with natural variation in the wetness of the mud (Sayer, 2005).

There have been extensive studies on their locomotion on land in terms of kinematics
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and muscle control (Kawano and Blob, 2013; Pace and Gibb, 2009; Wang et al., 2013)

and is the only known fish that use this strategy. The study’s results and findings

will help interpret the animal’s locomotion, connect to the previous work, and provide

novel insights on the animal’s adaptation to variation in mud strength. Mudskipper’s

sustained locomotion on land is the crutch walking gait (Kawano and Blob, 2013; Pace

and Gibb, 2009; Wicaksono et al., 2018). In this gait, they use their two pectoral fins

in phase with each other to lift the body and crutch forward with minimum to no

body bending. During swimming, their sustained locomotion in water, they laterally

bend their body to generate thrust (De and Nandi, 1984; Jaafar and Murdy, 2017;

Pace and Gibb, 2009; Wang et al., 2013). This likely means that the mudskippers can

either start to modify their appendicular-based locomotion by combining it with body

bending along the lateral plane or start to show a new strategy to help them move as

they interact with the substrate.

Earlier studies have observed mudskippers using other types of locomotion apart

from their sustained locomotion in the natural environment (De and Nandi, 1984; Dijk,

1960; Jaafar and Murdy, 2017; Stebbins and Kalk, 1961). In water, upon encountering

Figure 4.1: Choice of model organism. (A) Mudskipper moving on mud.
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a threat, mudskippers switch from swimming to burst locomotion such as skipping on

water surfaces where the animal bends its tail to help thrust itself forward (De and

Nandi, 1984; Jaafar and Murdy, 2017; Stebbins and Kalk, 1961D) or fast-starts which

is also known as C-starts where the animal forms a C shape with its body upon seeing

a threat or perturbation and swims fast in a different direction (Jaafar and Murdy,

2017; Swanson and Gibb, 2004). On land, upon seeing a threat the animal’s escape

response is jumping where it laterally bends its tail to thrust itself off the substrate

over several body lengths (Dijk, 1960; Harris, 1960; Stebbins and Kalk, 1961; Swanson

and Gibb, 2004). Variation from the normal crutch walk mode has been observed in

studies where gelatin was used as a substrate (Wang et al., 2013) or when inclination

was added to a mud (McInroe et al., 2016; Naylor and Kawano, 2022) and sand surface

(Naylor and Kawano, 2022). In both cases, the animal bent its tail laterally to likely

help generate propulsive forces to move forward. The different locomotion strategies

used by the mudskipper suggest that the animal is capable of transitioning to other

strategies when sustained locomotion fails (Clack, 2012; Perry et al., 2015; Wendt

et al., 1997). Our hypothesis is that the animal starts to adapt its locomotion strategy

by either modifying the crutch walking gait or showing emergence of new gaits or

modes to help cope with variation of the wet substrate strength.

To test the hypothesis, we allowed the mudskipper to traverse mud with different

mud strengths and used high-speed cameras to track the animal to help measure

the kinematics of the animal body and appendages. We hypothesized that (1) the

animal when using the crutch walk mode starts to walk slower as the mud gets weaker.

This is likely due to the increase in the adhesive force from mud sticking to the

animal’s ventral body and drag arising from mud sticking on the animal’s dorsal body,
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appendages, and tail which prevents the animal from lifting itself to move forward. (2)

This likely causes the animal to start to either modify the crutching gait or use a new

strategy to help it move forward. To test hypothesis (1), we used high-speed camera

videos to measure and quantify the animal’s performance during the crutch walking

mode. To test hypothesis (2) we estimated how often the animal uses an emergent

locomotion strategy over different mud strengths.

4.5 Materials and Methods

4.5.1 Animal testbed and controlling mud strength during experiments

We used Georgia Kaolin (China Clay, Old Hickory Clay Company, Florida, USA)

as the choice of clay mud for our animal study because it is qualitatively similar to

that of natural mud (Coussot, 1997). We prepared the clay mud using an automatic

mixing system (Fig. 4.2A) developed for our mud characterization (Ramesh et al.,

2024a). A container (HOMZ, Chicago, IL, USA) that is 1.02 m in length, 0.51 m in

width, and 0.16 m in height with an airtight lid was used to hold the clay mud to

perform experiments and during storage (Fig. 4.2D). We used the custom portable

penetrometer (Fig. 4.2B) to track the water loss each day and maintain the mud

strength during experiments (Ramesh et al., 2024a). When there is little mud in

the tub, the animal locomotion and the intruder during mud characterization will be

affected by boundary effects from the bottom of the tub. Boundary effects are defined

as artifact forces applied on an object as it moves near the container’s boundary

(Coussot, 1997). To avoid this, the container had mud up to least 3/4th of the tub

height. We used sealing methods developed and tested in our previous study (Ramesh
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et al., 2024a) to minimize the water loss. As part of the sealing method, the sides

of the lid were covered with rubber sealing strips (CloudBuyer) to further make the

lid airtight and prevent water drops from escaping through the sides of the lid (Fig.

4.2D). To minimize water evaporation from the mud surface to the top of the lid

during storage, a plastic wrap was placed directly over the mud. Lashing straps

(ACE-Lashing Straps, Acelane) were placed around the closed container to tighten

Figure 4.2: Experimental setup. (A) Automated mud preparation system. (B)
Custom portable penetrometer. (C) A schematic of the experimental setup. (D)
Photo of the experimental setup.

91



Chapter 4. Terrestrial locomotion by mudskippers on wet flowable substrate of
varying strength

the lids further onto the container (Fig. 4.2D).

4.5.2 Choice of mud strength for experiments

For the animal experiments, we chose ϕ = 27% (close to the lower limit of the solid–

fluid transition regime), ϕ = 34%, 39%, and 42% which are in the solid–fluid transition

regime from the mud characterization using the automated vertical penetration device

(Ramesh et al., 2024a). We also chose dry mud with a very high ϕ in the fractured

mud regime which was prepared by drying out the water content over several days

after wet mud was flattened in a container.

4.5.3 Experimental setup, sample size and protocol to perform animal
locomotion

We used 6 synchronized high-speed cameras (N-5A100 17 Gm/CXP-6-1.0, Adimec,

Eindhoven, The Netherlands) to track animal locomotion and for 3-D reconstruction

(Hedrick, 2008) at 60 frames per second for trials taken over the first few days and 100

frames per second for remaining trials (Fig. 4.2A-B). We also recorded top view and

side view videos using webcams (Logitech and HP) at 30 frames per second to capture

the entire animal study completed in a day. The experimental setup was well lit

and heated using a heat lamp (500 Watt Portable Halogen Work Light, Woods) (Fig.

4.2A). The heat lamp was switched off between each trial to maintain the temperature.

We used 5 mudskippers (Periophthalmus barbarous) for this study. All animals

were approved by and in compliance with The Johns Hopkins University Animal Care

and Use Committee (protocol FI21E163). The animals were fed daily with dried

shrimp pellets and housed in well-lit, well-heated aquarium tanks filled with brackish
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Trial count
for analysis

A1 A2 A3 A4 A5 Total
trials

No. of
Treatments

Trials per
treatment

(27%, 34%,
39%, 42%,
Dry mud)

Walk trials
for forward

displace-
ment and
speed at

each cycle

34 34 37 33 34 172 5 28, 50, 41,
28, 25

Walk trials
for

Trials for
jumps

count and
jumps per
animal for
jumps dis-
placement

15 15 15 15 15 75 5 15, 15, 15,
15, 15

Trials for
mode

transition
analysis on
ϕ = 27%,
34%, 42%

15 15 15 15 15 75 3 25, 25, -,
25, -

Trials for
mode

transition
analysis on
ϕ = 39%

4 4 4 4 4 20 1 -, -, 20, -, -

Trials for
mode

transition
analysis on
dry mud

3 3 3 3 3 15 1 -, -, -, -, 15

No. of
cycles for
sinkage

and
contact
length

15 15 15 15 15 75 5 15, 15, 15,
15, 15

Walk trials
with < 4

cycles

11 11 11 10 9 52 5 28, 17, 7,
0, 0

Walk trials
with 4
cycles

2 1 1 1 3 8 5 0, 5, 3, 0, 0

Walk trials
with 5+
cycles

21 22 25 22 22 112 5 0, 28, 31,
28, 25

Walk trials
tracked for
kinematics

22 21 21 21 20 105 4 -, 27, 25,
28, 25

Table 4.1: Sample size for different analysis. A1 corresponds to Animal 1
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water. The animals were allowed to get accustomed to each mud strength for a few

minutes on the first day of experiments.

The length, height, and weight of the animals were recorded after the experiment

concluded each day. The length and height were estimated using ImageJ software.

The animals were weighed using a digital weighing scale (American weigh scales, USA).

The weight of the animals was 19.33 ± 4.76 g (mean ± s.d.). The length and height

of the animals were 12.73 ± 1.65 cm and 2.334 ± 0.48 cm respectively. The average

temperature of the experimental setup recorded at the start of each trial was 25 ±

0.92◦ C.

We defined a trial from when the animal was first placed on the mud until when

it was finally taken off the mud. We recorded each trial using high-speed cameras.

We started recording the videos before the animal was first placed on the mud and

stopped the recording after the animal was finally taken off the mud in a trial. During

each trial, the animal was gently prodded by hand to make the animal move. When

the animal was drying out or had too much mud covering the body, it was taken off

the mud, placed and cleaned in water for a few seconds before being placed it back

on the mud. If the animal escaped from the testbed by jumping, it was cleaned and

placed back onto the mud. The animal was taken off the mud at the end of each

trial after 5 minutes. The animal was allowed to rest for some time (10 – 15 minutes)

before each trial. After the mud was disturbed by fish during each trial, the mud was

mixed using a metal spatula with beveled edges (Homi Styles) and manually flattened

by hand using a piece of plexiglass (McMaster-Carr, Princeton, NJ, USA).

The custom portable penetrometer was used to characterize mud strength

spatially on the disturbed mud after animal trials (Ramesh et al., 2024a). We defined
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walk trials as those trials where the mudskipper walked continuously in consecutive

cycles in a straight line. We rejected walk trials where the animal was close to the

testbed boundary due to boundary effects. For kinematics analysis, we chose walk

trials that had at least 4 cycles with at least 5 walk trials for each animal and which

can be seen on three camera views needed for 3-D reconstruction. We defined cycle

trials as those trials where the animal walks over one cycle. For sinkage and contact

length analysis, we used cycle trials. See Table 4.1 for details on sample size for each

analysis.

4.5.4 Tracking and 3-D kinematics reconstruction

All 2-D analysis used data that were manually tracked using DLTdv digitizing tool in

MATLAB (Hedrick, 2008; https://biomech.web.unc.edu/dltdv/). For 3-D kinematics,

the animal’s nose tip (N), tail tip (T ), and 4 points on the body between the head and

tail were tracked (Fig. 4.3D, E) on top view and 2 other views for each animal trial.

Both left and right pectoral fin’s tip and shoulder where the pectoral fins attached to

the body were also tracked (Fig. 4.3D, E). The points were tracked using DeepLabCut

(https://www.mackenziemathislab.org/deeplabcut; Mathis et al., 2018). For each

camera view for tracking using DLC, we manually tracked the markers on the animal

body for several video frames and used this data as training sample to train the

neural network. We examined each tracked video visually and manually re-tracked

some video frames for those videos that had bad tracking and re-trained the training

sample. We then converted the DLC tracked points to DLTdv tracked points for

further processing of data and analysis in MATLAB.

Outliers from bad tracking of the 2-D positions of the tracked points over 3 views
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Figure 4.3: Animal tracking, sinkage and contact length. (A) Schematic
of animal sinkage on mud (Image reproduced and modified from Sayer, 2005). (B)
Animal body contact length (cb, red line) on a snapshot of the animal during mid-
stance. (C) Animal body (Ab) and fin contact area (Af ) on a snapshot of the animal
during mid-stance. (D) Top view schematic of tracked markers and definitions of
lateral bending angles on the animal body. (E) Side view schematic of tracked markers
and definitions of vertical bending angles on the animal body. Vertical bending body
angles (orange, βi) and fin-body angles (blue, βL,R) on the sagittal plane. L and R
denote the left and right pectoral fins. a and b vectors are the direction vectors used
in finding the body and fin-body angles. The black circles indicate tracked markers –
Nose tip (N), head (H), first dorsal fin front (DF 1), second dorsal fin front (DF 2) and
back (DB2), tail (T ), shoulder left (SL) and right (SR), pectoral fin tip left (PL) and
right (PR). Lateral bending body angles (orange, αi) and fin-body angles (blue, αL,R)
on the transverse plane.
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for each animal trial were removed using a criterion. This was done by finding the 2-D

displacement for each point over time and removing any point with a displacement

greater than 10.

These filtered 2-D positions were then converted to 3-D kinematics using the

direct linear transformation method and DLTdv digitizing tool. We built a calibration

object made up of lego bricks (The Lego Group, Billund, Denmark) to facilitate the

3-D calibration. We rotated the coordinate system to always have the forward axis to

be x-axis, have the animal walk from left to right and face upwards using Principal

Component Analysis (PCA) (Ma’ckiewicz and Ratajczak, 1993).

Due to bad tracking in some data caused by 3-D reconstruction, we further

added four rotation criteria to rotate the data to have the animal walk from left to

right and stay upright. We first used the fin-to-body vertical displacement to rotate

the data along the x-axis by 90 or -90◦ to ensure the animal’s vertical data is on

the frontal plane with the left fin on the left and the right fin on the right of the

animal body. We then used the fin-to-body vertical displacement to ensure the animal

movement was not inverted on the sagittal plane by rotating the data along the x-axis

by 180 degrees.

We then rotated the data about the z-axis by 180 degrees if the initial x-axis

position is greater than the final x-axis position in a trajectory of a tracked point to

ensure the animal moved from left to right. Using the slope between the x-z initial

and final positions of a tracked point trajectory we rotated the dataset along the

y-axis to have the animal trajectory parallel to the sagittal plane. A few trials were

manually rotated through manual inspection of the trajectory of the dataset.

The newly rotated 3-D position dataset was first filtered by removing y and z
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data points whose absolute displacement from the mean of y and z data was above a

threshold of 30. We then filtered the data using a moving median filter for x-position

and a median filter for both the y and z-position to remove outliers were caused

by 3-D reconstruction. The artificial artifacts that were not filtered out were then

removed manually after visual inspection from the 3-D position data.

4.5.5 Fore-aft displacement and speed over each cycle estimation analysis

The locomotor’s forward displacement at each cycle (d) was calculated for walk trials

for all 5 mud strengths (sample size in Table 4.1) using the following:

d = ((xi − xi−1)2 + (yi − yi−1)2)1/2 (4.1)

Where (xi−1, yi−1) and (xi, yi) are the forward and lateral positions of the mudskipper’s

nose tip at the start of cycle i and end of cycle i respectively, tracked on top view

videos for 2-D analysis. The forward speed (vxy) was calculated using the following:

vxy = d

∆t
, f = (∆t)−1 (4.2)

Where ∆t is the duration of a walk cycle and f is the frequency of a walk cycle. The

forward displacement, speed, and frequency were then averaged over all cycles in a

walk trial.
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4.5.6 Jump count and displacement analysis

The number of jumps was counted through manual inspection from the webcam video

observations for each trial for all 5 mud strengths (sample size in Table 4.1). The

total duration of the entire trial between when the animal was put onto and taken off

the testbed was used to estimate the total number of jumps per minute. The jump

displacement was also measured using Eqn. 4.1 between the tracked forward and

lateral positions of the mudskipper at the start and end of the jump using the top

view videos from webcams for ϕ = 42% and from high-speed cameras for ϕ = 27%,

34%, 39% and on dry mud.

4.5.7 Mode transition analysis

To quantify the different mode transitions, we manually recorded the transitions as a

sequence from webcam video observations for each trial for all 5 mud strengths (sample

size in Table 4.1). We calculated the total number of times the animal has transitioned

between modes. We then calculated the relative frequency which is defined as the

ratio of total number of transitions between 2 modes to the total number of transitions

starting from start mode. A mode transition diagram was created using GraphWiz

and was simplified by only including the non-self-transitions with a frequency higher

than 0.089 and those that emerged for the first time at a mud strength.

4.5.8 Walk mode and its variants use count on weakest and strongest mud

We calculated the total number of times a mode occurs from the sequence to estimate

the number of times the animal walked using the normal crutch mode, with a small
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tail bending and with a large tail bending for each trial for all 5 mud strengths (sample

size in Table 4.1). We measured the relative frequency which is defined as the ratio of

the number of times a type of walk mode occurs and the total number of times all

three of the walking modes occur for comparison across the different mud strengths.

4.5.9 Sinkage and contact length analysis

The videos showing the animal locomotion from a side view were used in estimating

the animal sinkage for each cycle trial for all 5 mud strengths (sample size in Table

4.1). To measure the sinkage, the animal’s body height visible (hmud) was measured

using Eqn. 4.1 using a tracked point on top of the animal along the starting edge of

the second dorsal fin, and another tracked point at the bottom of the animal along

the starting edge of the second dorsal fin on mud at mid-aerial phase where sinkage

was maximum (Fig. 4.3A). The actual height of the animal (h) was measured with

points tracked like those tracked for hmud but when the animal was completely off the

mud (Fig. 4.3A). The sinkage (∆h) was calculated using the following:

∆h = h − hmud (4.3)

The body contact length (cb) was measured to see how much the animal body was

lifted for each cycle trial for all 5 mud strengths (sample size in Table 4.1) by manual

measurement from a side view video (Fig. 4.3B) during mid-stance of the animal

where there is maximum lifting in a cycle for each trial. It was normalized to body

length (BL) of the animal. To measure how much the fins sink for each cycle trial for

all 5 mud strengths (sample size in Table 4.1), the fin contact area (Af ) and the body
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contact area (Ab) were measured manually using ImageJ from a side view video (Fig.

4.3B, C) during mid-stance of the animal. The fin contact length (cf ) was estimated

to measure fin sinkage using the following:

cf = cb.
Af

Ab

(4.4)

The force at 1 cm from mud characterization (Ramesh et al., 2024a) was inverted

(F −1) for mud with ϕ = 27% to ϕ = 42%. The inverse of force for dry mud was

considered to be 0 because the force is very high on dry mud. The body contact

length (cb) and sinkage (∆h) were multiplied together for each mud strength to get

the product of body contact length and sinkage (cb.∆h).

4.5.10 Kinematic analysis

All the trials started with the animal’s first cycle beginning with the stance phase.

The 3-D positions of the tracked points were used in calculating the velocity in all

three-axis (vx, vy, vz) using the following:

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

vx

vy

vz

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
=

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

dx
dt

dy
dt

dz
dt

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(4.5)

where t is time, x, y and z are the fore-aft, lateral, and vertical positions. vx, vy and

vz are the fore-aft, lateral, and vertical velocities of the tracked points. The total
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velocity (v) was calculated using the following:

v = (v2
x + v2

y + v2
z)1/2 (4.6)

The lateral bending body (αi) and fin-body (αL,R) angles on the transverse plane (Fig.

4.3D) were calculated using the following:

α = tan−1((a⃗ × b⃗).n̂
a⃗.b⃗

) (4.7)

where α is the lateral bending angle, n is the unit vector of the cross product, a and b

are the vectors between the tracked points on the transverse plane (Fig. 4.3E). The

lateral fin-body angle of the pectoral right fin (αR) is the conjugate of the fin-body

angle found using Eqn. 4.7 for aligning the directions of the left and right fin-body

angles visually. All lateral bending body and fin-body angles were wrapped between

[0◦, 360◦). The vertical bending body (βi) and fin-body (βL,R) angles on the sagittal

plane were found using the following:

β = tan−1(−1.((a⃗ × b⃗).n̂)
a⃗.b⃗

) (4.8)

where β is the vertical bending angle (Fig. 4.3E). All vertical bending body and

fin-body angles were wrapped between [0◦, 360◦). We then filtered the angle data

using a median filter to remove outliers.

Because the animal motions were periodic during the walk mode, we offset the

time to start from zero at the start of each walk cycle. We then normalized the time

to the duration of each cycle so that it can be the percentage of each cycle. We also
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found periodic displacement along all three axes (xc, yc, zc) by collapsing all the cycles

to start from 0 by subtracting the positions with the starting position of each cycle.

We subtracted the x-y-z positions of the DF 1 (Fig. 4.3D, E) from all the tracked

points to estimate the positions with respect to the body (xb, yb, zb). We then

estimated the fore-aft, lateral, and vertical body velocities using Eqn. 4.5 and the

total body velocity using Eqn. 4.6. The periodic displacements with respect to the

body were estimated similarly to that of the periodic positions in the world frame.

We divided the animal’s cycle into stance and aerial phases based on the pectoral

fins being on the mud and off the mud respectively. We used the maximum vertical

periodic displacement (zc) of the nose tip to compare the normalized time when

mid-stance occurs over different mud strengths. We filtered the lateral velocity (vy)

with a moving average filter. We then used the start of the rising slope and falling

slope of the lateral velocity (vy) of the left and right fin tip respectively to compare the

normalized time when the animal starts the aerial phase over different mud strengths.

We used the start of the raising slope and falling slope of the filtered lateral velocity

(vy) of the left and right fin tip combined to compare the normalized time when the

mid-aerial phase occurs over different mud strengths. We used the maximum fore-aft

periodic displacement (xc) in the aerial phase for both left and right fins to compare

fore-aft fin placement across different mud strengths. We used the maximum and

minimum lateral periodic displacement (yc) in the aerial phase for left and right fins

respectively to compare lateral fin placement across different mud strengths.
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4.5.11 Statistical analysis

We used one-way analysis of variance (ANOVA) in JMP Pro to find the significance

between different treatments for forward displacement, speed, jump, sinkage, and

contact length analysis. We included all individual data for significance in forward

displacement and speed. For sinkage, contact length, product of contact length and

sinkage, and jump analysis, we used data averaged over each individual for significance.

We have reported this data as mean ± s.d. for each analysis. We also used Student’s

t-test to compare the significance between individual treatments. To compare the

kinematics across different mud strength, the velocities, periodic displacements, body

and fin-body angles were interpolated to have the same normalized time and averaged

over all the trials for each mud strength. We used one-way analysis of variance

(ANOVA) in JMP Pro to find significance between different treatments for kinematics

analysis. All analysis except for the statistical tests were performed on MATLAB.

4.6 Results

4.6.1 Performance during crutch walk mode across substrates

In most trials the mudskipper used the normal crutching walk gait (Kawano and Blob,

2013). The mudskipper’s walking speed increased as the strength of the mud became

stronger from ϕ = 27% to ϕ = 42% (Fig. 4.4A, P < 0.005, one-way ANOVA). This

can be seen by the slope (Fig. 4.4A, fit line) that decreased from mud with ϕ = 42%

to mud with ϕ = 27%. But on dry mud, the mudskipper slowed down to a speed

that is lower than mud with ϕ = 39% but higher than that of mud with ϕ = 34%
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(P < 0.005, one-way ANOVA). The mudskipper also did not use high frequency on

the weakest mud (Fig. 4.4A) unlike on mud with other mud strengths. The animal’s

speed was not affected by the small water loss across all the days the walk trials were

collected for all the mud strengths (Fig. 4.10A-E).

Figure 4.4: Mudskipper performance across ϕ. (A) Average speed (vxy) of the
animal’s nose tip relative to frequency (f). Lines correspond to linear least-square
fit lines. The color of fit line for each mud strength is a function of force at 1 cm
from mud characterization. Each data point’s color is a function of force at 1 cm
measured using the penetrometer taken on the day of the walk trial. (B) Average
forward displacement (d) of the animal’s nose tip (N) as a function of ϕ. (C) Average
sinkage (∆h) along the starting edge of the second dorsal fin as a function of ϕ. (D)
Average body (black, cb) and pectoral fin (red, cf ) contact length as a function of ϕ.
(E) Inverse of force at 1 cm from mud characterization. (F) Average product of body
contact length (cb) and sinkage (∆h) as a function of ϕ. Square marker and error bar
in B-D corresponds to mean ± s.d. Statistics performed using one-way ANOVA. ** P
< 0.005, * P < 0.05, Student’s t-test, one-way ANOVA.
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Figure 4.5: Mudskipper forward displacement over multiple cycles. (A)
Snapshot of the mudskipper moving on mud with (i) ϕ = 27%, (ii) ϕ = 34%, (iii) ϕ =
39%, (iv) ϕ = 42% and (v) dry mud. (B) Forward displacement (d) of the nose tip
per cycle over each cycle and (C) histogram of the number of cycles the animal
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walked across mud with (i) ϕ = 27% (indigo color line, triangle marker), (ii) ϕ = 34%
(purple color line, square marker) (iii) ϕ = 39% (magenta color line, circle marker)
(iv) ϕ = 42% (orange color line, diamond marker) and (v) dry mud (yellow color line,
star marker). Line in B, i–v corresponds to the average forward displacement of nose
tip (N) per cycle. The color of line for each mud strength is a function of force at 1
cm from mud characterization. Each data point’s color is a function of force at 1 cm
measured using the penetrometer taken on the day of the walk trial. (D) The average
forward displacement of the nose tip (N) per cycle (lines in B, i-v) as a function of ϕ.
Error bar corresponds to mean ± s.d. Statistics performed using one-way ANOVA. **
P < 0.005, * P < 0.05, Student’s t-test, one-way ANOVA. (E) Maximum number of
cycles the animal walked in a walk trial. Color in D-E corresponds to ϕ.

The forward displacement (Fig. 4.5B) also decreased over each cycle as the

animal progressed forward for all 5 treatments (Fig. 4.5B, i-v). The slope of the fit

line (Fig. 4.4A) indicates the average forward displacement per cycle (Fig. 4.4A,

4.5D). This forward displacement per cycle increased as the mud got stronger from ϕ

= 27% to ϕ = 42% and then reduced on dry mud (Fig. 4.5B, i-iv). The mudskipper

also started to sink in more (Fig. 4.4C) as the mud strength weakened which in

turn increased the animal’s body (Fig. 4.4D, black) and pectoral fin (Fig. 4.4D, red)

contact length. The inverse of force at 1 cm from mud characterization (Fig. 4.4E)

and the average product of body contact length (cb) and sinkage (∆h) reduced (Fig.

4.4F) as the mud varied from ϕ = 27% to dry mud.

The histogram of the number of cycles across mud (Fig. 4.5C, i-v) showed that

the animal mostly walked 1 cycle on mud with ϕ = 27% (Fig. 4.5C, i) and walked 5

cycles (Fig. 4.5C, ii-v) higher mud strengths. For mud with ϕ = 42% and dry mud,

we only considered walk trials with at least 5 cycles. Hence it is likely that the animal

preferred to walk fewer cycles on these mud strengths. The maximum number of

cycles the animal walked (Fig. 4.5E) increased as the mud got stronger from ϕ = 27%
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to ϕ = 39% and then reduced on mud with ϕ = 42% and dry mud.

4.6.2 Animal’s kinematics varying with mud strength

The fore-aft displacement of the animal’s nose tip (N) collapsed over one cycle (Fig.

4.11A, i) showed that the animal’s forward displacement in a cycle increased as mud

Figure 4.6: Mid-stance, start, and mid-aerial phase reached by the animal
as a function of ϕ. (A) Mid-stance of the animal as a function of ϕ. (i) Snapshot of
side view of the animal during mid-stance. (ii) Vertical periodic displacement (zc) over
one cycle of animal’s nose tip (N) for ϕ = 34% (purple curve), ϕ = 39% (magenta
curve), ϕ = 42% (orange curve) and dry mud (yellow curve). Dotted line corresponds
to maximum zc in a cycle where mid-stance occurs. (iii) Average normalized time at
mid-stance as a function of ϕ. (B) Start of aerial phase and (C) Mid-aerial phase
of the animal as a function of ϕ. (i) Snapshot of the animal. (ii) Lateral velocity
over one cycle of left (PL) and right (PR) pectoral fins for ϕ = 34% (purple curve),
ϕ = 39% (magenta curve), ϕ = 42% (orange curve) and dry mud (yellow curve).
Dashed and solid lines correspond to the start of aerial phase and mid-aerial phase
respectively. (iii) Average normalized time as a function of ϕ at the start of aerial
phase and mid-aerial phase. Shaded error bar in (ii) and error bar in (iii) correspond
to mean ± s.d. Statistics performed using one-way ANOVA. ** P < 0.005, * P <
0.05, Student’s t-test, one-way ANOVA.
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strength varied from ϕ = 34% to ϕ = 42% but then reduced on dry mud. The animal

had minimal body lateral movement during each cycle (Fig. 4.11A, ii). The animal’s

body was lifted during the stance phase (Fig. 4.6A, ii) and reached a maximum value

during mid-stance by the pectoral fins (Fig. 4.6A, i-ii) before lowering in height when

the fins were off the ground during the aerial phase (Fig. 4.11A, iii) similar to when

the animal moved on hard ground (Naylor and Kawano, 2022). The animal’s vertical

displacement on its nose tip (Fig. 4.11A, iii) showed the animal’s body having a

similar maximum vertical displacement on mud with ϕ = 34% to ϕ = 42% but this

maximal vertical displacement was reduced on dry mud.

The average normalized time in reaching mid-stance by the animal’s body (Fig.

4.6A, i-ii, dotted line) was similar for ϕ = 34% and ϕ = 39% but increased as the

mud strength increased from ϕ = 39% to ϕ = 42% and then reduced on dry mud

(Fig. 4.6A, iii, P < 0.005, one-way ANOVA). The average normalized time at the

start of the aerial phase (Fig. 4.6B, i) for both pectoral fins (Fig. 4.6B-C, ii, dashed

line) was similar for mud with mud strength increasing from ϕ = 34% to ϕ = 42% but

was reduced on dry mud (Fig. 4.6B, iii, P < 0.005, one-way ANOVA). The average

normalized time in reaching the mid-aerial phase (Fig. 6C, i) for both pectoral fins

(Fig. 4.6B-C, ii, solid line) was also similar for mud with mud strength increasing

from ϕ = 34% to ϕ = 42% but was reduced on dry mud (Fig. 4.6C, iii, P < 0.005,

one-way ANOVA).

The animal’s left pectoral fin tip (PL), and right pectoral fin tip (PR) had an

increase in the fore-aft displacement over one cycle (Fig. 4.11B-C, i) for mud varying

from ϕ = 34% to ϕ = 39% (Fig. 4.7C, i-iii, P < 0.005, one-way ANOVA). It remained

similar between ϕ = 39% and ϕ = 42% but reduced on dry mud (Fig. 4.7C, i-iii, P
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Figure 4.7: Pectoral fin displacement as a function of ϕ. (A) Snapshot of
side view of animal during the end of aerial phase. (B) Snapshot of side view of
animal during the mid aerial phase. (C) Fore-aft (xc) and (D) lateral (yc) periodic
displacements of (i) left and (ii) right pectoral fins for ϕ = 34% (purple curve), ϕ
= 39% (magenta curve), ϕ = 42% (orange curve) and dry mud (yellow curve). (iii)
Average normalized time of maximum xc (Dashed line in (i) and (ii)) and absolute of
yc (Dashed line in (i) and (ii)) as a function of ϕ. Shaded error bar in (i-ii) and error
bar in (iii) correspond to mean ± s.d. Statistics performed using one-way ANOVA. **
P < 0.005, * P < 0.05, Student’s t-test, one-way ANOVA.
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< 0.005, one-way ANOVA). The lateral displacement over one cycle for the pectoral

fins remained relatively the same from mud strength varying from ϕ = 34% to ϕ =

39% but increased on ϕ = 42% and reduced on dry mud (Fig. 4.7D, i-iii, P < 0.05,

one-way ANOVA). Due to error in tracking of fin tip especially when the fins are

spread out on the lower mud strength, the statistics may not be very accurate.

The animal’s left pectoral fin tip (PL), and right pectoral fin tip (PR) had

minimal total velocity when on the mud, but it increased until the mid-aerial phase

(Fig. 4.11B-C, vii) and then decreased after the mid-aerial phase when off the mud

during the aerial phase for all mud strength (Fig. 4.11B-C, vii). The animal’s body

had increased total velocity until mid-stance, and it decreased as the animal reached

the end of the stance phase and remained minimal during the aerial phase for all mud

strengths (Fig. 4.11A, vii).

The maximum fore-aft velocity of the animal body increased as mud varied

from ϕ = 34% to ϕ = 39% and remained relatively the same for higher mud strengths

(Fig. 4.11A, iv). The fore-aft velocity of the left and right fin tips showed increased

maximum fore-aft velocity for mud with ϕ = 42% while it remained similar on other

mud strengths (Fig. 4.11B-C, iv). The lateral velocity of the animal body was minimal

for all mud strength (Fig. 4.11A, v). The maximum and minimum lateral velocities

of the left and right pectoral fin tips increased and decreased respectively as the mud

strength varied from ϕ = 34% to ϕ = 42% and then reduced and increased on dry

mud respectively (Fig. 4.11B-C v). The vertical velocities of the animal body and

fins were relatively similar across all the mud strengths (Fig. 4.11A-C, vi) starting

from ϕ = 34%. The maximum total velocity on the nose tip increased as mud varied

from ϕ = 34% to ϕ = 39%, it remained the same at ϕ = 42% and then reduced on
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Figure 4.8: Fin rotation varying with ϕ. (A) Lateral fin-body angle as a function
of ϕ. (B) Vertical fin-body angle as a function of ϕ. (i) Snapshot of top view and
side view of the animal at the start of the stance phase. (ii) Left pectoral fin’s lateral
(αL) and vertical fin-body angle (βL), and (iii) right pectoral fin’s lateral (αR) and
vertical fin-body angle (βR) over one cycle for ϕ = 34% (purple curve), ϕ = 39%
(magenta curve), ϕ = 42% (orange curve) and dry mud (yellow curve). The shaded
error bar corresponds to mean ± s.d. (C) Average of minimum αL and minimum αR

as a function of ϕ. (D) Average of minimum βL and minimum βR as a function of ϕ.
Error bar corresponds to mean ± s.d. Statistics performed using one-way ANOVA. *
P < 0.05, Student’s t-test, one-way ANOVA.

dry mud (Fig. 4.11A, vii). The maximum total velocity of the left and right fin tips

increased as mud varied from ϕ = 34% to ϕ = 42% and then reduced on dry mud

(Fig. 4.11B-C, vii).

The animal showed minimal body bending over one cycle on the transverse

112



Chapter 4. Terrestrial locomotion by mudskippers on wet flowable substrate of
varying strength

plane (Fig. 4.12A, i-iv) for all mud with mud strengths varying from ϕ = 34% to ϕ

= 42% and on dry mud. The head relative to the animal body (β1), the upper (β2)

and lower (β3) mid-body bending were relatively minimal on the sagittal plane (Fig.

4.12B, i-iii) for each cycle across all mud strengths varying from ϕ = 34% to ϕ =

42% and on dry mud. The tail relative to lower body (β4) was bent throughout a

cycle in most trials and had a small oscillation where the tail was slightly more bent

during the stance phase compared to the aerial phase (Fig. 4.12B, iv) suggesting that

the tail bending acted as a push-point to stabilize the animal during lift which were

seen during our observations. This angle was relatively the same for each cycle across

all mud strengths varying from ϕ = 34% to ϕ = 42% and on dry mud (Fig. 4.11B,

iv). Both the left and right pectoral fins fully extended out (fin-body angle is 180

degrees) at the end of the stance phase across all mud strengths varying from ϕ =

34% to ϕ = 42% and on dry mud on both transverse (Fig. 4.8A, ii-iii) and sagittal

(Fig. 4.8B, ii-iii) plane.

The average of the minimum lateral fin-body angles which is at the start of the

stance phase (Fig. 4.8C) remained the same as mud strength varied from ϕ = 34% to

ϕ = 39% but reduced on ϕ = 42% and increased on dry mud (Fig. 4.8C, P > 0.05,

one-way ANOVA). The average of the maximum vertical fin-body angles which is at

the start of stance phase (Fig. 4.8D) remained the same as mud strength varied from

ϕ = 34% to ϕ = 39% but reduced on ϕ = 42% and dry mud (Fig. 4.8C, P < 0.05,

one-way ANOVA). The statistics of the average of the minimum lateral and maximum

vertical fin-body angles may be inaccurate due to the small shift in tracked fore-aft

and lateral of the fin tips.
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4.6.3 Animal transitioning to other modes to adapt to mud strength

The mudskipper displayed behavioral adaptations to overcome challenges on weaker

mud and dry mud. The mudskipper jumped the most on dry mud and occasionally

on mud with ϕ = 39% and ϕ = 42% (Fig. 4.9B, E). On the mud with ϕ = 34%, the

number of jumps per minute got more frequent but still less than the count on dry

mud (P < 0.005, one-way ANOVA). As the mud strength decreased from ϕ = 42% to

ϕ = 34%, the adhesive force of the mud increased (Ramesh et al., 2024a), and the

mud started to stick more to the animal’s body and appendages making it difficult to

move forward due to drag. This likely caused the animal to jump more often due to

the failure of crutch walk mode on the mud (Fig. 4.9E).

However, on mud with ϕ = 27%, the mudskipper jumped less frequently because

more mud adhered to the animal body and fins making it difficult for it to jump (Fig.

4.9B). The jump displacement also increased as the mud got stronger (Fig. 4.9C) but

decreased on dry mud (P < 0.005, one-way ANOVA). The animal also started to

jump vertically with minimal forward displacement on dry mud (Fig. 4.9D, v).

Apart from jump mode, the mudskipper displayed two variants of the walk

crutch mode the weakest mud (ϕ = 27%) to help move forward for more than one

cycle which the animal was unable to do so using the normal crutch walk mode (Fig.

4.5B, i, 4.9E, i). These variants involved the mudskipper using its tail to thrust itself

forward. The first variant is the walk crutch with small tail bending on the transverse

plane. This mode did help the animal to move forward but was still ineffective because

it could only move over one cycle. Despite the ineffectiveness, this mode (15.6%) was

used more than the normal crutch mode (Fig. 4.9D). The second variant is the walk

crutch with large tail bending. This variant is similar to jumping except that the
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Figure 4.9: Behavioral adaptations. (A) Schematic of the mudskipper using
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different modes on mud. Arrows indicate the movement direction in each locomotor
mode. Each color corresponds to a mode. Vertical jump means the animal jumped
vertically before turning and placing itself on the mud. (B) Jump count as a function
of ϕ. (C) Jump displacement as a function of ϕ. (D) Crutch mode and its variant
count percentage as a function of ϕ. (E) Mode transition diagram for (i) mud with
(i) ϕ = 27%, (ii) ϕ = 34%, (iii) ϕ = 39%, (iv) ϕ = 42% and (v) on dry mud. Red
arrows and numbers correspond to transitioning to the same mode. The thickness of
the arrows corresponds to frequency. A relative frequency greater than one means
that on average it occurred more than once in each trial. Start corresponds to when
the animal was put on the mud at the start of trial. Finish is when the animal is
taken off the mud and placed back on mud or trial is finished. Stop means the animal
stopped moving for some time. Assisted walk means the animal moved on mud with
some parts in contact with the hand. Error bar in B-C corresponds to mean ± s.d.
Statistics performed using one-way ANOVA. ** P < 0.005, * P < 0.05, Student’s
t-test, one-way ANOVA. See Table 4.1 for sample size.

body does not leave the surface. This variant of the crutch walk mode helped the

mudskipper move over multiple cycles making this the most used walk mode (79.2%)

on mud with ϕ = 27% (Fig. 4.9D, 4.9E, i). When using the normal crutch mode on

ϕ = 27%, the animal always stopped with the frequency of 0.234 after 1 cycle (Fig.

4.9E, i). The animal used the walk crutch mode with large tail bending more likely

after stopping with a frequency of 3 (Fig. 4.9E, i).

The use of tail bending by the animal reduced as the mud strength increased

from ϕ = 27% and was minimal on ϕ = 39% and ϕ = 42% before starting to emerge

again on dry mud (Fig. 4.9C). The small tail bending with walk mode (4.96%) was

used less than walk mode with large tail bending (7.57%) on mud with ϕ = 34% (Fig.

4.9D). The small tail bending with walk mode (3.28%) was used more than walk mode

with large tail bending (1.38%) on dry mud (Fig. 4.9D). The crutch walk mode was

still preferred by the animal to move forward compared to the two variants of the walk

mode on ϕ = 34% and dry mud with a frequency of 87.5% and 95.3% respectively
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(Fig. 4.9D). The animal used the crutch walk mode from assisted walk with a high

self-transition on all the mud strengths above ϕ = 27% (Fig. 4.9D, ii-v).

4.7 Discussion

We measured the simple kinematics of the animal during each cycle of the crutching

walk gait, the sustained terrestrial locomotion, seen in mudskippers. The different

modes emergent in the animal locomotion to adapt to the variation of mud strength is

likely due to the difficulty in traversing the mud using the crutch walking gait which

is the preferred form of locomotion on land.

4.7.1 Failure of the crutch walk mode on weakest due to adhesive force

We hypothesized that the speed of the animal when using the crutch walk mode

reduces as the mud gets weaker, likely due to the increase in the adhesive force of

the mud and drag from mud sticking to the animal’s body and appendages which

in turn prevents the animal from lifting itself to move forward. This hypothesis was

confirmed for mud strength decreasing from ϕ = 42% to ϕ = 27%. This is because

as the mud got weaker the animal had increased sinkage (Fig. 4.4C), body and fin

contact length (Fig. 4.4D) and struggled more. This was seen in the decrease in the

normalized time at mid-stance as mud strength decreased (Fig. 4.6A, ii-iii) which in

turn reduced the forward displacement. This is likely due to insufficient lift force (FL)

needed to help the animal move forward (Fig. 4.13A).

For the animal to move forward, the lift force should be to be equal to its weight

similar to other flowable substrates such as sand. On stronger mud, the mudskipper
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sinks less (Fig. 4.13A) to generate the lift force (Fig. 4.13B) to move forward. The

animal must sink in more to generate the same lift force on weaker mud (Fig. 4.13B).

The pectoral fins of the animal also spread more as the mud strength reduced likely

to increase the surface area of the fins which in turn would reduce the lift force. This

was seen in the fin contact length (Fig. 4.4D, red) suggesting that the fins were more

spread out on weaker mud.

Previous studies on sand found that the C-shaped legs of SandBot could move

on flowable substrates fast similar to rigid ground if applied force is less than the yield

force causing the substrate to resolidify (Li et al., 2009; Li et al., 2010). This has also

been observed in studies on sea turtles and FipperBot moving sand similar to rigid

ground by keeping the flipper applied force below the yield force to re-solidify the

substrate (Mazouchova et al., 2010; Mazouchova, Umbanhowar, and Goldman, 2013).

The mudskipper also likely has the capability of using its pectoral fins to resolidify

the substrate. But unlike sand, mud can have large adhesive forces. Hence, if the

mudskipper’s pectoral fin motions are not adjusted then more mud sticks to the belly

resulting in the difficulty of the animal to lift upwards due to a large adhesive force

and drag. This in turn causes the forward displacement and speed (Fig. 4.4A-B)

to decrease. This is likely why the animal took shorter normalized time to reach

mid-stance (Fig. 4.6A, iii) and had reduced maximum fore-aft fin tip placement (Fig.

4.7C, iii) as the mud strength decreased from ϕ = 42% to ϕ = 34% which in turn

reduced the forward displacement.

This lift force (FL) is proportional to the horizontal contact area of the animal
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which is the product of body contact length and body width, and the sinkage:

FL = CL.(cb.wb).∆h (4.9)

where CL is the lift coefficient that measures the mud strength and is proportional to

the penetration force, wb is the width of the animal which is constant. The product

of body contact length (cb) and sinkage (∆h) was shown to follow the same trend as

the inverse of force at 1 cm from mud characterization (Fig. 4.4E-F) which in turn

confirms our hypothesis.

4.7.2 Failure of the crutch walk mode on strongest mud strength due to
lack of water

We hypothesized that the speed of the animal when using the crutch walk mode

increases as the mud gets stronger. But the speed was reduced on dry mud (very high

mud strength) likely because the mudskipper’s body and fins started to stick to the

surface of the dry mud causing the animal to slow down its speed (Fig. 4.4A). The

sticking is likely due to the mucus on the animal’s body or pectoral fins at surface

contact area quickly drying up once the animal’s wet body or pectoral fins came in

contact with the mud surface. This likely caused the animal to quickly start the aerial

phase (Fig. 4.6B, iii) and reach the mid-aerial phase (Fig. 4.6C, iii) to remove the

fins faster and reduce the stance phase (Fig. 4.6A, iii) which reduced the forward

displacement. In a previous study where the mudskipper moved on the surface of

water and on gelatin, it was found that the speed of the mudskipper was smaller on

the gelatin which was high in viscosity compared to the surface in water (Wang et al.,

2013). In this study, we further found that if the strength, in other words viscosity was
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increased from ϕ = 27% to ϕ = 42% then the speed increased and on the strongest

mud (dry mud) strength the speed reduced.

4.7.3 Transition to jump mode when walking fails

Despite previous studies in observations of jump mode in mudskippers as a terrestrial

escape response (Dijk, 1960; Jaafar and Murdy, 2017; Stebbins and Kalk, 1961) and

quantifying kinematics of mudskipper jumping on a single substrate with no variation

(Swanson and Gibb, 2004), there have been no systematic studies yet in jumping of

mudskippers with mud strength variation. Here, we found that as the mud strength

decreased from ϕ = 42% to ϕ = 34%, the adhesive force of the mud increased, and the

mud started to stick more to the animal’s body and appendages making it difficult to

move forward due to drag. This likely caused the animal to jump more often due to

the failure of crutch walk mode on the mud (Fig. 4.9E, ii-iv).

When jumping, the animal bends its tail and pushes itself off the ground from

the propulsive forces generated (Gibb, Ashley-Ross, and Hsieh, 2013). This likely

helped the animal to get off the mud sticking to its body and appendages on mud

with ϕ = 34% to overcome the drag from the mud and helped remove itself from the

surface of dry mud when the crutch walk mode failed. At ϕ = 27%, the jump mode

likely failed to help generate enough propulsive forces to overcome the large adhesive

force and drag the animal needed to push off the mud due to too much mud sticking

onto the body and appendages. The jump mode was seen to be used the most often

on dry mud (Fig. 4.9B). This is likely because the crutch walk mode failed on this

mud due to the mucus on the animal’s body and appendages quickly drying up as

soon as it came in contact with the mud surface. This enabled the animal to jump to
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lift its body off the surface to move. The animal also showed the emergence of vertical

jumps on dry mud likely due to a lack of adhesive force and drag from the mud which

enabled the animal to use a higher angle of attack during jumping (Fig. 4.9A, 4.9E,

v).

Previous studies of escape responses in mudskippers (Swanson and Gibb, 2004)

have shown that mudskippers can jump with an average displacement of 3 cm on

hard surfaces. Here we found that on mud at all mud strengths, the animal can

reach displacements greater than 3 cm (Fig. 4.9C). This shows that the animal likely

generates larger thrust when pushing its tail onto the substrate which enables it to

jump over a larger displacement. We also found that the jump displacement increased

as mud strength increased from ϕ = 27% to ϕ = 42% and reduced on dry mud (Fig.

4.9C).

4.7.4 Tail bending to generate propulsive forces during crutch facilitates
locomotion

On the weakest mud, the animal was unable to move with both the jump mode (Fig.

4.9A) and the crutch walk mode (Fig. 4.9C) likely due to generation of a large adhesive

force and drag from mud sticking to animal’s body and fins. This enabled the animal

to start using tail bending along with the normal crutch mode. There have been

observations of large tail bending with the normal crutch mode in mudskippers moving

over inclined sand (McInroe et al., 2016; Naylor and Kawano, 2022) and observations

of small tail bending with normal crutch mode on surface of water and gelatin (Wang

et al., 2013). Despite observations of the animal using large (Naylor and Kawano,

2022) and small (Wang et al., 2013) tail bending, there have been no systematic study
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yet on these modes. Here we showed through our systematic study that these walk

mode variants emerge when normal crutch mode fails on the weakest (ϕ = 27%) mud

and then reduces in occurrence on mud with ϕ = 34% and is negligible on mud with

ϕ = 39% and ϕ = 42% before increasing its occurrence on strongest (dry) mud (Fig.

4.9D). The animal likely used tail bending on weakest mud to generate propulsive

forces to overcome the large adhesive force and drag as seen in the use of tail in

MuddyBot, a robo-physical model developed to study the use of tail in mudskippers

on inclined sand, where it was shown to help improve performance on inclined sand

substrate (McInroe et al., 2016).

On the weakest mud, the walk crutch mode with small tail bending helped

the animal to move but only over one cycle which is similar to the normal crutch

mode. This likely enabled the animal to use walk crutch mode with large tail bending

to help it move over multiple cycles on the mud. This behavior resembles skipping

on water surfaces where the animal bends its tail to help thrust itself forward (De

and Nandi, 1984; Dijk, 1960; Jaafar and Murdy, 2017). The animal also likely used

small tail bending due to fatigue. We found that the animal used the large and small

tail bending along with normal crutch mode sometimes on mud with mud strength

increasing from ϕ = 34% to ϕ = 42% and the strongest (dry) mud when it was tired

or struggling to move forward.

4.7.5 Transition to different modes when the primary locomotion fails
shows capability of transition across substrates

We hypothesized that as the animal started to struggle more with variation in the mud

strength, it would start to either modify the crutching gait or use a new strategy to help
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it move forward. The observations in this study have confirmed the hypothesis. The

primary locomotion of the animal, the crutch walk mode, as seen in our observations

cannot be modified by the animal with variation in mud strength. This shows that

the crutch walk mode can be considered as a stereotypical template for the animal

and it can only be modulated by a very small amount due to which it fails on the

weakest and strongest mud and different modes start to emerge. As the animal started

to struggle more when the mud strength got weaker or extremely dry the primary

locomotion, the crutch walk mode, started to fail and this enabled the emergence of

the jump mode. As the jump mode started to fail on the weakest mud, the animal

started to use a variant of the crutch walk mode by bending the tail to help the

animal push itself forward during the propulsive phase of the crutch walk mode. This

shows that the animal can easily transition over a continuum of substrates as seen in

the natural environment. In the natural environment, the animal must swim in deep

water and likely transitions to walking at the bottom of the water as it gets closer

to the water–land transition zone. The animal can quickly adapt to the various mud

strengths at this zone by transitioning to other modified crutch walking gaits or jump

and even swimming modes before continuing to walk on land.

4.8 Future work

This study focuses more on the biological aspect of terradynamics. To help develop a

better understanding of how mudskippers can adapt to variation in mud strength and

change between strategies, our next step is to develop resistive force theory (RFT) to

calculate forces on fish body and pectoral fins to help predict performance landscapes.
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Resistive force theory has been found useful in finding force laws empirically analogous

to theoretical force laws in fluids and aerodynamics. Previous studies have used RFT

to understand how the animals interact with substrates such as dry (Astley et al.,

2020; Ding et al., 2012; Ding, Li, and Goldman, 2013; Goldman, 2014; Li, Zhang,

and Goldman, 2012; Li, Hsieh, and Goldman, 2012; Li, Zhang, and Goldman, 2013;

Maladen et al., 2009; Maladen et al., 2011; Mazouchova et al., 2010; Mazouchova,

Umbanhowar, and Goldman, 2013; McInroe et al., 2016; Zhang and Goldman, 2014)

and wet (Sharpe, Kuckuk, and Goldman, 2015; Winter, Deits, and Hosoi, 2012) sand

to generate the right forces. This will help in getting a better understanding of the

locomotor-mud interaction mechanics as the mud strength is varied.

We have also developed a robo-physical model that moves similar to that of

the mudskipper. We plan to use this robo-physical model to perform systematic and

repeatable experiments and explore the parameter space to better understand why

mudskippers use certain parameters and do not prefer to use other parameters. We

have also added lifting segments to the robo-physical model which will help us further

study the use of tail bending in the animal when using the normal crutch mode.

4.9 Appendix
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Figure 4.10: Animal performance over each day across ϕ. Average speed (vxy)
of the animal’s nose tip relative to frequency (f) for (A) ϕ = 27%, (B) ϕ = 34%,
(C) ϕ = 39%, (D) ϕ = 42%, and (E) dry mud. Solid lines correspond to linear least
square fit lines of all the walk trials in a mud strength. The color of the fit line for
each mud strength is a function of force at 1 cm from mud characterization. Each data
point’s color is a function of force at 1 cm measured using the penetrometer taken on
the day of the walk trial. The dashed fit lines correspond to linear least square fit
lines each day of the walk trials. The thickness of the dash lines is a function of the
day number for each mud strength.
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Figure 4.11: Animal kinematics over one cycle across ϕ. Animal’s (A) nose
tip (N), (B) left pectoral fin tip (PL), and (C) right pectoral fin tip (PR) kinematics.
(i) Fore-aft periodic displacement (xc), (ii) lateral periodic displacement (yc), (iii)
vertical periodic displacement (zc), (iv) fore-aft velocity (vx), (v) lateral velocity (vy),
(vi) vertical velocity (vz) and (vii) total velocity (v) over normalized time on mud
with ϕ = 34% (purple curve), ϕ = 39% (magenta curve), ϕ = 42% (orange curve) and
dry mud (yellow curve). The shaded error bar corresponds to mean ± s.d.
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Figure 4.12: Body rotation varying with ϕ. (A) Lateral bending body angle
as a function of ϕ. (B) Vertical bending body angle as a function of ϕ. (i) Head to
body rotation on the lateral plane (α1) and vertical plane (β1), (ii) upper mid-body
rotation on the lateral plane (α2) and vertical plane (β2), (iii) lower mid-body rotation
on the lateral plane (α3) and vertical plane (β3), (iv) tail-body rotation on the lateral
plane (α4) and vertical plane (β4) over one cycle for ϕ = 34% (purple curve), ϕ = 39%
(magenta curve), ϕ = 42% (orange curve) and dry mud (yellow curve). The shaded
error bar corresponds to mean ± s.d.

127



Chapter 4. Terrestrial locomotion by mudskippers on wet flowable substrate of
varying strength

Figure 4.13: Animal sinkage when moving on stronger and weaker mud.
(A) Schematic of the animal sinkage on stronger and weaker mud. Yellow corresponds
to the initial animal position. Blue corresponds to mid-stance position and green
corresponds to the end of stance phase. (B) Force as a function of depth profile for
stronger and weaker mud.
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Chapter 5

Body lifting by ropefish during terrestrial locomo-
tion on mud with different strengths

This chapter is to be submitted as an article entitled Body lifting by ropefish during

terrestrial locomotion on mud with different strengths, authored by Divya Ramesh,

Daniel Collum, Abdulla Ubaydullaev, Hongbo Zhang, Alex Nath, Dami Kim, Catherine

Pollard, Chiadika Vincent, Na Dai, and Chen Li.
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5.3 Summary

Amphibious fishes regularly encounter mud of different strengths when moving at

the water–land interface which can be challenging. Ropefish like other elongated

amphibious fishes regularly make forays onto land using axial-based locomotion

(lateral bending). They are likely capable of vertically bending their body which many

terrestrial animals do to enhance locomotion. Only one amphibious fish study has

observed a small, local tail lifting in mudskippers on inclined sand. We hypothesize

that the ropefish starts to lift sections of its body in coordination with lateral bending

likely to modulate friction on higher mud strengths. To test this, we allowed the

animal to move over the mud of 3 different mud strengths. We observed that the

animal started to sink more and had a reduction in speed and larger contact length

on the lowest mud strength. On mud of higher strength, the animal had increased

speed and minimal sinkage with less body contact length due to large body sections

lifting off the mud surface likely to overcome ground friction. We have performed

horizontal drag force measurement experiments whose force measurements can be

used in resistive force theory for mud to calculate the modulation of lift and drag

force by body lifting. To better understand the coordination between body lifting and

lateral bending, we have also developed a robophysical model.
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5.4 Introduction

Amphibious fishes regularly make foray onto land by transitioning from swimming

in water to crawling on land (Ashley-Ross et al., 2013; Bressman, 2022; Pace and

Gibb, 2014; Sayer, 2005) at the water–land interface. They have been found to use

morphologies and control systems that were originally made for swimming for walking

or crawling on solid surfaces (Bressman, 2022; Bressman, Gibb, and Farina, 2018;

Bressman et al., 2019; Bressman, Morrison, and Ashley-Ross, 2021; Pace and Gibb,

2011; Redmann et al., 2020; Standen et al., 2016). This water–land interface often has

wet flowable substrates such as mud or wet sand (Clack, 2012; Perry et al., 2015; Wendt

et al., 1997) that vary in solid composition and wetness. Such substrates can behave

similarly to a solid or flow similar to a liquid based on the forces applied relative to the

yield strength (Coussot, 1997; Goldman, 2014; Li et al., 2009; Li, Hsieh, and Goldman,

2012; Mazouchova et al., 2010; Winter, Deits, and Hosoi, 2012; Sharpe, Kuckuk,

and Goldman, 2015). The moisture content of the substrate also causes variation in

the yield strength (Coussot, 1997) at which the solid–fluid transition occurs which

makes locomotion challenging. Mud, unlike sand, can have strong cohesion caused

by colloidal effects (Coussot, 1997). This causes the mud to stick to the animal’s

appendages and body, which can affect its locomotion.

Amphibious fishes can adapt exceptionally well to substrate variation despite

these challenges by adjusting their body and appendages and transitioning between

strategies as they interact with the substrate. Recent studies have quantified the

kinematics (Naylor and Kawano, 2022; Redmann et al., 2020) and muscle control

(Horner and Jayne, 2014; Lutek and Standen, 2021) to understand better how fishes

locomote on wet flowable substrates. Several studies have investigated animal and
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robot locomotion/behavior on dry (Li, Hsieh, and Goldman, 2012; Maladen et al., 2009;

McInroe et al., 2016; Naylor and Kawano, 2022), partly wet (Kudrolli, Ramirez, and

Weitz, 2019; Sharpe, Kuckuk, and Goldman, 2015) and fully saturated sand (Dorgan,

2018; Redmann et al., 2020) unlike on mud, which only has a few animal studies

(Falkingham and Horner, 2016; Horner and Jayne, 2014; Naylor and Kawano, 2022;

Standen et al., 2016), especially in the solid–fluid transition concentration. Viscous

fluids such as gelatin (Wang et al., 2013), methyl cellulose (Lutek and Standen, 2021),

and Poly-Bore (Horner and Jayne, 2008) have also been used as substrates to study

fish locomotion.

It is necessary to quantify the environmental interaction between fish and wet

substrate to help fully understand the generation of forces on the animal’s body

and appendages, and how the locomotor morphology, control, and kinematics permit

performance. The interaction mechanics between mud and animal is yet to be studied

unlike on sand, where it has been extensively studied (Li, Hsieh, and Goldman, 2012;

Maladen et al., 2009; Sharpe, Kuckuk, and Goldman, 2015). Our previous study

(Ramesh et al., 2024a) has established tools and methods to systematically prepare,

vary, and control mud of different strengths to facilitate this similar to methods that

have been well established for controlling dry (Li et al., 2009; Maladen et al., 2009)

and wet (Sharpe, Kuckuk, and Goldman, 2015) sand.

Resistive force theory (RFT) has been used in finding force laws empirically

that are analogous to theoretical force laws in fluids and aerodynamics to help better

understand the locomotor-substrate interaction mechanics. Although previous studies

have used RFT to understand the locomotor-substrate interaction mechanics for dry

(Li, Zhang, and Goldman, 2012; Li, Hsieh, and Goldman, 2012; Astley et al., 2020;
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Ding et al., 2012; Ding, Li, and Goldman, 2013; Goldman, 2014; Li, Zhang, and

Goldman, 2013; Maladen et al., 2009; Maladen et al., 2011; Mazouchova et al., 2010;

Mazouchova, Umbanhowar, and Goldman, 2013; McInroe et al., 2016; Zhang and

Goldman, 2014) and wet (Sharpe, Kuckuk, and Goldman, 2015; Winter, Deits, and

Hosoi, 2012) sand, such force laws are yet to be developed for mud.

Amphibious fishes use three distinct strategies on land to locomote which are the

appendicular-based, axial-appendicular-based, and axial-based locomotion (Pace and

Gibb, 2014). Our previous study performed a systematic study of mudskipper which

uses appendicular-based locomotion (crutching gait) on land, moving on mud with

different strengths (Ramesh et al., 2024b) and found that the animal either modifies

its crunching gait or transitions to another locomotion strategy with mud strength

variation. In this study, we will focus on axial-based locomotion which is used by

elongate amphibious fishes on land (Pace and Gibb, 2014). Elongate fishes laterally

bend their body to propel forward on solid ground (Pace and Gibb, 2011; Clardy,

2012; Mehta et al., 2021; Sayer, 2005; Gillis, 1998; Gillis, 2000; Watz et al., 2019; Ward

Figure 5.1: Choice of model organism. (A) Ropefish moving on mud.
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et al., 2015) similar to snake’s lateral undulation (Schiebel et al., 2019). We chose

ropefish (Erpetoichthys calabaricus) as the model organism for axial-based locomotion

(Fig. 5.1) because they have been extensively studied in terms of kinematics and

muscle control (Pace and Gibb, 2011; Ward et al., 2015) during terrestrial locomotion.

Studies have observed that ropefish use lateral bending with minimal dorsoventral

bending on solid ground which is less precise compared to snakes likely due to differences

in musculature and morphology (Pace and Gibb, 2011). When swimming, the animal’s

anterior body has a linear forward movement compared to the posterior body whereas,

its posterior body and tail have a cyclic lateral movement and its pectoral fins paddle

for forward propulsion (Pace and Gibb, 2011; Pace and Gibb, 2014). A study observed

that as the water depth reduces, the ropefish’s anterior body starts to have an increased

magnitude of lateral excursions and wave amplitude (Pace and Gibb, 2011). This

shows that the animal can modify the wave number and amplitude of its lateral

bending.

Many terrestrial animals can bend their body vertically to improve locomotion

on land. Some mammals bend their spine vertically to enhance locomotion gaits

such as galloping (Kamimura et al., 2022; Bertram and Gutmann, 2009; Schilling

and Hackert, 2006) and half-bounding (English, 1980; Schilling and Hackert, 2006).

Reptiles such as snakes use vertical bending in arboreal environments on lateral

obstacles (Jurestovsky, Usher, and Astley, 2021; Astley and Jayne, 2009; Astley and

Jayne, 2007), in complex 3-D terrain(Fu, Astley, and Li, 2022), and in gliding (Yeaton

et al., 2020). Ropefish may also have the capability to vertically bend its elongated

body similar to snakes. A previous study on snakes found that they lift curved parts

of their body to modulate ground friction (Hu et al., 2009). It is likely that ropefish
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can also lift parts of their body in combination with lateral bending on higher mud

strengths for a similar function. Despite an observation of a small, local tail lifting in

mudskippers on inclined sand (Naylor and Kawano, 2022), there is no study yet with

observation of elongate amphibious fishes lifting sections of their body with systematic

variation in mud strength.

We hypothesize that the animal starts to modify its terrestrial locomotion as the

mud strength increases. To test the hypothesis, we allowed the ropefish to locomote

on mud with different mud strengths and used high-speed cameras to track the animal

body and pectoral fins to help measure the kinematics. We hypothesized that (1)

the animal when using the lateral bending (axial-based locomotion) starts to traverse

slower as the mud gets weaker. This is likely due to the increase in the adhesive

force caused by mud sticking to the animal’s lower body and drag arising from mud

sticking on the animal’s upper body which prevents the animal from lifting itself to

progress forward. (2) The animal starts to lift parts of its body in coordination with

lateral bending to improve or maintain its performance. To test hypothesis (1), we

used high-speed camera videos to measure and quantify the animal’s performance

during axial-based locomotion. To test hypothesis (2), we performed kinematics to

help understand the body lifting and lateral bending coordination. We also performed

horizontal drag force experiments to develop a resistive force theory for mud which

can be used to calculate the modulation of lift and draft forces by body lifting.
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5.5 Materials and Methods

5.5.1 Animal experimental testbed, choice of mud substrate, and mud
characterization during experiments

We used Georgia Kaolin (China Clay, Old Hickory Clay Company, Florida, USA) as

the substrate for our animal and force measurement experiments because clay mud

behaves quantitatively similar to natural mud (Coussot, 1997). The clay mud was

prepared using an automated mixing system (Fig. 5.2A) that was developed and used

in our previous studies (Ramesh et al., 2024a; Ramesh et al., 2024b). The experimental

testbed consisted of a container (HOMZ, Chicago, IL, USA) that is 1.02 m in length,

0.51 m in width, and 0.16 m in height with an airtight lid was used to hold the clay

mud to perform experiments and during storage (Fig. 5.2D). To track the water loss

and maintain the mud strength throughout the study, we used the custom portable

penetrometer (Ramesh et al., 2024a) during the animal and horizontal drag force

measurement experiments (Fig. 5.2B).

We filled the container up to at least 3/4th of the tub height to prevent boundary

effects from affecting the animal locomotion and the intruder during mud characteri-

zation. Boundary effects are defined as artifact forces applied on an object as it moves

near the container’s boundary (Coussot, 1997). We also used sealing methods that

were developed and used in our previous study to help minimize water loss (Ramesh

et al., 2024a). This method consisted of the sides of the lid covered with rubber sealing

strips (CloudBuyer) to further make the lid airtight and to prevent water drops from

escaping from the sides of the lid (Fig. 5.2D). A plastic wrap was placed directly on

the mud surface to minimize the evaporation of water from the surface to the top
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Figure 5.2: Experimental setup. (A) Automated mud preparation system. (B)
Custom portable penetrometer. (C) A schematic of the experimental setup. (D)
Photo of the experimental setup. Reproduced from Ramesh et al., 2024b

of the lid. We also placed lashing straps (ACE-Lashing Straps, Acelane) around the

closed container to tighten the lids further onto the container (Fig. 5.2D).

5.5.2 Different mud strengths used for experiments

We chose ϕ = 27% which is closer to the lower limit of the solid–fluid transition

regime and ϕ = 39% which is in the solid–fluid transition regime based on the mud

characterization using the automated vertical penetration device (Ramesh et al.,
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Trial count
for analysis

A1 A2 A3 A4 A5 Total
trials

No. of
Treatments

Trials per
treatment

(27%, 39%,
Cracked

dry mud)

Walk trials
for forward

displace-
ment and
speed at

each cycle

13 8 9 15 17 62 3 8, 13, 41

No. of
cycles for
sinkage

and
contact
length

8 4 7 8 12 39 3 8, 16, 15

Walk trials
tracked for
kinematics

3 1 2 4 3 13 1 -, 13, -

Table 5.1: Sample size for different analysis. A1 corresponds to Animal 1

2024a). We also chose cracked dry mud that has a very high ϕ in the fractured mud

regime. It was prepared by drying out the water content after the wet mud was

flattened in a container over several days. We chose ϕ = 27%, 34% (which is also in

the solid–fluid transition regime), and 39% for the horizontal drag force measurement

experiments.

5.5.3 Experimental setup, sample size and protocol for animal locomotion

We tracked the animal locomotion using 6 synchronized high-speed cameras (N-

5A100 17 Gm/CXP-6-1.0, Adimec, Eindhoven, The Netherlands) and used it for 3-D
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reconstruction (Hedrick, 2008) at 100 frames per second for all trials (Fig. 5.2C-D).

We also used two webcams (Logitech and HP) to record top view and side view videos

at 30 frames per second to capture the entire animal study completed in a day. The

experimental setup was well lit and heated using a heat lamp (500 Watt Portable

Halogen Work Light, Woods) (Fig. 5.2C). The heat lamp was switched off between

each trial to maintain the temperature.

We used 5 ropefishes (Erpetoichthys calabaricus) for this study. We chose to use

this species because they have been extensively studied in previous studies which will

allow us to use our results and findings to connect to the previous work and provide

novel insights on the animal’s adaptation to varying mud strength. All animals were

approved by and in compliance with The Johns Hopkins University Animal Care and

Use Committee (protocol FI21E163 and FI24E75). The animals were fed daily with

dried shrimp pellets and housed in well-lit, well-heated aquarium tanks filled with

fresh water. The animals were allowed to get accustomed to each mud strength for

a few minutes on the first day of experiments. Due to the difficulty of the animal

locomoting on ϕ = 27%, we could only collect data for 3 individuals.

We also recorded the length, height, and weight of the animals after the ex-

periment concluded each day. The length and height were estimated using ImageJ

software. The animals were weighed using a digital weighing scale (American weigh

scales, USA). The weight of the animals was 14.03 ± 1.47 g (mean ± s.d.). The length

and height of the animals were 22.2 ± 1.06 cm and 1.16 ± 0.18 cm respectively. The

average temperature of the experimental setup recorded at the start of each trial was

25 ± 0.6◦ C.

Here we defined a trial from when the animal was first placed on the mud until
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when it was finally taken off the mud. We recorded each trial using high-speed cameras.

We started recording the videos before the animal was first placed on the mud and

stopped the recording after the animal was finally taken off the mud in a trial. During

each trial, we gently prodded the animal by hand to make the animal move. When

the animal was drying out or had too much mud covering the body, we removed it

off the mud and placed and cleaned it in water for a few seconds before being placed

back on the mud. The animal was taken off the mud at the end of each trial after 2–3

minutes. The animal was allowed to rest for some time (10 – 15 minutes) before each

trial. We mixed the mud using a metal spatula with beveled edges (Homi Styles) and

manually flattened by hand using a piece of plexiglass (McMaster-Carr, Princeton,

NJ, USA) after the mud was disturbed by fish during each trial.

The custom portable penetrometer was used to characterize mud strength

spatially on the disturbed mud after animal trials (Ramesh et al., 2024a). We defined

walk trials as those trials where the ropefish moved continuously in consecutive lateral

undulation cycles. We rejected walk trials where the animal was close to the testbed

boundary due to boundary effects. For kinematics analysis, we chose walk trials which

can be seen on two camera views needed for 3-D reconstruction. We defined cycle

trials as those trials where the animal laterally undulates over one cycle. For sinkage

and contact length analysis, we used cycle trials. See Table 5.1 for details on the

sample size for each analysis.

5.5.4 Animal tracking and 3-D reconstruction

We used DLTdv digitizing tool (Hedrick, 2008; https://biomech.web.unc.edu/dltdv/)

in MATLAB to manually track data for all the 2-D analysis. We tracked 10 points
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Figure 5.3: Animal tracking, sinkage, and contact length. (A) Schematic of
animal sinkage on mud. (B) Animal body contact length (cb, red line) on a snapshot
of the animal during maximum lifting in a trial. (C) Top view schematic of tracked
markers. The black circles indicate tracked markers starting from nose tip (B1) till tail
tip (B10), shoulder left (SL) and right (SR), pectoral fin tip left (PL) and right (PR).
(D) Sideview view schematic of tracked markers. The black circles indicate tracked
markers starting from nose tip (B1) till tail tip (B10), shoulder left (SL) and right
(SR), pectoral fin tip left (PL) and right (PR). (E) Top view schematic of the markers
from the spline curve (green curve) and definitions of lateral bending angles on the
animal body. The black circles indicate the markers from the spline curve starting
from the nose tip (S1) till the tail tip (SN , N = 20), shoulder left (SL) and right (SR),
pectoral fin tip left (PL) and right (PR). Lateral bending body angles (orange, αi)
and fin-body angles (blue, αL,R) on the transverse plane. (F) Side view schematic of
the markers from the spline curve (green curve) and definitions of vertical bending
angles on the animal
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body. Vertical bending body angles (orange, βi) and fin-body angles (blue, βL,R) on
the sagittal plane. L and R denote the left and right pectoral fins. a and b vectors
are the direction vectors for finding the body and fin-body angles.

on the animal body starting from the nose tip (B1) until the tail tip (B10) for

3-D kinematics on top view (Fig. 5.3C) and another view where the locomo-

tion is along the side view (Fig. 5.3D). We also tracked the left (PL) and right

(PR) pectoral fin tips and the shoulder (SL,R) where the pectoral fins are attached

to the animal body (Fig. 5.3C-D). The points were tracked using DeepLabCut

(https://www.mackenziemathislab.org/deeplabcut; Mathis et al., 2018). For track-

ing using DLC, we manually tracked the markers on the animal body for several

video frames. We used this data as a training sample to train the neural network in

DeepLabCut for each camera view. We then examined each tracked video visually and

manually re-tracked some video frames for videos with bad tracking and re-trained the

training sample. We then converted the tracked DLC data to DLTdv tracked points

for further processing of data and analysis in MATLAB.

The 2-D positions of the tracked points over the 2 views for each animal trial

were first used to generate a body curve (spline curve) at each time interval using

the spaps function in MATLAB (Fig. 5.3E-F). The curve was used to extract 20

equidistant 2-D positions from nose tip to tail tip (S1 to SN) for each camera view

to ensure that the points are placed in the same locations in all views for accurate

3-D tracking (Fig. 5.3E-F). We then converted these 2-D positions to 3-D kinematics

using the direct linear transformation method and DLTdv digitizing tool. We built a

calibration object that consists of lego bricks (The Lego Group, Billund, Denmark) to

facilitate the 3-D calibration.

142



Chapter 5. Body lifting by ropefish during terrestrial locomotion on mud with
different strengths

We used Principal Component Analysis (PCA) (Ma’ckiewicz and Ratajczak,

1993) to rotate the coordinate system always to have the forward axis be the x-axis,

have the animal locomote from left to right, and face upwards. We further added

rotation criteria to ensure the animal faced in the forward direction which the PCA

was not able to do. This consisted of rotating the data about the z-axis by 180 degrees

if the animal’s nose tip’s x-axis position is less than the animal’s tail tip’s x-axis

position.

5.5.5 Fore-aft displacement and speed analysis

We calculated the animal’s forward displacement at each cycle (d) for walk trials for

all 3 mud strengths (sample size in Table 5.1) using the following:

d = ((xi − xi−1)2 + (yi − yi−1)2)1/2 (5.1)

Where (xi−1, yi−1) and (xi, yi) are the forward and lateral positions of the ropefish’s

nose tip at the start of cycle i and end of cycle i respectively, tracked on top view

videos for 2-D analysis. The forward speed (vxy) was calculated using the following:

vxy = d

∆t
, f = (∆t)−1 (5.2)

Where ∆t is the duration of a walk cycle and f is the frequency of a walk cycle. The

forward displacement, speed, and frequency were then averaged over all cycles in a

walk trial.
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5.5.6 Sinkage and contact length analysis

We used videos showing the animal locomoting relatively in a side view to estimate

the animal sinkage for each cycle trial for all 3 mud strengths (sample size in Table

5.1). To measure the sinkage, the animal’s body height visible (hmud) was measured

using Eqn. 5.1 using a tracked point on top of the animal, and another tracked point

at the bottom of the animal on mud (Fig. 5.3A) during minimal body lifting. We

measured the actual height of the animal (h) by tracking points like those tracked for

hmud but when the animal was completely off the mud (Fig. 5.3A). The sinkage (∆h)

was calculated using the following:

∆h = h − hmud (5.3)

Because there is no sinkage on the cracked dry mud, we have assumed all individuals

have 0 cm depth. To measure the sections of body that were off the mud for each

cycle trial for all 3 mud strengths (sample size in Table 5.1), we measured the body

contact length (cb) by manual measurement from a side view video (Fig. 5.3B) when

maximum sections of the animal’s body were lifted off the mud for each trial. We

then normalized it to the body length (BL) of the animal.

5.5.7 Kinematics Analysis

We subtracted the x-y-z positions of the animal’s nose tip (Fig. 5.3E-F) from all the

points to estimate the positions with respect to the animal’s body (xb, yb, zb). We

used the following equation to estimate the lateral bending body (αi) and fin-body
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(αL,R) angles on the transverse plane (Fig. 5.3E):

α = tan−1((a⃗ × b⃗).n̂
a⃗.b⃗

) (5.4)

where α is the lateral bending angle, n is the unit vector of the cross product, a and b

are the vectors between the tracked points on the transverse plane (Fig. 5.3F). The

lateral fin-body angle of the pectoral right fin (αR) is the conjugate of the fin-body

angle found using Eqn. 5.4 for aligning the directions of the left and right fin-body

angles visually. All lateral bending body and fin-body angles were wrapped between

[0◦, 360◦). We found the vertical bending body (βi) and fin-body (βL,R) angles on the

sagittal plane were found using the following:

β = tan−1(−1.((a⃗ × b⃗).n̂)
a⃗.b⃗

) (5.5)

where β is the vertical bending angle (Fig. 5.3F). All vertical bending body and

fin-body angles were wrapped between [0◦, 360◦). We then filtered the angle data

using a median filter to remove outliers.

5.5.8 Horizontal drag force measurement device

We developed a horizontal drag force device based on the design of our automated

vertical penetration device developed in our previous study (Ramesh et al., 2024a) to

measure the forward and lateral forces as a function of displacement of the probe across

different ϕ. The device consists of a Dynamixel motor (XM430-W350-R) programmed

to move the probe that was placed on the mud at a given depth by 3.97 cm at 0.29

cm/s. The depth is defined as the height of the probe starting from base of the
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probe that is immersed in the mud. A threaded rod (12” lead screw, 1/4”–16 thread

size, McMaster-Carr, Princeton, NJ, USA) connected to the motor shaft was used to

translate the motor rotation to linear displacement (Fig. 5.4A). Two 1-D force sensors

(Strain gauge load cell, 5 kg, S18X4) were connected perpendicular to each other on

the transverse plane with one end of a load cell connected to the probe to estimate

Figure 5.4: Horizontal drag force measurement device. (A) Horizontal drag
force measurement device CAD. (B) Horizontal drag force measurement device.
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the forward and lateral forces (Fig. 5.4A). The load cells mount was connected to

the threaded rod using three smooth rods (24” Linear Motion Shaft, 1/4” diameter,

McMaster-Carr, Princeton, NJ, USA) and was fixed to the threaded rod by a lead

screw nut (Fig. 5.4A).

We used a cylindrical probe (Fig. 5.4A) that is 2.6 cm in diameter and 6 cm

in length and placed it on the mud surface with depths of 0.2, 0.5, and 1 cm. The

orientation of the probe (γ) was varied from 0◦ to 90◦ in increments of 10◦ where 0◦

indicates that the length of the probe is perpendicular to the forward motion of the

probe (Fig. 5.4A). The horizontal drag force measurement device was secured using a

frame made up of T-slotted framing (McMaster-Carr, Princeton, NJ, USA) to ensure

the probe moved parallel to the mud surface. The mud was held in a rigid container

that is 28 cm in length, 17 cm in height, and 17.5 cm in width (Fig. 5.4B). To

prevent the force measurements from getting affected by boundary effects, the probe

was placed in the middle of the container with enough distance from the container’s

boundaries. Boundary effects are defined as artifact forces applied on an object as

it moves near the container’s boundary (Coussot, 1997). The mud was mixed and

flattened using a piece of plexiglass (McMaster-Carr, Princeton, NJ, USA) that was

fixed using sliders (McMaster-Carr, Princeton, NJ, USA) after the mud was disturbed

by the probe during each trial (Fig. 5.4B).

A lab jack (Wisamic Store) was used to change the depth of the probe sinkage

by increasing the height of the lab jack and placing the probe in a fixed position (Fig.

5.4B). We used a level (Stanley, USA) to ensure that the mud container was leveled

when the lab jack increased in height (Fig. 5.4B). A printed ruler was used to measure

the depth (Fig. 5.4B). We also used webcams (Logitech) to record oblique top view
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and side view videos at 30 frames per second for each trial (Fig. 5.4B). The load cell

readings were collected using an Arduino nano (Arduino.cc). We used MATLAB to

control the motor and collect the load cell readings in real time. We collected 3 trials

for each depth and probe orientation, γ.

The force estimated from the load cell had small oscillations in the data due

to the small movement in the threaded rod which were removed by filtering the data

using a band stop filter. The displacement was estimated from the motor position.

The force and displacement data were synchronized using time from the motor data

and then cropped to start when the probe started to move on the mud surface using

the load cell measurements. The force data was then interpolated to have the same

range of displacement across different trials.

5.5.9 Statistical tests

We used one-way analysis of variance (ANOVA) in JMP Pro to find the significance

between different treatments for forward displacement, speed, sinkage, and contact

length analysis. We included all individual data for significance in forward displacement

and speed. For sinkage and contact length analysis, we averaged data over each

individual for significance and have reported this data as mean ± s.d. for each

analysis. We also used Student’s t-test to compare the significance between individual

treatments. The interpolated force data from the horizontal drag force measurement

experiments was averaged across different trials for each angle moved by the probe

for comparison across the depth, angles swept, and ϕ. All analyses except for the

statistical tests were performed on MATLAB.
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5.6 Results

5.6.1 Animal’s performance as a function of ϕ

The ropefish used lateral bending similar to snakes but with less precision as seen in

previous studies (Pace and Gibb, 2011). The speed of the animal increased as the

strength of the mud increased from ϕ = 27% to cracked dry mud (Fig. 5.5A, P < 0.05,

one-way ANOVA). This is indicated by the slope (Fig. 5.5A, fit line) that increases

from mud with ϕ = 27% to cracked dry mud. The forward displacement (Fig. 5.6B)

also decreased over each cycle as the animal progressed forward for all treatments.

Figure 5.5: Ropefish performance across ϕ. (A) Average speed (vxy) of the
animal’s nose tip relative to frequency (f). Lines correspond to linear least-square fit
lines. The color of the fit line and each data point for each mud strength is a function
of force at 1 cm from mud characterization. (B) Average forward displacement (d)
of the animal’s nose tip (B1) as a function of ϕ. (C) Average sinkage (∆h) of the
animal’s body as a function of ϕ. (D) Average body contact length (cb) as a function
of ϕ. Square marker and error bar in B-D corresponds to mean ± s.d. Statistics
performed using one-way ANOVA. ** P < 0.005, * P < 0.05, Student’s t-test, one-way
ANOVA.
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Figure 5.6: Ropefish forward displacement over multiple cycles. (A) Snapshot
of the ropefish moving on mud with (i) ϕ = 27%, (ii) ϕ = 39%, and (iii) cracked dry
mud. (B) Forward displacement (d) of the animal’s nose tip per cycle over each cycle
and (C) histogram of the number of cycles the animal walked across mud with (i) ϕ
= 27% (indigo color line, triangle marker), (ii) ϕ = 39% (magenta color line, circle
marker), and (iii) cracked dry mud (yellow color line, star marker). Line in B, i-iii
corresponds to the average forward displacement of the animal’s nose tip (B1) per
cycle. The color of line for each mud strength is a function of force at 1 cm from
mud characterization. (D) The average forward displacement of the animal’s nose tip
(B1) per cycle (lines in B, i-iii) as a function of ϕ. Error bar corresponds to mean ±
s.d. (E) Maximum number of cycles the animal moved in a walk trial. Color in D-E
corresponds to ϕ.

The average forward displacement did not have a significant change across all three

treatments (Fig. 5.5B, 5.6D, P > 0.05).

The ropefish had more sinkage (∆h) on mud with ϕ = 27% and had minimal

sinkage on mud with ϕ = 39% and on cracked dry mud (Fig. 5.5C, P < 0.005, one-way

ANOVA). The animal had more body contact length (cb) on mud with ϕ = 27%

compared to on mud with ϕ = 39% and on cracked dry mud (Fig. 5.5D, P < 0.005,

one way ANOVA). Almost all of the animal’s body was in contact with the mud on ϕ
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= 27% mud strength (Fig. 5.5D) indicating that the animal had minimal to no body

lifting. The animal had smaller body contact length on mud with ϕ = 39% and on

cracked dry mud indicating that some sections of the animal’s body were lifted off the

mud surface (Fig. 5.5D) during locomotion.

The histogram of the number of cycles across mud (Fig. 5.6C, i-iii) showed that

the animal mostly locomoted 1 cycle on mud with ϕ = 27% and 39% (Fig. 5.6C,

i-ii) whereas it locomoted up to 5 cycles on cracked dry mud (Fig. 5.6C, iii). The

maximum number of cycles that the animal locomoted (Fig. 5.6E) increased as the

mud got stronger from ϕ = 27% to cracked dry mud.

5.6.2 Animal’s kinematics to understand lateral bending and vertical
lifting coordination

As a first step towards the comparison of the kinematics of the animal across all

mud strengths to understand how the body lifting is in coordination with the lateral

bending, we were able to generate the 3-D body curves for each trial both in the world

frame (Fig. 5.7B) and the body frame (Fig. 5.7C), lateral and vertical bending body

angles, and lateral and vertical pectoral fin-body angles for mud with ϕ = 39%. The

body curves on the sagittal plane at some time frames have sections of the animal body

that are off the mud surface in coordination with lateral bending on the transverse

plane (Fig. 5.7C).

The lateral bending angles of the body segments from the body curve in a trial

(Fig. 5.8B, i) show that there is a lateral wave that is propagated from head to tail

to help generate propulsion for the animal to move forward. The vertical bending

angles of the body segments from the body curve show that there is body bending in
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Figure 5.7: 3-D kinematics of the animal’s body. (A) Schematic of the animal
with the points extracted from the spline curve and tracked fin points on the (i)
transverse plane and (ii) sagittal plane. (B) Animal’s 3-D body curves (i) using the
3-D positions and (ii) 3-D positions with respect to the animal’s body overlaid across
time on the sagittal plane from one walk trial on ϕ = 39%. (C) Animal’s 3-D body
curves (i) using the 3-D positions and (ii) 3-D positions with respect to the animal’s
body overlaid across time on the transverse plane from one walk trial on ϕ = 39%.
Color of the curves in B-C corresponds to time.
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Figure 5.8: Lateral and vertical bending body and fin-body angle. (A)
Schematic of the animal with the points extracted from the spline curve and tracked
fin points and the angle definitions on the (i) transverse plane and (ii) sagittal plane.
(B) Animal’s (i) lateral and (ii) vertical bending body rotations as a function of
segment number from one walk trial on ϕ = 39%. Color of the curves in B corresponds
to time. Segment number in B starts from head to tail.

the sagittal plane which indicates that the animal lifts different parts of its body in a

cycle likely to modulate friction from the mud surface (Fig. 5.8B, ii) to help progress

forward. The pectoral fins of the animal are mostly folded onto the animal’s body

and sometimes are placed on the mud during lateral bending and body lifting from

visual observations.

5.6.3 Forward and lateral force measurements for RFT

The forward force as a function of displacement of the probe on the mud surface

profile reduced as the orientation of the probe increased from γ = 0◦ to γ = 90◦ at

different depths and for all ϕ (Fig. 5.9). This force-displacement profile increased as

mud became stronger (ϕ = 27% to 39%) and as the depth increased (Fig. 5.9). The

forward force during the probe’s backward motion started to have a change in slope
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Figure 5.9: Forward force as a function of displacement of the probe across
ϕ, depth and γ. Forward force as a function of displacement of the probe with
different orientations (γ = 0◦ to 90◦) with depth (i) 0.2 cm, (ii) 0.5 cm and (iii) 1 cm
on the mud surface of mud with (A) ϕ = 27%, (B) ϕ = 34% and (C) ϕ = 39%. The
shaded error bar corresponds to mean ± s.d. Color corresponds to γ.
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Figure 5.10: Lateral force as a function of displacement of the probe across
ϕ, depth and γ. Lateral force as a function of displacement of the probe with
different orientations (γ = 0◦ to 90◦) with depth (i) 0.2 cm, (ii) 0.5 cm and (iii) 1 cm
on the mud surface of mud with (A) ϕ = 27%, (B) ϕ = 34% and (C) ϕ = 39%. The
shaded error bar corresponds to mean ± s.d. Color corresponds to γ.
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for ϕ = 39% (Fig. 5.9C) because the mud fell off the probe from lack of adhesive force

and too much mud sticking to the probe due to the mud not being sticky enough

compared to the lower mud strengths.

The lateral force as a function of displacement of the probe on the mud surface

profile increased as the orientation of the probe increased from γ = 0◦ until γ = 60◦

and then decreased from γ = 60◦ until γ = 90◦ for 0.2 cm depth for mud with ϕ = 27%

(Fig. 5.10A, i). This force-displacement profile increased from γ = 0◦ to γ = 70◦

and then reduced until γ = 90◦ for 0.5 cm and 1 cm depths for mud with ϕ = 27%

(Fig. 5.10A, ii-iii). The lateral force as a function of displacement of the probe on the

mud surface profile increased as the orientation of the probe increased from γ = 0◦

until γ = 80◦ and then reduced at γ = 90◦ for all depths for mud with ϕ = 34% (Fig.

5.10B, i-iii). This force-displacement profile increased as the orientation of the probe

increased from γ = 0◦ until γ = 80◦ and then reduced at γ = 90◦ for 0.2 cm and 0.5

cm depths for mud with ϕ = 39% (Fig. 5.10C, i-ii). The force-displacement profile

increased as the orientation of the probe increased from γ = 0◦ until γ = 60◦ and

then reduced until γ = 90◦ for 1 cm sinkage for mud with ϕ = 34% (Fig. 5.10C, iii).

5.6.4 Robophysical model for a systematic study of understanding body
lifting and lateral bending coordination in ropefish

We have developed a 12 segment lifting robophysical model that can laterally bend its

body and lift sections of the body (Fig. 5.11). The robot consists of 4 lifting segments

and 12 yaw segments. The robot is actuated using Hyperion motors (DS13-TMB).

The lifting segments lift the yaw segments using a series of gears. Unlike our snake

robot (Fu and Li, 2020; Fu and Li, 2023; Ramesh, Fu, and Li, 2022) that were
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Figure 5.11: Lifting robophysical model. (A) A CAD of the lifting robophysical
model. Photo of the Lifting robophysical model capable of (B) lifting and (C) lateral
bending its body.

previously developed which had alternative lifting and yaw segments, this robot has all

12 segments to be yaw segments and each lifting segment is attached to a yaw segment.

This helps in generating a smoother lateral curve during lateral bending and lifting as

seen in the ropefish. We plan to use this robot for performing systematic experiments

to help better understand the use of body lifting in ropefish in combination with lateral

bending. We will systematically sweep body lifting and lateral bending parameters

to understand how parameter variation affects the coordination and locomotion on

different mud strengths.
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5.7 Discussion and future work

We measured the simple kinematics of the animal during each cycle of the lateral

bending which is used by ropefish to move on hard ground (Pace and Gibb, 2014).

The emergent use of lifting sections of the animal’s body in combination with lateral

bending is likely due to the difficulty in traversing the mud of higher mud strengths

and helping modulate ground friction.

5.7.1 Performance of the animal with variation in mud strength

We hypothesized that the ropefish starts to locomote slower as the mud becomes

weaker, likely due to the increase in the adhesive force from the mud sticking to the

animal’s lower body and the drag that arises from mud sticking on the animal’s upper

body which prevents the animal from lifting itself to progress forward. This hypothesis

was supported because the speed of the animal reduced as mud varied from cracked

dry mud to ϕ = 27% (Fig. 5.5A). Previous studies on American eels have found that

the animal moves more effectively on flowable substrates such as wet sand compared

to loose pebble substrates (Redmann et al., 2020). On lower mud strengths (ϕ = 27%),

the mud behaves more similarly to a flowable substrate and hence the ropefish was

able to push the substrate along the sides of the animal’s body during lateral bending

to progress forward similar to wet sand (Redmann et al., 2020; Gillis, 1998). Unlike

sand, the cohesive nature of mud caused the substrate to stick to the sides of the

animal which slows down the animal. Despite the increase in speed as the mud became

stronger, the average forward displacement over each cycle of lateral bending did not

have a significant increase in performance (Fig. 5.5B, 5.6D) likely due to the mud

158



Chapter 5. Body lifting by ropefish during terrestrial locomotion on mud with
different strengths

becoming closer to rough ground and less similar to a flowable substrate.

5.7.2 Use of vertical bending in combination the axial-based locomotion
to maintain the performance on higher mud strengths

We observed the use of vertical bending to lift sections of the animal’s body when

ropefish moved on higher mud strengths (ϕ = 39% and cracked dry mud) (Fig. 5.5D).

This is likely because, at higher mud strengths, mud behaves more similar to a solid

and hence has higher friction on the mud surface. Snakes lift curved parts of their

body during lateral undulation to modulate ground friction (Hu et al., 2009). Ropefish

likely lift parts of their body for a similar function.

Previous studies on American eels have mentioned the use of a rendition of

concertina locomotion in addition to lateral undulation on loose wet pebbles (Mehta

et al., 2021), and the use of concertina-like movement of more burst movement on

increased inclined wet sand and pebble substrates (Redmann et al., 2020). A study

on snowflake moray mentioned the use of a rendition of sidewinding, a rendition

of concertina locomotion, and a combination of lateral undulation and concertina

locomotion on a wet sand substrate (Mehta et al., 2021). This suggests that elongated

fishes start to use vertical bending and body lifting when it becomes difficult to

locomote on substrates. Ropefish and other elongated fishes likely have a lower

threshold in overcoming friction on uneven grounds, unlike snakes that have been well

adapted to terrestrial environments. We will perform detailed kinematics as future

work across the different mud strengths will help better understand how the ropefish

coordinates the body lifting and lateral bending for effective locomotion.
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5.7.3 Force as a function of mud strength and resistive force theory

The force and displacement of the probe profile for mud are different from dry (Marvi

et al., 2014; Li, Zhang, and Goldman, 2013) and wet sand (Sharpe, Kuckuk, and

Goldman, 2015). They are also more complex due to colloidal effects that are absent

in sand when water is added (Coussot, 1997). The cohesive nature of mud makes

it stick to the probe during reverse motion causing forces to be generated in the

opposite direction (Fig. 5.9) which is absent in dry sand (Marvi et al., 2014; Li, Zhang,

and Goldman, 2013) and smaller in wet sand (Sharpe, Kuckuk, and Goldman, 2015).

For future work, we plan on using the force-displacement profile at different probe

orientations, depths, and mud strengths for resistive force theory (RFT) which has

not yet been performed on mud. We plan on using RFT to calculate the drag and lift

forces on the locomotor’s body to better understand body lifting and lateral bending

coordination.
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Conclusions

6.1 General remarks

In this dissertation, we combined biological, robotic, and physics studies to investigate

non-legged locomotion on complex 3-D terrain and wet flowable substrates (Fig. 1.12).

We divided the objective into two parts based on the environment (complex 3-D

terrain and mud) and chose a model organism that moves well in each. Thus, our two

objectives are as follows: (1) develop a sensorized robot to study the use of tactile

sensing by snakes for 3-D body bending via sensory feedback in complex 3-D terrain

and (2) study amphibious fishes moving on mud with variation in mud strength.

For objective (1), we focused on the use of vertical bending by snakes via sensory

feedback. To achieve this, by focusing on the use of direct body-terrain contact sensing

for studying vertical bending in snakes, we developed a sensorized snake robot with

high repeatability. We also gained insights on how to design terrain testbeds for this

sensorized robot to study snake locomotion on 3-D complex terrain. Our experiments

showed that we can use the sensorized robot for systematic studies because of its high

repeatability. Our snake robot will help in developing direct contact force feedback

control to help bend the robot body in 3-D similar to snakes when traversing any 3-D

terrain. This will allow robots to traverse such terrains for various applications with

minimal human control.

For objective (2), we focused on understanding how amphibious fishes, which

are representative of each of the three known sustained strategies modified their

strategy or transitioned to new strategies when locomoting on mud with different
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strengths. As a first step towards systematic studies on mud, we developed novel

tools and methods to maintain and control mud strength. We discovered that all

three amphibious fishes started to use vertical bending for lifting to modulate ground

friction or to propel off of the mud with their sustained strategy or new strategies on

certain mud strengths which is novel in amphibious fishes with systematic variation in

mud strength. Our systematic studies will inspire future research in understanding a

variety of animals moving on mud and will help robots move on mud by modifying a

strategy or transitioning between strategies based on mud strength variation.

6.2 Specific accomplishments

6.2.1 Snake robot design for direct body-terrain contact sensing and 3-D
terrain testbed design for systematic studies

• Developed a sensorized snake robot equipped with custom-made, low-cost,

flexible piezo-resistive sensors for direct body-terrain contact sensing (Chapter

2, Fig. 1.12).

• Confirmed repeatability of the contact force measurements by allowing the

sensorized robot to traverse a half cylindrical obstacle using vertical bending

(Chapter 2, Fig. 1.12).

• Showed the capability of measuring dynamic forces (Fig. 1.12) using a sensor

model that takes into account the creep behavior seen in piezo-resistive sensors

due to their viscoelastic behavior (Chapter 2).
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6.2.2 Tools and methods to control and maintain mud strength for sys-
tematic and repeatable studies

• Developed an automated mud preparation system for uniform mixing of mud

for different mud strengths (Chapter 3).

• Developed sealing methods and confirmed their effectiveness in maintaining mud

strengths between experiments over several days by showing minimal water loss

spatio-temporally (Chapter 3).

• Developed tools and confirmed their capability to characterize mud through

force measurements from vertical penetration (Fig. 1.12) to track loss of water

during animal experiments (Chapter 3).

6.2.3 Mechanisms that enhance amphibious fish locomotion on mud with
different strengths

• Performed a systematic study of mudskipper (Chapter 4) and ropefish (Chapter

5), and a preliminary study of bichir (Appendices 7.1) on mud with different

mud strengths.

• Confirmed the robustness of the crutch walk mode by the mudskipper against

mud strength variation (Chapter 4).

• Confirmed transitioning to different strategies by the mudskipper when the

animal is not able to use crutch walk mode, which is the primary locomotion

with mud strength variation (Chapter 4).

• Discovered the use of tail bending to vertically lift and propel the mudskipper’s

body off the mud in the sagittal plane (Fig. 1.12) in some strategies that emerge

due to difficulty in using crutch walk mode on weaker mud (Chapter 4).
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• Discovered the use of vertical body lifting (Fig. 1.12) in ropefish (Chapter 5)

and bichir (Appendices 7.1) on higher mud strengths during the use of their

primary strategy.

• Developed a horizontal drag force measurement device and used it for repeatable

force measurements with a systematic variation of probe orientation and sinkage

depth for resistive force theory to estimate drag and lift forces (Chapter 5, Fig.

1.12).

• Developed a fish robophysical model that can laterally bend and vertically

lift body segments for studying the novel vertical lifting in amphibious fishes

(Chapter 5, Fig. 1.12).

6.3 Future directions

Studies in this dissertation contribute to studying snake locomotion on complex 3-D

terrain via sensory feedback and systematic study of animal and robot locomotion on

mud. There is much more research needed to achieve the goal of enabling limbless

robots to move similarly to snakes on 3-D complex terrain, and robots to move similarly

to amphibious fishes on mud in the natural environment. Below are some of the

potential directions that can help advance our understanding of non-legged locomotion

on complex 3-D terrain and wet flowable substrates:

6.3.1 Using sensory feedback via tactile sensing in snake robots for vertical
bending to generate propulsion similar to snakes

Our sensorized robophysical model will help develop control strategies that allow

the bending of the robot body in response to terrain contact via sensory feedback
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to successfully traverse a complex terrain in the natural environment. The sensor

model that takes into account the creep behavior in piezo-resistive sensors will also

help accurately estimate dynamic forces when moving in the natural environment,

especially if the robot gets stuck, which results in sustained contact. This model can

be used to estimate the contact force from the tactile sensor response and the force

can be used as feedback to control body bending.

6.3.2 Exploration of more complex 3-D terrains and applications in the
real world environments

More systematic studies can be performed on different 3-D terrain setups to help

understand the use of tactile sensing as sensory feedback in complex 3-D terrain to

control 3-D body bending. The control strategies developed can then be used in a

variety of real world applications such as pipe inspection, planet exploration, and

search and rescue after an earthquake.

6.3.3 Other animal locomotion and behavior studies on mud with mud
strength variation

We developed tools and methods to control and maintain mud strength (Chapter 3)

similar to those developed for dry (Li et al., 2009; Maladen et al., 2009) and wet

(Sharpe, Kuckuk, and Goldman, 2015) sand. We have also confirmed their capability

in tracking and maintaining water loss during animal experiments (Chapter 3). Many

other animals such as mud turtles and mud salamanders regularly move on mud in

the natural environment. These tools and methods will be useful for understanding

other animals coping on mud with systematic variations in mud strength.
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6.3.4 Electromyography experiments to study muscle activation during
strategies with variation in mud strength

Our study discovered the emergence of different strategies that involve the use of tail

bending in mudskippers when the crutch walk mode fails on weaker mud and strongest

mud (Chapter 4). Electromyography (EMG) measurements will help study the muscle

activation during the different modes used by the mudskipper as a function of the

mud strength. This will help gain more insights into the emergence and disappearance

of some strategies as the animal starts to struggle on a particular mud strength.

6.3.5 Robots transitioning between strategies on mud with dynamic mud
strength variation via force sensing and real world applications

Our amphibious fish studies with systematic variation of mud strength (Chapter 4, 5

and Appendices 7.1) have revealed that these animals start to use tail bending to lift

their bodies in the sagittal plane to propel against weaker mud (Chapter 4) or lift

parts of their body to overcome drag on stronger mud (Chapter 5 and Appendices

7.1). We can use force sensing in robots to sense mud strength variation and use these

forces as feedback to help the robot switch between strategies and use tail bending or

vertical lifting based on the mud strength. This will allow robots to traverse muddy

terrain easily in the natural environment similar to amphibious fishes for various

applications such as soil testing along rivers, exploration of muddy areas, and search

and rescue after floods.
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6.3.6 Resistive force theory and geometric mechanics for mud

The interaction mechanics for aquatic and aerial locomotion can be understood us-

ing the Navier-Stokes Equation. However, there exist no fundamental theories for

understanding the locomotor-substrate interaction mechanics on flowable substrates.

Previous locomotion studies on sand have used resistive force theory (RFT) to ex-

perimentally estimate drag and lift forces on the locomotor’s body (Li, Zhang, and

Goldman, 2013; Maladen et al., 2009; Schiebel et al., 2020) and appendages (Chong

et al., 2021; Chong et al., 2023), which can be extended for mud.

Geometric mechanics is a general framework that links locomotor performance to

how the locomotor moves its body and limbs in its own body frame (Hatton and Choset,

2015). A recent study has been able to apply geometric mechanics to axial-appendicular

locomotion on dry sand (Chong et al., 2022). Geometric mechanics (Chong et al.,

2021; Chong et al., 2023; Chong et al., 2022) can be used in understanding the effects

of body-appendage coordination as a function of mud strength.

6.4 Final thoughts

It was a rewarding experience working with different animals. Studying animal

movement helped me think more analytically and sharpen my observational skills.

Coming from an electrical engineering background, through various aspects of my

research, I gained immense knowledge, valuable skills, and keen intuition in mechanical

design. I am lucky to have worked in biological, robotic, and physics aspects of

terradynamics to discover mechanisms of animal locomotion and gained various skills

along the way. I look forward to hearing about relevant work in the future.
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7.1 Bichir locomotion on mud with different strengths

Below are some preliminary results for bichir (Fig. 7.1) using axial-appendicular-based

locomotion on different mud strengths.
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Figure 7.1: Choice of model organism. (A) Bichir moving on mud.

7.3.1 Materials and methods for preliminary kinematic analysis

7.3.1.1 Animal experimental testbed, choice of mud substrate, and mud characteriza-
tion during experiments

We used Georgia Kaolin (China Clay, Old Hickory Clay Company, Florida, USA)

as the substrate for our preliminary animal experiments because clay mud behaves

quantitatively similar to natural mud (Coussot, 1997). The clay mud was prepared

using an automated mixing system (Fig. 7.2A) that was developed in the previous

studies (Ramesh et al., 2024a; Ramesh et al., 2024b). The experimental testbed

consisted of a container (HOMZ, Chicago, IL, USA) that is 1.02 m in length, 0.51

m in width, and 0.16 m in height with an airtight lid to hold the clay mud during

experiments and storage (Fig. 7.2D). We used the custom portable penetrometer

(Ramesh et al., 2024a) during the animal experiments (Fig. 7.2B) to track the water

loss and maintain the mud strength throughout the study.

We filled the container up to at least 3/4th of the tub height to prevent boundary

effects from affecting the animal locomotion and the intruder during mud charac-

terization. Boundary effects are defined as artifact forces applied on an object as it
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moves near the container’s boundary (Coussot, 1997). We also used sealing methods

that were developed and used in our previous studies to minimize water loss (Ramesh

et al., 2024a; Ramesh et al., 2024b). This method consisted of the sides of the lid

covered with rubber sealing strips (CloudBuyer) to make the lid more airtight and to

prevent water drops from escaping from the sides of the lid (Fig. 7.2D). We placed a

plastic wrap directly on the mud surface to minimize the evaporation of water from

the surface to the top of the lid. We also placed lashing straps (ACE-Lashing Straps,

Figure 7.2: Experimental setup. (A) Automated mud preparation system. (B)
Custom portable penetrometer. (C) A schematic of the experimental setup. (D)
Photo of the experimental setup. Reproduced from Ramesh et al., 2024b
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Acelane) around the closed container to tighten the lids further onto the container

(Fig. 7.2D).

7.3.1.2 Different mud strengths used for experiments

We chose ϕ = 27% which is closer to the lower limit of the solid-fluid transition regime

and ϕ = 34%, 39% and 42% which are in the solid-fluid transition regime based on

the mud characterization using the automated vertical penetration device (Ramesh

et al., 2024a).

7.3.1.3 Experimental setup, sample size and protocol for animal locomotion

We tracked the animal locomotion using 6 synchronized high-speed cameras (N-5A100

17 Gm/CXP-6-1.0, Adimec, Eindhoven, The Netherlands) (Hedrick, 2008) at 100

frames per second for all trials (Fig. 7.2C-D). We also captured the entire animal

study in a day by recording top view and side view videos using webcams (Logitech

and HP) at 30 frames per second. We used a heat lamp (500 Watt Portable Halogen

Work Light, Woods) to make the experimental setup well-lit and heated (Fig. 7.2C).

We switched off the heat lamp between each trial to maintain the temperature.

We used 6 bichirs (Polypterus senegalus) for this study. We chose to use

this species to study axial-appendicular-based locomotion because they have been

extensively studied in previous studies which will allow us to use our results and findings

to connect to the previous work and provide novel insights on the animal’s adaptation

to varying mud strength. All animals were approved by and in compliance with The

Johns Hopkins University Animal Care and Use Committee (protocol FI21E163). The

animals were fed daily with dried shrimp pellets and housed in well-lit, well-heated
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aquarium tanks filled with fresh water. The animals were allowed to get accustomed

to each mud strength for a few minutes on the first day of experiments.

We also recorded the length, height, and weight of the animals after the ex-

periment concluded each day. The length and height were estimated using ImageJ

software. The animals were weighed using a digital weighing scale (American weigh

scales, USA). The weight of the animals was 5.3 ± 2.14 g (mean ± s.d.). The length

and height of the animals were 9.24 ± 1.36 cm and 1.21 ± 0.17 cm respectively. The

average temperature of the experimental setup recorded at the start of each trial was

24.96 ± 0.73◦ C.

Here we defined a trial from when the animal was first placed on the mud until

when it was finally taken off the mud. We recorded each trial using high-speed cameras.

We started recording the videos before the animal was first placed on the mud and

stopped the recording after the animal was finally taken off the mud in a trial. During

each trial, we gently prodded the animal by hand to make the animal move. When

the animal was drying out or had too much mud covering the body, we removed it off

the mud, placed and cleaned in water for a few seconds before being placed back on

the mud. The animal was taken off the mud at the end of each trial after 2-3 minutes.

The animal was allowed to rest for some time (10 – 15 minutes) before each trial. We

mixed the mud using a metal spatula with beveled edges (Homi Styles) and manually

flattened by hand using a piece of plexiglass (McMaster-Carr, Princeton, NJ, USA)

after the mud was disturbed by fish during each trial.

The custom portable penetrometer was used to characterize mud strength

spatially on the disturbed mud after animal trials (Ramesh et al., 2024a). We

defined walk trials as those trials where the bichir moved continuously in consecutive
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Trial count
for analysis

A1 A2 A3 A4 A5 A6 Total
trials

No. of
Treatments

Trials per
treatment

(27%, 34%,
39%, 42%)

Walk trials
for forward

displace-
ment and
speed at

each cycle

9 11 7 4 8 4 43 2 17, -, 26, -

No. of
cycles for
sinkage,
contact

length, and
maximum
bending
analysis

9 6 6 3 3 3 30 4 9, 6, 9, 6

Table 7.1: Sample size for different analysis. A1 corresponds to Animal 1

cycles. We rejected walk trials where the animal was close to the testbed boundary

due to boundary effects. We defined cycle trials as those trials where the animal

locomotes over one cycle. We used cycle trials for sinkage, contact length, and

maximum bending analysis and tracked data using DLTdv digitizing tool (Hedrick,

2008; https://biomech.web.unc.edu/dltdv/). See Table 7.1 for details on sample size

for each analysis.
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7.3.1.4 Fore-aft displacement and speed analysis

We calculated the animal’s forward displacement at each cycle (d) for walk trials for

all 2 mud strengths (sample size in Table 7.1) using the following:

d = ((xi − xi−1)2 + (yi − yi−1)2)1/2 (7.1)

Where (xi−1, yi−1) and (xi, yi) are the forward and lateral positions of the bichir’s

mid-body at the start of cycle i and end of cycle i respectively, tracked on top view

videos 2-D analysis. The forward speed (vxy) was calculated using the following:

vxy = d

∆t
, f = (∆t)−1 (7.2)

Where ∆t is the duration of a walk cycle and f is the frequency of a walk cycle. The

forward displacement, speed, and frequency were then averaged over all cycles in a

walk trial.

7.3.1.5 Sinkage, contact length, and maximum bending analysis

We used videos showing the animal locomoting relatively in a side view to estimate

the animal sinkage for each cycle trial for all 4 mud strengths (sample size in Table

7.1). To measure the sinkage, the animal’s body height visible (hmud) was measured

using Eqn. 7.1 using a tracked point on top of the animal, and another tracked point

at the bottom of the animal on mud (Fig. 7.4A) during minimal body lifting which

was during the start of a cycle. We measured the actual height of the animal (h) by

tracking points like those tracked for hmud but when the animal was completely off
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the mud (Fig. 7.4A). The sinkage (∆h) was calculated using the following:

∆h = h − hmud (7.3)

To measure the sections of body that were off the mud for each cycle trial for all 4

mud strengths (sample size in Table 7.1), we measured the body contact length (cb) by

manual measurement from a side view video (Fig. 7.4B) when maximum sections of

the animal’s body were lifted off the mud for each trial. We then normalized it to the

animal’s body length (BL). We measured the distance between the animal’s nose-tip

and tail-tip (dc) using Eqn. 7.1 (Fig. 7.4C) at the start and end of a cycle which is

when the maximum bending occurs and averaged the two distance measurements.

7.3.1.6 Statistics

We used one-way analysis of variance (ANOVA) in JMP Pro to find the significance

between different treatments for forward displacement, speed, sinkage, contact length,

and maximum bending analysis. We included all individual data for significance in

forward displacement and speed. For sinkage, contact length, and maximum bending

analysis, we averaged data over each individual for significance and have reported this

data as mean ± s.d. for each analysis. We also used Student’s t-test to compare the

significance between individual treatments. All analyses except for the statistical tests

were performed on MATLAB.
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7.3.2 Results

7.3.2.1 Performance of animal with variation in mud strength

The bichir used axial-appendicular-based locomotion similar to previous studies (Pace

and Gibb, 2014; Standen et al., 2016). The speed and average forward displacement

of the animal did not have significant changes as the strength of the mud increased

from ϕ = 27% to ϕ = 39% (Fig. 7.3A, E, P > 0.05, one-way ANOVA). The results

may be inaccurate due to insufficient animal data. The forward displacement (Fig.

7.3C) decreased over each cycle as the animal progressed forward for both treatments.

The histogram of the number of cycles across mud (Fig. 7.3D, i-ii) showed that

the animal mostly locomoted 1 cycle (Fig. 7.3D, i) with a maximum of 4 cycles (Fig.

7.3F) on mud with ϕ = 27% whereas it mostly locomoted 2 cycles (Fig. 7.3D, ii) up

to maximum of 6 cycles (Fig. 7.3F) on mud with ϕ = 39%. The maximum number of

cycles that the animal locomoted (Fig. 7.3F) increased as the mud got stronger from

ϕ = 27% to ϕ = 39%.

Bichir had more sinkage (∆h) on mud with ϕ = 27% and had a significant

change in sinkage compared to other mud strengths (Fig. 7.4A, P < 0.05, one-way

ANOVA, Student’s t-test). There wasn’t a significant change in sinkage between mud

with ϕ = 34% and other mud strengths with ϕ > 34% (Fig. 7.4A). Mud with ϕ =

39% and ϕ = 42% also did not have significant changes in sinkage (Fig. 7.4A).

The animal had more body contact length (cb) on mud with ϕ = 27% compared to

on mud with ϕ = 39% and ϕ = 42% (Fig. 7.4B, P < 0.05, one-way ANOVA, Student’s

t-test). Almost all of the animal’s body was in contact with the mud on ϕ = 27% mud

strength indicating that the animal had minimal to no body lifting. The animal had
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Figure 7.3: Bichir speed, forward displacement and total number of cycles
across ϕ. (A) Average speed (vxy) of the animal’s mid-body relative to frequency (f).
Lines correspond to linear least-square fit lines. The color of the fit line and each data
point for each mud strength is a function of force at 1 cm from mud characterization.
(B) Snapshot of the bichir moving on mud with (i) ϕ = 27% and (ii) ϕ = 39%. (C)
Forward displacement (d) of the animal’s mid-body per cycle over each cycle and (D)
histogram of the number of cycles the animal walked across mud with (i) ϕ = 27%
(indigo color line, triangle marker) and (ii) ϕ = 39% (magenta color line, circle marker).
Line in C, i-iii and fit lines in A correspond to the average forward displacement of
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the animal’s mid-body per cycle. The color of line for each mud strength is a function
of force at 1 cm from mud characterization. (E) The average forward displacement of
the animal’s mid-body per cycle (lines in C, i-iii) as a function of ϕ. Error bar in E
corresponds to mean ± s.d. (F) Maximum number of cycles the animal moved in a
walk trial. Color in E-F corresponds to ϕ. Statistics were performed using one-way
ANOVA.

Figure 7.4: Bichir sinkage, contact length, and maximum bending as a
function of ϕ. (A) Average sinkage (∆h) of the animal’s body as a function of ϕ.
(B) Average body contact length (cb) as a function of ϕ. (C) maximum bending (dc)
as a function of ϕ. Square marker and error bar in A-C corresponds to mean ± s.d.
Statistics performed using one-way ANOVA. * P < 0.05, Student’s t-test, one-way
ANOVA.
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lesser body contact length on mud with ϕ > 27% indicating that some sections of the

animal’s body were lifted off the mud surface (Fig. 7.4B) during locomotion. Video

observations showed that the animal lifted its lower body (Fig. 7.4B) during each half

cycle (twice in a cycle). The animal did not have a significant change in maximum

bending (Fig. 7.4C). The results may be incorrect due to insufficient animal data.

7.4 Viscosity and stress measurements for mud with different
strengths

Below are measurement results for viscosity, yield, and flow stress (Fig. 7.5) of mud

with different mud strengths (ϕ = 27%, 34%, 39%, and 42%) that were measured

using a rheometer (Anton Paar). They were not included in the previous chapters or

other publications but they can be potentially useful for future research:

Figure 7.5: Viscocity and stress measurements for mud with different ϕ.
(A) Viscosity as a function of ϕ. (B) Yield stress as a function of ϕ. (C) Flow stress
as a function of ϕ. The color of the error bar and square marker for each mud strength
is a function of force at 1 cm from mud characterization. Square marker and error bar
in A-C corresponds to mean ± s.d.
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7.5 3-D terrain setups for snake robot experiments

Below are 3-D terrain setups that were developed to study snake locomotion in 3-D

complex terrains using the sensorized snake robot, SenSnake. They were not included

in the previous chapters or other publications but they can be potentially useful for

future research and inspire new ideas:

Figure 7.6: 3-D terrain setup. (A) 3-D obstacles. (i) Wedge, (ii) small half-
cylindrical obstacle, and (ii) large half-cylindrical obstacle made up of laser cut
wooden sheets (McMaster-Carr, Princeton, NJ, USA). (B) Complex 3-D terrain.
(i) Randomized terrain blocks of different heights generated using MATLAB. (ii)
Randomized terrain wooden blocks of different heights made up of laser cut wooden
sheets (McMaster-Carr, Princeton, NJ, USA). Kaiwen Wang and Qiyuan Fu helped
with the laser cutting of the wooden sheets. Kaiwen Wanng developed code for the
generation of randomized terrain.
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Figure 7.7: Smooth terrain development. (A) Terrain hill edge layer mold
development. (i) A donut-shaped balloon (GGDE Store) for making a terrain hill
edge layer mold. (ii) Donut-shaped balloon with a smooth half sphere made up of
Polystyrene foam (MT Products Store) and smooth edge layer mold made of liquid
rubber (Smooth-on, Inc., Pennsylvania, USA) set to cure. (iii) Smooth half sphere
and edge layer after curing. (iv) Setup for making the edge layer mold made of liquid
rubber (Smooth-on, Inc., Pennsylvania, USA) set to cure. (v) Terrain hill edge layer
mold. (B) Schematic of the half sphere split into two parts. (C) Schematic of the
smooth terrain hill development. (i) Placement of the lower half of the half sphere and
the edge layer mold. (ii) Rigid Polyurethane foam (Smooth-on, Inc., Pennsylvania,
USA) poured onto the edge layer mold and pressed using weights. textbf(D) Snapshot
of the top view of the smooth terrain hill development setup. textbf(E) Schematic
of the smooth terrain hill with the upper half glued onto the lower half of the half
sphere. textbf(F) Smooth terrain hill. textbf(F) Two smooth terrain hills glued onto
a plexiglass (McMaster-Carr, Princeton, NJ, USA) to make a smooth valley for a
smooth terrain.
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