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This dissertation outlines the design and development of the first fully-soft, snake robot

and its snake-inspired skin. Soft robotics takes advantage of soft materials to, among other

things, improve robot interactions with complex, unstructured environments. Due to the

interplay between the soft material and the environment, minor tweaks to the morphological

design of the robot can produce major changes in behavior when using the same control

input. The research goal of this dissertation was to determine how the locomotion a soft

snake robot, using a lateral undulation gait, can be improved by targeting a specific envi-

ronmental interaction through the confluence of body design, gait design, and interfacial

mechanism design.

Understanding how these three areas of design can affect one another is key in developing

robots that are adaptable in a range of environments. Each design area is addressed in a

chapter of this dissertation to illustrate how changes to one area propagate to others, and

how that can be an advantage to improving the locomotion of a soft robot. Chapter 3

examines how the body design of the robot changes its locomotion capabilities in granular

media, focusing on interactions between the body and the ridges formed in the media.

Chapter 4 illustrates how improvements to the gait can also be driven by interactions

between the robot’s body and the granular media.

The design and implementation of an interfacial mechanism to further improve loco-

motion is described in Chapter 5. Kirigami, a Japanese art form involving the patterning



of cuts in thin materials, is used to create a snake-inspired skin. The skin design targets

directional friction, a morphological characteristic vital to snake locomotion in two axes.

Most skins implemented for snake robots focus only on the longitudinal axis for creating

directional friction. However, lateral undulation, the gait employed throughout this work,

requires a significant lateral resistance to successfully create locomotion. This interfacial

mechanism is designed specifically for the kinematics of the soft actuators as well as the

production of directional friction in two axes, which required the creation of a new set of

radial kirigami lattices.

Each chapter demonstrates how improvements to locomotion can come from designing

the morphological characteristics of the robot alongside the development of a gait and

interfacial mechanisms by targeting specific, bioinspired interactions between the robot and

the environment. The final iteration of system resulted in a soft robot and it’s snake-inspired

skin with a 530% improvement in velocity over the original robot with no skin. The main

contributions of this dissertation are:

1. The development of the first fully-soft snake robot.

2. A skin for lateral undulation with two axes of directional friction

3. A set of new kirigami lattice structures that can be used for bending actuators

4. A framework in which to investigate bioinspired design of robots in three areas of

design: morphology, gait, and interfacial mechanisms.
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Chapter 1: Introduction

Soft structures are ubiquitous in nature and are utilized by animals to navigate their re-

spective environments. The morphology, including macro-scale body shape and micro-scale

material features, of these soft structures allow the animal to adapt to complex environ-

ments without the need for large brains or complex control loops. Conversely, traditional

robots are made with rigid materials that limit the flexibility and physical adaptability of

the robot. The use of rigid materials allows for the completion of fast and precise control

tasks when the task and environment are fully defined. When placed in dynamic, unstruc-

tured environments, these traditional robots tend to fail by falling over, getting stuck, or

performing tasks on a loop that are unhelpful. However, undefined, and constantly changing

environments are exactly the kinds of environments in which robots would be most useful.

Soft robotics takes advantage of soft materials to, among other things, improve robot

interactions with complex, unstructured environments. For the purposes of this disserta-

tion, soft refers to both the functional softness and the interactional softness of the robot.

Functional softness refers to the compliancy of actuators and the method of actuation. In-

teractional softness refers to the material properties of the robot in which the body itself is

soft and results in compliant and damped interactions with the environment. Therefore, the

definition of “soft robot” used throughout this work refers to a robot made primarily of soft,

elastomeric materials such that the actions of the robot are controlled by functional soft

materials and interactions with the world are through a soft medium. Biological systems

can successfully adapt to dynamic environments by coevolving morphological character-

istics and behaviors with their environments. Potential applications for soft, bioinspired

robots include urban search and rescue, exploration of unknown environments, and medical

robotics. These applications require the ability to navigate narrow spaces, cross a range

of terrains, enact a set of disparate motions, and interact with the environment without

causing undue disturbances. These actions are difficult to realize with a traditional, rigid

robot, but are (potentially) inherent with soft robots.

Most animals have a combination of rigid and soft structures that bring the advantages

of both to successfully interact with their environment. However, there are certain families
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of animals that are mostly soft, and can produce a wide range of adaptable behaviors that

would be impossible to do with a purely rigid structure. Snakes, which are primarily soft

with only a rigid but highly flexible backbone, can navigate many disparate environments

from tops of trees to burrowing in the sand. Worms, which are completely soft, can alter

the cross-sectional area of their body to produce complex locomotion patterns, and anchor

to their surroundings to crawl up vertical structures. These animals are successful in their

specific tasks due to the flexibility and compliancy of their bodies. They are not as fast

or strong as animals with more rigid components, but their adaptability to unstructured

environments provides an advantage in their evolved ecological niche.

Snakes are an ideal candidate for the bioinspiration of a robot that can locomote in

various environments. Rigid snake robots previously developed however, are unable to fully

realize the flexibility and robustness that biological snakes exhibit in nature. There are

morphological and behavioral examples seen in biological snakes that can inspire improve-

ments to their design. Most improvements to locomotion have been implemented through

increasing the complexity of gait design and control. The research goal of this dissertation

is to determine how the bioinspired design and implementation of a soft snake robot can be

improved by targeting a specific environmental interaction through the confluence of body

design, gait design, and external mechanism design.

Snakes can move effectively in nearly all environments. Each species shares a general

morphology of an elongated, limbless trunk, a head and tail, and a scale-patterned skin, but

the specifics of each morphological characteristic changes depending on the environment in

which the species evolved. There are a range of rigid snake robots that have been made

in the past that focus on recreating the general morphology of the biological system and

relying on the control over the gait to successfully navigate over a limited set of terrains [6].

The Series Elastic Actuator Snake from Carnegie Mellon University uses a soft element in

their design to increase compliance and produce better torque control [7]. Though this robot

is compliant across unstructured terrains, the robot is still considered rigid for the purposes

of this dissertation as the primary interactions between the robot and the environment

take place with rigid materials. Currently there is only one other soft snake robot in

development. It too only produces the general morphology of a biological snake and relies

heavily on the use of passive wheels to achieve locomotion, severely limiting the potential

terrains it can traverse [8]. Most current rigid or soft snake robots rely on the development of

a complex control system to implement gaits and attempt to optimize performance through
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the alteration of these gait. This strategy is contrary to the potential advantages provided

by using soft materials.

Improvements to the robustness and adaptability of a soft robot need to go beyond

the control strategy to take make use of the inherent advantages of using soft material.

Due to the interplay between the soft material and the environment, minor tweaks to the

morphological design of the robot can produce major changes in behavior when using the

same control input. Therefore, when designing soft robots, the effects of body design,

gait strategy, and external mechanism design need to be considered as a whole, rather

than separate branches of investigation. Understanding how these three areas of design

affect one another can also be explored through the lens of bioinspiration. Morphological

characteristics of snakes can vary depending on their environment and, in combination with

gait selection, snakes can produce a wide range of useful behaviors. By identifying how these

changes in morphological characteristics affects locomotion capabilities, we can determine

what set of characteristics would be useful to implement on a soft, snake-inspired robot.

One of the defining characteristics of snakes is their skin. The outer layer of snakeskin

is covered in a pattern of overlapping scales that can be controlled by various muscles to

engage with the surface the snake is navigating. Snakeskin is a unique adaptation to limb-

less locomotion utilizing frictional anisotropy to push the snake forward as it undulates its

body. Frictional anisotropy refers to the characteristic that friction is higher when the snake

slides backwards than when it slides forwards. Snakeskin varies depending on species as it

has evolved its own set of characteristics based on the environment. Two characteristics

of interest in the variance of snakeskin are microornamentation and the presence of keels.

Microornamentation is the micro-ridges, nanoindentation, or other microstructures that can

be found on the surface of scales. As with all morphological characteristics of snakes, mi-

croornamentation can vary across environment specific species and have their own frictional

anisotropy. Arboreal snakes large denticulations/pits as well as raised ridges (sometimes

referred to as keels) on their scales. Aquatic snake species have relatively smooth scale sur-

faces as the frictional properties are not as vital for locomotion through water [9]. Another

definition of keels refer to raised ridges of scales on the ventrolateral position of the snake’s

body. They are a common attribute in arboreal species as these stiff ridges provide higher

regions of friction and engagement that allow the snake to dig into bark and to prevent

sliding when climbing vertically [10].

Friction is the key environmental interaction for the success of limbless locomotion
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through most terrestrial environments. Snakes have evolved an excellent external mech-

anism through their skin to engage with the terrain and promote useful behaviors. Animals

are robust and adaptable to many terrains and situations because they work together with

their environment to produce useful behaviors. Many state-of-the-art robots are designed

and implemented as a separate entity from the environment in which they are placed. Or,

in many cases, the environment is altered to better accommodate the robot. To get robots

out of the lab and into real world situations where they will be most useful, they will have

to adapt to a range of environments, most of which will not be known ahead of time. To

improve a robot’s capabilities, its design and control should be centered around a targeted

environmental interaction. In the case of snake robots. I propose that designing the robot

around enhancing directional friction will result in increasing its velocity through various

terrains. The work presented in this dissertation examines how the locomotion of a snake-

inspired robot is affected by the design of the robot’s body, the gait the robot employs, and

the design of a snake-inspired skin as an external mechanism targeting directional friction.

The structure of the dissertation is as follows. Chapter 2 covers background information

on limbless locomotion strategies in nature and the soft robots designed to enact them,

focusing on the advantages that snakes have in inspiring the design of robots to navigate

variable terrains. Chapter 3 investigates how the design of the robot’s body alters its

behavior when employing the same control strategy. Chapter 4 presents a comparison of

gait strategies across different terrains. Chapter 5 examines the design and implementation

of a snake-inspired skin developed to target directional friction. The dissertation concludes

with Chapter 6 summarizing the contributions of this work and future directions.
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Chapter 2: Background

Improving the robustness and adaptability of robots in unstructured environments is a

central goal in the field of robotics. Bioinpsiration is a common avenue of innovation for

the design and control of robots. Most animals are a hybrid of soft and rigid structures

that work together to make them successful in navigating and surviving their environment.

It is rare to have an animal that is completely rigid, or completely soft. Considering

how prevalent soft structures are in nature, fully understanding how animals utilize their

softness to enact gaits and interact with their environment to produce useful behaviors will

be essential in creating robots that can adapt to unknown terrain and survive unexpected

conditions. Fully soft robots need to be further explored to determine the contributions of

their soft structures to their locomotion.

Organisms in nature that are fully, or mostly soft, are often limbless and use the defor-

mation of their soft bodies to produce locomotion and enact productive interactions with

their environment. Snakes are one of the most adaptable animals that are mostly soft.

They are found in almost all environments around the world and have a range of behaviors

that allow them to deal with unexpected events and obstacles. Therefore, they are a useful

source of bioinspiration to produce adaptable robots. However, there has not been exten-

sive development of a soft snake robot, and those developed with traditional, rigid materials

have focused more on the control and implementation of gaits. This chapter reviews soft

robot technologies and current state-of-the art snake robots to identify the gaps that this

work fills. It also introduces environment-specific snake morphology that can be applied to

the design of a fully soft snake robot to improve its locomotion capabilities.

2.1 Body Design

2.1.1 Rigid vs Soft Robots

Traditional robots are made of rigid materials such as aluminum or carbon fiber. The

exclusive use of these rigid materials is contrary to what is seen in nature. Biological systems
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are, for the most part, hybrid structures. In nature, these organisms make use of elastic

and flexible materials to adapt to complex unstructured environments [11]. Scientists and

engineers have developed traditional robots using rigid materials because they can perform

repetitive tasks that require fast, strong, and precise actions [12]. In this realm, rigid

robots are an excellent solution. However, as the field of robotics continues to grow, the

environments in which robots would be most useful expands as well. These new potential

environments are increasingly complex, unstructured, and impossible to account for as they

are apt to change minute to minute. Traditional robots are consistently successful only

in environments that are highly structured and well defined. These environments include

factories, labs, and environments designed around the robot to ensure success [13]. When

traditional robots are placed in complex, unstructured environments, they often cannot

adapt to the changing conditions, and will likely fail after only a few disturbances. Rigid

materials also limit robots in navigating narrow or confined spaces, complex manipulations

of an object or the handling of delicate objects, and interacting safely with humans. The

addition of soft materials could increase the adaptability and robustness of robots, making

future state-of-the-art robots hybrid structures found throughout nature.

Soft materials allow robots to conform to their environment and deform into complex

shapes. Their ability to realize these complex configurations would increase the complexity

of manipulation skills, and their inherent softness would not cause undue damage to the

object they are handling. For example, octopus tentacles, a completely soft structure, can

deform into a large set of shapes due to their morphology and material properties. They

can manipulate objects with the same dexterity as human hands, and can vary the force of

interaction between powerful and delicate grips [14]. The natural compliancy of soft robots

makes them suitable platforms for implementing locomotion through complex, unstructured

environments. The softness of the robot allows them to adapt to their environment without

requiring a complicated and robust control system to account for every disturbance. They

can also interact with the environment without causing unnecessary disturbances or damage

to said environment. Soft robots can absorb perturbations caused by interacting with an

obstacle whereas rigid robots would likely bounce off the obstacle, likely displacing the

obstacles, and causing a potential unrecoverable state of the robot. The flexibility and

conformability of a soft robot means that they can strategically interact with obstacles to

further their locomotion or manipulation tasks.
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2.1.2 Review of Soft Actuators

The robots examined in this review are operated using three common actuation methods in

soft robotics: fluidic actuation, dielectric elastomeric actuation (DEA), and shape memory

alloy (SMA) actuation. The first, and most widely used, actuation method for soft robots

is the use of pressurized fluids such as air or water to produce motion. The McKibben ac-

tuators [15] were the first fluidic actuator that proved such actuators can produce powerful

actuation without the need for rigid structures. They inspired the development of fiber-

reinforced actuators [16] and Pneu-nets [17], two of the most common fluidic actuators. By

altering the morphology of the actuator, the desired shape of deformation can be produced

[18], thereby mechanically preprogramming the actuator for a specific shape space [19].

However, these actuators require high power, and complex valving systems. These require-

ments limit soft robots in size, and untethering abilities although a successfully untethered

robot developed solely on fluidic actuators was developed in [20].

DEAs are made from soft materials that actuate through electrostatic forces. They

deform due to the electrostatic interaction between two electrodes with opposite electric

charge. Though they do not require the use of pumps and valves like fluidic actuators, they

do present their own limitations [21]. First, a rigid frame that pre-strains the elastomer is

required. Though some designs have been developed without a rigid frame they produce

lower forces than designs with rigid components, and the fabrication process is more complex

[22]. Second, the reliability of the compliant electrodes needs improvement. Lastly, DEAs

require high voltages to operate which is not ideal in many applications [12].

Shape memory alloys are common for soft actuation because of their high mass-specific

force. They are wires that change shape when exposed to a temperature gradient. It is

possible to program shapes into the alloys (commonly a nickel-titanium alloy) at different

temperatures. It produces actuation by fluctuating temperature to cause the SMA to deform

to the preprogrammed shapes at that temperature. Most SMA actuators are made from

coils to amplify the overall strain [23]. This makes them easy to integrate into a soft

structure. There are many limitations to SMA actuation. These include the challenge of

maintaining robust temperature control in varying thermal conditions, the inefficiency of

the actuators as most input energy is consumed by heat, and finally, overheating and over

straining the actuators is easy and irreversible [12].
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2.1.3 Snake Morphology

Soft snake robots can apply the advantages of biological snakes provided by their soft bodies

to expand locomotion capabilities. Morphological characteristics that aid biological snake

locomotion in a range of environments can be utilized on a new soft snake robot. Below

is a review of these morphological characteristics based on three environments of interest:

terrestrial, arboreal, and aquatic.

There are almost 3000 species of snakes worldwide, found in all habitats, all over the

globe [24]. These different kinds of species have divergent morphologies associated with

the environment in which they evolved [25]. The general morphology of a snake is a long,

limbless trunk capped by a head and tail, and skin that provides frictional properties that

vary depending on the material properties and morphology of the inner and outer skin and

scale pattern. Determining how these differing species of snakes, and their subsequent mor-

phologies, evolved, and how these changes in morphology affect locomotion, can provide

a framework for improving snake robot locomotion capabilities. Snakes have a range of

strategies for swimming, climbing, traversing tree tops, and crossing flat areas. Each strat-

egy employed can be connected to differences in morphological characteristics such as body

shape, scale pattern, muscle arrangement, and tail shape and length. These characteristics

vary widely depending on the habitat in which the snake has evolved, primary gait pattern,

and exposure to predators [26]. This thesis looks at the characteristics that aid in locomo-

tion. These characteristics can be split into two general types. The first characteristic is the

body type of the snake which includes the shape of the body, the shape and size of the tail,

the aspect ratio, and the length-mass ratio. The second characteristic is the skin properties

of the snake which includes the scale profile, texture, stiffness, the patterning of scales, and

the addition of features like keels. The work described throughout this dissertation will

treat these as two separate systems, examining the success of variations in morphological

characteristics of both.

2.1.4 Body Type

The morphology of the trunk of different species of snakes can be broken down further

into more discrete characteristics that have been examined by comparative biologists. The

characteristics of interest for this thesis are: cross-sectional geometry, aspect ratio, and
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length-mass ratio. These vary widely depending on the environment the snake inhabits. Tail

morphology is also important and becomes most useful in aquatic environments. This thesis

focuses on terrestrial environments and a tail was not implemented on the root. However,

differences in tail morphology depending on environment show how minor changes in design

can lead to major changes in behavior.

Cross Section Geometry

The cross sectional shape of the snake’s body changes its ability to interact with the sub-

strate it is navigating. Aquatic snake species are vertically flatter (cross sectional height >

width) to increase the cross sectional area of the lateral bends to “push” against the water

[27] like an oar. Arboreal snakes are slender and more oblong than cylindrical [10], where

as terrestrial snakes are stockier and can be horizontally flatter (cross sectional height <

width), or more cylindrical depending on the fluidity of the terrain [24].

Aspect Ratio

The aspect ratio, or the average width of the cross section of the snake to the total length of

the snake varies depending on the environment in which the snake evolved. The aspect ratio

of the snake’s body is linked to the cross sectional shape of its body so the trend between

environments is maintained. Terrestrial snakes have wide bodies compared to their length

and therefore have smaller aspect ratios [28]. Arboreal snakes on the other hand have high

aspect ratios as their bodies are slender and long to increase their ability to navigate tree

tops and support their bodies during climbing [10]. Aquatic snakes also have high aspect

ratios due to their paddle-like cross section [29].

Length-Mass Ratio

The length-mass ratio of the snakes body is also linked to to its cross sectional shape and

its aspect ratio, maintaining the trend between species. Across environments, terrestrial

snakes tend to be heavy-bodied compared to their total length, arboreal species are lighter,

and aquatic species have a moderate length to mass ratio [25].

Tail Morphology
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The size and shape of the tail in snakes also change across environments. The major

variations in shape are the differences between terrestrial and aquatic snake species. Aquatic

snakes have a more paddle-like tail [29] where as terrestrial snake tails are more conical

[30]. The size of tails across species varies as well, but the locomotion trends caused by

the variation within species show that the lighter the tail the faster the locomotion [30].

Terrestrial snakes have longer tails than aquatic species [27]. However, arboreal snakes have

longer and stiffer tails than terrestrial snakes. It has been shown this is to assist with blood

circulation of arboreal species due to the increased effect of gravity on the snake, but it was

also proposed that it lends to interacting with branches for anchoring during locomotion

[31].

The general trends by studying the body type of snakes across different species shows

that despite the shared general morphology, variations such as shape, size and mass are

prevalent depending on the environment. These variations can be implemented on a soft

snake robot to determine their effectiveness in aiding locomotion across terrestrial environ-

ments.

2.1.5 Snake Skin

Snakes have a unique skin that allows them to have useful interactions with their environ-

ment to aid locomotion. Determining the differences in morphological characteristics of the

skin across species found in terrestrial, arboreal, and aquatic environments can lead to the

development of skins for a soft snake robot that aids in traversal through the respective

terrains. The morphology of the scales can change across species, and additional stiffen-

ing structures like keels can assist snakes in highly specialized environments. The control

the snake has over its scales means that they can also vary their frictional properties on

command.
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Types of Scales

Snakes have a set of dorsal and ventral scales along their body. The ventral scales, along the

belly of the snake, are vital to producing the frictional anisotropy that helps snakes move

through their environment. They are large and rectangular to oblong shaped, and form a

single row along the belly. The dorsal scales can vary in geometry and form overlapping

rows along the length of the body. These scales are not vital to the propulsion of the snake

through the terrain, but they occasionally are used when interacting with obstacles or during

burrowing. Depending on the environment, the morphological characteristics of the scales

can vary as well. Microornamentation on the scales can vary across environmentally-specific

species and have their own frictional anisotropy due to micro-ridges or nanoindentations.

Arboreal snakes usually have large micro-structures (ridges, pits, etc.) to dig into bark

for climbing. Aquatic snake species have relatively smooth scale surfaces as the frictional

properties are not as vital for locomotion through water [9].

Scale Activation

Snake skin was previously thought to be a passive mechanism to assist snakes in navigating

most terrains. However, recently it has been proven that snakes can “activate” their scales in

order to latch onto surfaces to propel themselves forward [32]. Depending on that activation,

they can decouple their frictional properties from the deformation of their bodies during

locomotion.

Keels

Snakes in arboreal habitats have keels, or stiff ridges, that are offset from their belly to help

their interactions with bark and branches. These keels can also prevent them from sliding

backwards as they crawl vertically up trees. Both the ledge the keels form on the body, and

the additional stiffness lend advantages to climbing [10].

The evolution of snake skin depending on the environment shows how important the

morphological characteristics are in assisting useful interactions between the morphology

and the environment to aid locomotion. Exploring these different characteristics as a sep-

arate system from the body can lead to the development of environment specific artificial

skins that can be implemented on the robot to improve its behavior in the respective ter-

rains.
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2.1.6 Design of Snake Robots

The morphology of biological snakes consists of an elongated body with a rigid and flexible

backbone used to create a traveling wave of lateral bends from head to tail. The simple

morphology, and its ability to produce locomotion in a variety of terrains is appealing

to produce with robots as the traversal of unstructured environments is a highly sought

after goal. Snake robots have been developed since the early 1970s introduced by Shigeo

Hirose and his work on the Active Cord Mechanism [1]. The required curvature and fluidity

of movement seen in biological snakes is replicated on rigid robots through the use of

numerous actuators combined in series to discretize the propagating bends. Hirose’s early

work also developed the serpenoid curve, which is a representation of the fundamental

shape function describing the backbone of biological snakes as they execute common gaits

[1]. Both the design and locomotion of snake robots has been advanced using Hirose’s

work as its foundation. The design of rigid snake robots can be organized based on the

mechanisms used to produce locomotion.

A common method to produce locomotion in snake robots is to use the serpenoid curve

gait and passive wheels to resist lateral movement of the robot’s segments. Hirose’s rigid

snake robots use passive wheels to produce displacement (see Figure 2.1 a). The advantage

of using passive wheels is the ability to produce fluid movement that approximates the

biological snake gaits well. However, the wheels significantly limit the terrains that can be

traversed by the robot, and the level of serpentine motion is limited by how many actuators

are used in series, increasing control complexity. Hirose’s snake robot requires 20 actua-

tors to approximate snake locomotion and has low functional softness and no interactional

softness. Additional mechanisms were used to lift the robot’s body to expand the set of

traversable terrains, but still requires a relatively flat surface to allow the wheels to roll

smoothly [1].

To reduce the number of segments needed to replicate fluid serpentine locomotion, the

use of active wheels was implemented by Hirose (see Figure 2.1 b) [1]. Active wheels

could provide propulsion, the serpentine pattern of movement was produced by the multi-

segment configuration of the robot. Active wheels could also traverse non-smooth terrains.

Though active wheels do provide flexibility in terms of active degrees of freedom, it does

add complexity to control to coordinate the wheels with the actuated joints.

Howie Choset’s group developed a rigid snake robot without wheels to increase the



13

Figure 2.1: a) Original snake robot developed by Hirose using passive wheels [1]. b) Active
wheel design implemented by Hirose [1]. c) Choset’s modular snake robot [2].

amount of traversable terrains. Choset’s modular snake robot relies on the undulation of

the robot, and its interactions with the ground to produce locomotion (see Figure 2.1 c).

The robot is made from a chain of single-DOF modules that are combine in series offsetting

the joint axis of each module by 90 degrees with respect to the previous joint [2]. This robot

can navigate a wide variety of environments, but relies heavily on the design of the gait and

real-time control to produce effective locomotion. This robot is limited by the number of

modules to produce fluid snake-like locomotion as it takes upwards of 16 modules. Soft snake

robots also need several modules to enact snake locomotion, but the number of actuators

can be reduced as the actuators are combined in series only to propagate the wave along

the backbone, not produce the bends of the wave. Rigid snake robots need at least three

segments (two actuators) to produce approach constant curvature whereas soft snake robots

need only one for constant curvature.

A series elastic actuator was added to the modules on the Choset snake robot to enable

compliant motion and fine torque control [7]. The more compliant motion and torque con-

trol enable low impedance motions allowing the robot to naturally comply with obstacles

and unstructured terrains. This increase in functional compliance improves the interac-

tions between the robot’s body and the environment as is seen with biological snakes [33].

Thought this actuator and control combination has high functional softness, but is still

limited in interactional softness.

These robots can approximate snake-like locomotion very well. They are however, lim-

ited in terms of the fluidity of geometries they can produce as they rely on a high number of

links working in coordination to produce the propagation of lateral bends along the back-
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bone of the robot. The use of multiple modules and rigid materials limits the mechanisms

that aid in interacting with the environment to produce effective locomotion. Many rigid

snake robots use wheels to ensure net forward displacement, which reduce the applicable

environments. The complexity in behavior is also dependent on the coordinated control of

the numerous modules to produce the desired gaits.

2.2 Gait Design

2.2.1 Limbless Locomotion in Nature

Limbless locomotion is seen throughout nature. Even some animals with limbs (like lizards)

will abandon the use of their limbs and opt for a limbless strategy for traversing especially

dense (tall grass) or fluidic (sand, water) environments [34]. Limbless locomotion specifically

developed through years of evolution to perform well in environments that are constrictive

(tunnels), debris ridden (forest floors), fluidic (sand, mud, water), and highly variable (tops

of trees) that do not require speed [35]. There is a broad range of locomotion patterns used

by limbless organisms. Snakes will use different forms of undulation to locomote and the

specific type of undulation is dependent on the environment. There are crawling locomotion

patterns that are used by a variety of animals. Other strategies such as jet propulsion or

rolling have been replicated in soft robots, but will not be reviewed here as they are not as

common. The wide range of navigable environments with such a simple morphology is of

profound interest to scientists and engineers looking to develop systems that can traverse

complex and variable terrains.

2.2.2 Undulation

Undulation consists of the propagation of s-shaped bends along the length of the animal’s

body. The amplitude of the bends may change as they travel, and the curves can be sym-

metric or asymmetric. Snakes are the most common limbless animal utilizing undulation

for terrestrial locomotion. There are three types of snake locomotion that are derivatives of

undulation and used in specific environments: lateral undulation, concertina, and sidewind-

ing.
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Lateral Undulation

Figure 2.2: Lateral undulation [3]

Also referred to as serpentine locomotion, lateral un-

dulation is the most common way in which snakes

produce locomotion and can be used in nearly all

terrains. It involves flexing muscles to produce lat-

eral waves that propagate along the snake’s back-

bone [35]. The bends formed can push against debris or rough areas on the surface [36].

On flat, smooth surfaces, snakes use the anisotropy of their scales to create the necessary

frictional forces to propel themselves forward. Lateral undulation can also have a lifting

pattern where the snake will lift certain parts of its body as the wave propagates creating

sliding contact points that remain static as the wave passes through them, and then slide

forward with the body [37].

There are many mechanical strategies that have evolved with locomotion and morphol-

ogy that makes lateral undulation effective. Previous theories were based on the utilization

of protruding features in the surface as push-points for the lateral bends of the snake’s body

to create a resultant vector tangent to the propagating curves [36]. However, this did not

explain why snakes could traverse featureless surfaces while using lateral undulation. There

has been significant research looking how snakes use their scales and shifting their weight

distribution onto specific points. Snake scales can snag asperities in the surface they are

traversing and create frictional anisotropy to propel themselves forwards [34]. However, this

is not the only reason snakes can slither so quickly. An increase in speed can be explained

by the alteration to the frictional forces. Frictional forces are proportional to the weight

applied, when the snake lifts parts of its body concentrating its weight on only a few contact

points, it generates more thrust.

Concertina Locomotion

Figure 2.3: Concertina gait [3]

Concertina locomotion is often used by snakes for

climbing through trees, over especially smooth sur-

faces, or when traveling through tunnels. It involves

the cycling of coiling and sliding (see Figure 2.5) of

each half of the body. One half of the body anchors,

while the other half slides across the substrate to crawl forwards. The frictional properties
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of the snake’s skin are required to anchor the snake as it coils the other half of its body.

This strategy also allows for the traversal of any firm sites and is especially effective in

tunnels [38]. Concertina locomotion is very energetically costly and slow in comparison to

the other snake locomotion strategies [39].

The snake exerts most of the applied energy to pushing their body against the tunnel

walls to ensure stability. On an incline, concertina locomotion is also effective as snakes

will use a combination of friction-enhancing techniques such as digging their scales into

the ground, as well as wedging against obstacles using a force up to nine times their body

weight to push themselves along [40].

Sidewinding

Figure 2.4: Sidewinding gait [3]

Sidewinding is mainly used by snakes in loose ter-

rains like soil or sand. The snake lifts part of its

body off the ground and moves it sideways push-

ing against static contact points along the ground.

Laterally directed slippage is counteracted by the

twisting of the body so that the posterior edge digs into the media providing more potential

reaction force [35]. The static contact points are actually, from the frame of the body,

rolling or peeling points, where the bends of the snake distribute the shear force to prevent

slipping. Sidewinding has also been observed as an intermediate gait when transferring

from land to water. Sidewinding is the fastest locomotion and most efficient form of snake

locomotion [41].

Aquatic Undulation

Most aquatic animals use a form of lateral undulation to propel themselves through water.

Aquatic undulation has a higher magnitude velocity than terrestrial undulation, but is

similar in terms of body-lengths/s [42]. Whereas snakes use their scales to break symmetry

and direct motion, eels and other elongated fish use their heads and tails. The morphology

of the tail is important as for most aquatic snakes and eels, the tail becomes paddle-like to

have more surface area in contact normal to the direction of displacement. These animals

will also vary the angle of attack of their tails during the gait cycle, though for the most

part it is negative [43].
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2.2.3 Crawling Locomotion

Crawling locomotion is another common strategy in limbless locomotion and includes several

different gait types. Peristalsis and two-anchor crawling are utilized by caterpillars, worms,

and leeches. Snakes use a rectilinear gait which produces crawling, optimizing the use of

their scales to produce locomotion. These methods have a generally lower magnitude of

velocity than undulation, but are similar in terms of body-lengths/s [4].

Peristalsis

Peristalsis is unique amongst the other gaits described in that it is used by completely soft

organisms like worms. It is characterized by a coupled propagation of radial contraction

and axial elongation moving down the length of the body. [44]. The radially expanded

regions anchor the organism to the substrate while the radially contracted regions advance

over the substrate via axial elongation [45]. Unlike most limbless locomotion strategies,

peristalsis does not need anisotropic friction to produce locomotion. If the forward and

backward friction coefficients are equal, locomotion is produced by altering the percentage

of simultaneous body contraction (<50%).

Two Anchor Crawling

Two-anchor crawling is achieved through the cycling of lengthening and shortening of the

entire body. As compared to peristalsis, the body of the organism contracts as a whole

rather than a wave of contraction propagating along the body. The anchoring is a result

of anisotropic friction. As the body slides forward, the anisotropy produces a net forward

displacement as the friction in the forward direction is less than that in the backwards

direction. The biological solutions for creating this anisotropic friction vary over distinct

species. Caterpillars often utilize seta, or bristles, that protrude when the respective body

segment is activated. Some organisms have prolegs or suckers that anchor the body during

locomotion [46].
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Rectilinear Locomotion

Figure 2.5: Rectilinear gait [3]

Rectilinear locomotion is a hybrid between peristal-

sis and two-anchor crawling used by large snake

species. It is especially useful for climbing and trav-

eling through narrow burrows. It is similar to peri-

stalsis in that it is characterized by a wave of lifting

of body segments down the length of the snake. It does not, however, have a mode of ra-

dial contraction as seen in peristalsis. Without this couple change in cross-sectional shape,

rectilinear locomotion relies on anchoring via frictional anisotropy like two-anchor crawl-

ing. The snake contracts certain muscles that pull its belly scales forward producing an

angle of attack. The scales then latch onto the asperities in the surface. It then contracts

other muscles to push forwards against the latched scales (see Figure 2.5). Snakes that use

rectilinear movement have developed scales especially suited for efficient latching [35].

2.2.4 Soft Robot Species Locomotion

Soft robots can conform to surfaces or objects, absorb energy to maintain stability, and

present physical robustness at a potentially low cost. These advantages can be applied

to broaden the applications of robots in unstructured environments. The scope of this

review encompasses robots that are primarily soft and rely on deformations of the body to

produce locomotion. This mechanism for locomotion is utilized by many limbless organisms

in nature. From snakes to caterpillars, biological, limbless locomotion comes in many forms

and inspires many different soft robots currently in development.

To compare locomotion abilities across the field, soft roboticists use body-lengths per

second (BL/s) as a quantitative measure of locomotion. A chart of the speeds expressed as

BL/s is shown in Figure 2.6 [4]. The velocity in terms of body-lengths per second allows

for the comparison of different locomotion strategies across different size scales. The size

of robots developed in the soft robotics community vary and using BL/s allows for a direct

comparison on performance in terms of speed. The review of robots used to make this chart

had an expanded definition of soft robots to include compliant, but mostly rigid, mechanisms

as well as limbed robots. Though the scope of this review is strictly soft-bodied, limbless

robots, this chart is helpful in showing how limbless locomotion compares to that of other
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Figure 2.6: Chart of soft robot locomotion in terms of body-lengths per second to allow
comparison of these different locomotion strategies across different sized robots [4].

locomotion patterns within soft robotics.

There are several “species” of soft robots that have been developed and studied through-

out the literature. Many limbless soft robots produced thus far are worm-inspired using

two-anchor crawling or peristalsis as their modes of locomotion. Aquatic soft robots have

been developed based on eels, lampreys, and fish. There have been two snake-inspired

robots produced in the literature; one using lateral undulation, the other using rectilinear

locomotion.

Worms

Many worm-inspired soft robots use two-anchor crawling at their mode of locomotion. Most

robots inspired by two-anchor crawling strategies focus on replicating the cycling of elon-

gation and shortening and the differential friction necessary for anchoring. Trimmer et. al.

developed worm-inspired robot using two-anchor crawling with actuators made from shape

memory alloy springs embedded in a silicone wall [47]. They did not implement a solution

for frictional anisotropy until the next generation of the robot in [48] where they designed

and implemented prolegs. This strategy for locomotion is effective, but limitations with

SMA actuation prevent scaling of the robot using this strategy. Calderon et. al devel-

oped a robot inspired by burrowing worms where they used the two-anchor technique to
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climb a vertical pipe [49]. This utilization of two-anchor crawling would be useful in many

applications, but because of the mechanical preprogramming of the robot, it could only

climb a pipe of a predetermined size. Expanding capabilities to include pipes of varying

sizes or utilizing a different mode of locomotion would be useful for bringing this robot into

unstructured environments.

Peristalsis is the other primary mode of locomotion for worm-inspired soft robots. Many

of these robots have produced the contraction/elongation gait sequence by creating braided

structures using SMA actuators [50, 51, 52]. Though on the more rigid end of the def-

inition of soft robot, these robots were effective in both scaling up the size of the robot

and navigating various environments with the locomotion strategy. A study to minimize

friction alongside peristalsis production was conducted with Softworm in [53] to define what

mechanical strategies could be employed in robots that is not seen in nature. Though peri-

stalsis does not need to employ additional mechanical strategies to deal with friction, its

speed is slow enough to opt for other locomotion strategies. It would be useful in combina-

tion with another mode of locomotion as its ability to produce locomotion in constrictive

or vertical terrains would be advantageous in many robotic applications.

Aquatic Species

Lamprey-inspired robots using SMAs to produce actuation have been developed to enact

aquatic undulation [54, 55]. There are very few soft, self-contained, underwater robots as

many soft actuators, like SMAs, need to stay dry. Marchese et. al. developed a mostly

soft robotic fish where a single rigid section in the middle of the body was used to contain

the onboard electronics and power supply [56]. They used fluidic actuators and compressed

gas to actuate the soft tail to produce aquatic undulation. They showed that continuum

body motion resulted in locomotion underwater which was not achievable with rigid fish-like

robots as they were discretized by their rigid actuators. However, their robot’s performance

was suboptimal as they did not optimize the locomotion pattern in terms of combining

variations of undulation with morphology and interactions with the water. They showed a

successful self-contained soft robot which is uncommon in the field, and outlined the impor-

tance of understanding how gait parameters, morphology, and environmental interactions

are necessary to produce a more efficient, better-performing robot.
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2.2.5 Control of Snake Robots

A survey of snake-inspired robots from 2009 showed that most snake robots had some degree

of functional softness, as they had the flexibility to produce undulation through of use of

many discrete links [6]. However, none of these robots had a high degree of interactional

softness we use as our definition for “soft robot.” They were unable to capture the smooth

propagation of the traveling wave produced by continuous curving along the backbone. The

use of many rigid actuators limited the conformability to obstacles seen in biological snakes

when interacting with their environment. Therefore, the reviewed robots had limitations in

what environments they could operate. However, the review emphasizes that production

of lateral resistance, employed by biological snakes bracing against obstacles or using the

anisotropy of their skin, are required for producing successful terrestrial undulation.

There is only one “soft” snake robot using lateral undulation that has been developed

before this thesis. Onal and Rus created a fluidic elastomer robotic snake in [8]. Their

robot consists of eight actuators paired antagonistically to achieve bidirectional bending

that creates the wave propagation along the backbone. Onal’s robot uses passive wheels

to create anisotropic friction. This technique allows them to move efficiently on hard, flat

surfaces, but severely limits their ability to traverse over any other terrains and limits

their interactional softness. Their work elucidates the idea that morphological strategies

in replicating anisotropic friction generated from snake scales is necessary to develop a

successful soft snake robot.

Katia Bertoldi’s group at Harvard developed a crawling soft snake robot to study the

contributions of a kirigami snake skin in producing effective locomotion [57]. The robot

was inspired by the frictional properties found with snake species using rectilinear locomo-

tion. They replicated the lengthening and shortening of a single body in the form of one

fiber-reinforced actuator, therefore, producing two-anchor crawling rather than rectilinear

locomotion. However, they showed that the simple addition of an anisotropic snake skin,

where scales are activated upon pressurization of the actuator, created locomotion where

there was none previously.

Rigid snake robots are implemented by a series of active joints that can create locomo-

tion through the coordinated actuation of these joints producing bends that propagate from

head to tail. These coordinated movements are called gaits which are motions that produce

a desired net displacement. To achieve the amplitude of bending required for snake loco-



22

motion, the rigid robot must have a large number of actuators. However, it is not feasible

to produce a control program for each individual actuator to enact an overall gait. The

number of actuators and the parameters of control increase the complexity of the design of

the gaits as well as its implementation. Therefore, the trend in rigid snake robot locomotion

is to rely on parameterized or scripted gaits to produce locomotion. Parameterized gaits

can be described by a relatively simple parameterized function, like a sinusoid. Bioinspired

gaits like lateral undulation can be represented by a parameterized function. Scripted gaits

cannot be represented by a single function, and instead step the robot through a series of

predefined shapes. Traversing a unique environment such as climbing stairs can be catego-

rized as a scripted gait [58]. Current snake robots can usually implement gaits based on

the fundamental serpenoid curve defined by Hirose [1]. However, to expand the complexity

of behavior, other gaits can be designed and implemented on the robots.

There are two approaches to designing gaits, either through setting the series of shapes

the robot’s backbone transfers between, or by driving the joint angles as functions of joint

number and time. The design of backbone curves is more intuitive as the gait can be

visualized in the real world, but it does not identify what the low-level actuator control

inputs are without further characterizing how the actuators can be sequenced to reach a

desired backbone curve. The actuator inputs can be limited to bidirectional bending to

make producing the control sequence easier, but it limits the applicability of the robot

in 3D motions. Specifically setting the joint angles to produce locomotion bypasses this

complication, but is an unintuitive process to produce real-world effects.

A hybrid approach has been developed that uses a fitting algorithm, annealed chain

fitting, to specify high-level backbone curves that can produce 3D motion. To determine

the low-level parameters to control individual actuators, “key frames” can be pulled from

static backbone curves. This strategy, keyframe wave extraction, discretizes the target curve

in time. A trajectory of positions for each joint can then be produced by sequencing these

key frame positions. The gait is then produced by determining a parameterized function

that captures the basic form of these sequences. The advantage of this method is that

a gait can be designed that is intuitively realized in the real world, without having to

explicitly control the joint angle of each actuator [59]. This hybrid method can produce

bioinspired gaits commonly seen with snakes, as well as highly specialized, non-biological

gaits such as rolling, to navigate complex environments. Using such methods does expand

the locomotion capabilities of the robot, but relies heavily on controlling a large set of
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actuators. Any unexpected obstacles or features of an unstructured environment would

require a unique gait to be designed if the common gait fails the traversal. Increasing the

complexity of the control system does not inherently increase the adaptability of the robot

in unknown environments.

The principles of snake robot locomotion and design can be implemented using soft

robots. As was seen in this brief review, complex behaviors of rigid snake robots are

produced through the control of the robot. These rigid robots could produce effective

snake locomotion, but relied heavily on their control systems to present any adaptability or

robustness in unstructured environments. Soft robots, because of the nonlinearities in the

material, are inherently difficult to control through gaits alone. The hybrid design method

from [59] can still be successfully implemented on soft snake robots to produce a variety

of simple gaits, but novel research can be done in determining how the morphology of a

soft snake robot affects locomotion. The morphology of the robot can be designed to keep

the control simple while still producing adaptable behaviors. This review shows there is

a gap that can be filled by developing a soft snake robot that produces a variety of gaits,

and focuses on how the morphology of the robot and its interactions with the environment

affects its locomotion capabilities.

2.3 Interfacial Mechanism Design

2.3.1 Interactions with Environment

The behaviors produced by soft robots are dynamic and are a result of the combination of

control, morphology, and environment. The relationship between these areas is defined by

morphological computation (MC). Specifically, MC is the behavior produced in soft robots

because of the interactions between its morphology and its environment [60]. MC is the

attempt in the soft robotics field to understand how the mechanics of the soft robot, and

its interaction with the world, alter behavior. However, a method for identifying the key

factors in the produced behavior has not been well defined within the field. Most of the

understanding, and subsequent improvements to the robot are intuitive and come from

observations of the robot in a specific environment.

Traditional, rigid robots are limited in their ability to interact with their environment.

For example, if a legged bipedal robot were to collide with an unknown obstacle protruding
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from the ground large enough to knock it over, the robot would have difficulty in maintain-

ing its desired trajectory and could potentially damage itself in a fall. A robust reactive

controller is necessary to deal with perturbations if the body cannot absorb them effec-

tively. Unlike their rigid counterparts, soft robots can absorb perturbations because of the

damping qualities of the material. Soft robots can also conform smoothly around obstacles

and can use them in advancing through the terrain as snakes do when they push off of

rocks. Traditional robots cannot effectively operate in unstructured environments without

robust and adaptive control systems, whereas soft robots can use the compliant properties

of their materials to remove the complexity of control in reacting to perturbations in the

environment. For the most part, the behavior of the robot as it conforms to its environment

can be advantageous as soft materials can absorb disturbances better than rigid materials.

However, because the interactions between the robot and the environment cannot be pre-

dicted or exploited consistently, some produced behavior is unwanted, or undermines what

the initial control of the robot accomplished. Therefore, understanding how soft-bodied

robots interact with the environment, and then developing mechanical solutions to prevent

the unhelpful MC and promote the useful MC is necessary to further develop soft robotics

as a field.

Soft-bodied, limbless organisms deal with environmental disturbances by changing the

shape of their body, varying the stiffness throughout their body through muscle activation,

and the use of mechanical strategies such as scales to exact control over the environment

in which they evolved. Currently, several strategies exist to develop successful interactions

between soft robots and their environment based on the observations of limbless organisms.

However, they are still heavily dependent on the specific robot, environment, and intuition

of the designer. Determining the fundamental mechanical advantages provided by morpho-

logical characteristics in nature, can inform the design of soft robots to produce interactions

with the environment to aid locomotion.

2.3.2 Deformation Strategies

Limbless animals navigate and interact with their environment through the deformation of

their bodies. Snakes will vary the speed of the propagating wave, as well as its amplitude

depending on what environment they are traversing. They can lift their bodies, stiffen their

body, or activate their scales to interact with their environment. Those strategies can be
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used in escaping obstacles if the snake becomes entangle in weeds or wedged under heavy

debris [36].

Current methods for enacting shape changes within the body of a soft robot are linked

to actuation, and usually have only one or two achievable shapes. The soft snake robot

developed by Onal et. al. was designed for bidirectional bending (2D motion) [8]. The

cyclic deformation of the actuators and the lateral resistance provided by attached passive

wheels enabled lateral undulation locomotion. The parameters of locomotion they could

control were frequency and amplitude of the propagating wave. The use of passive wheels

limited the terrains they could traverse, as well as the set of propagating waves they could

produce. Though they enacted continuum curvature during wave propagation, something

not achievable with rigid links, they had no explicit strategies for exploiting advantageous

MC other than the properties of the propagating wave. Tolley et. al developed an unteth-

ered, quadruped robot that could walk based on cyclic deformations of the legs through

inflation/deflation [20]. The desired stiffness of the body could be controlled by further in-

flating the legs, but deformation and stiffness were coupled, therefore altering the crawling

gait by changing the leg shape. This coupling limited the forces the leg could enact, and

consequently the speed varied over different terrains.

The need for wheels on the soft snake robot [8] and variable stiffness on the legs of the soft

quadruped robot [20] provide evidence that deformation is not enough to enact the range

of forces on the environment necessary to operate robustly through many environments.

Current actuation methods used in the field are coupled to shape deformation. This means

that to increase the stiffness of an actuator, the deformation of that actuator will change.

To ensure the environment does not impede, but rather facilitates locomotion, is to decouple

the relationship between stiffness and shape deformation thereby increasing the production

of good MC.

Many invertebrates can morph the shape of their body or limbs to better interact with

the environment [61]. This is an extraordinary advantage over rigid animals and robots.

Margheri et. al. developed an invertebrate robot inspired by the octopus tentacle that

could extend and shorted the length of the arm, and vary the cross-sectional area of the

arm [62]. These are invaluable capabilities for soft robots over their rigid counterparts that

can be applied to interact with unstructured environments.

Controlled shape changing is necessary to expand the framework of exploiting morphol-

ogy, dynamics, and the transient behavior of the environment defined within terradynamics
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to produce better MC. Therefore, more research is required in understanding how limbless

animals deform their body in response to environmental interactions.

2.3.3 Variable Stiffness Strategies

Variable stiffness will be key in developing soft robots for the real world. Soft robots would

become more capable in unstructured environment by replicating the way animals vary the

stiffness of their muscles to perform different behaviors appropriate for interaction with the

environment. However, variable stiffness remains an open problem in soft robotics. Two

approaches used currently are material jamming and the use of smart fluids.

Jamming-based systems are useful for modulating stiffness as they provide the capability

of a reversible transition from fluid-like to solid-like materials with limited volume variation.

There are two common jamming-based systems: particle jamming, and layer jamming. Both

operate on the same principle; a vacuum triggers the shift from fluid to solid, which increases

the relative shear resistance experienced by the particles or layers embedded in the elastic

membrane [63].

Particle jamming, both active and passive, has been used frequently for manipulation

and gripping. Brown et. al. produced an active jamming gripper made from a balloon filled

with a granular material. The gripper could conform to the shape of an object, and when

the jamming was activated it would increase the stiffness of the mechanism, grasping the

object with enough force to pick up [64]. Passive jamming has been implemented on a soft,

bending actuator that relies on the deformation of the actuator to jam the particles into

a stiffer state [65]. Passive jamming couples the variation of stiffness to the deformation

of the actuators. Particle jamming has high deformability in the fluid state with a drastic

increase in stiffness upon vacuum, without a significant volume change. However, it does

require a large volume of granular material to achieve any significant stiffness modulation

which limits scaling of soft robots.

Layer jamming is based on overlapping surfaces presenting a large contact area that

translates into an increased friction force upon vacuuming [63]. Though scaling is still

limited, it is more versatile than particle jamming. Locomotion abilities using jamming-

based systems are difficult as jamming itself cannot do net external work on the environment,

but it can modulate the work done by another actuator. For instance, a jamming skin can

be wrapped around a fluidic actuator that controls the shape and stiffness upon actuation.
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This skin can be used for rolling locomotion by alternating the vacuuming sequence of the

actuator [66]. However, it is not an efficient method for producing locomotion and would

be more ideal in combination with other actuation methods. Layer jamming can be used in

addition to fluidic actuators to maintain the shape of a pneumatic actuator, even after the

pressure on the actuator is released, successfully decoupling stiffness from actuation [67].

Smart fluids such as magneto- and electrorheological fluids can also be used for varying

the stiffness of a soft robot. These materials can change their rheological properties when

a magnetic (MR) or electric (ER) field is applied. Fluidic channels can be created within

an elastomer to inject the MR or ER fluid. When the correct field is applied, the fluid

becomes more viscous and effectively stiffens the actuator. They can also act as valves and

be used to control actuation of a multi-actuator system [68]. The limitations lie mostly in

applying the corresponding field to the fluid which requires high voltage power sources. Also,

sealing issues, particle settling, and environmental contamination problems are present [63].

Finally, any actuation or stiffening produced by these fluids are slow, and for locomotion

purposes they are not ideal.

Modulating stiffness throughout the actuators of the robot will greatly improve the

robot’s ability to interact with all environments. Further research is necessary in both

defining what actions produce good MC and how best to enact them utilizing variable

stiffness.

2.3.4 Surface Interaction Strategies

Morphology-based mechanical strategies is another method employed to create soft robots

that can better interact with the environment. The most obvious mechanical strategies

in use are contact-based. Most limbless locomotion capabilities are made possible through

the animal’s frictional properties of their body. This is highlighted by the use of scales in

snakes. By activating certain sections of muscles along their body, snakes can alter the angle

of attack of their scales. By patterning the activation and release of scales, they can be used

to dig into the asperities of the surface the snake is traversing. This creates more friction

in the backwards direction than that in the forward direction. This anisotropy allows the

snake to achieve a net forward displacement. The production of anisotropic friction for soft

snake robots has been accomplished using passive wheels [8], and more recently, a kirigami

skin for rectilinear locomotion [57]. Patches of high friction material have been used to aid
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two-anchor crawling in a worm-inspired robot [69]. To enable peristalsis in earth worm-

inspired robots, adhesive pads have been used on various segments of the robot’s body to

produce discrete contact points of high friction along the body [70, 71]. Directional friction

strategies have also been used for climbing robots using directional spines on the feet of the

robot to compliantly engage with surface asperities [72].

All of these strategies utilize mechanical additions to promote friction instead of relying

solely on body deformation. They were designed for the specific locomotion pattern of the

robot in order to promote MC that advanced the locomotion abilities. However, they cannot

easily be transferred to robots that use other locomotion strategies, or alternate through

different modes of locomotion. This again shows how dependent the design of soft robots

is on the intuition of the designer, the selected locomotion strategy, and the morphology of

the robot.

In more fluidic environments such as water and sand, the simple mechanical addition of

a tail increases the robot’s ability to produce effective locomotion. In addition to adhesive

pads used to create high friction points, Lin et. al. used tail skids to increase lateral stability

to improve the peristaltic locomotion they were employing [70]. For the soft fish robot used

to produce aquatic undulation, Marchese et. al relied on the the morphology of the tail to

ensure propulsion through the water [56] . Although it has not been implemented on a soft

snake robot for subterranean environments, it has been found that the snout and tail on a

sand fish lizard are vital in its ability to alter its angle of attack within sand to either bury

itself, or surface during subterranean locomotion [34].

Mechanical strategies through variations in morphology are key to producing effective

limbless locomotion. Though current implementations on soft robots are few and highly

dependent on the robot and the selected operating environment, there are many biological

examples that prove their viability.

2.4 Summary

Bioinspiration is a useful tool to develop robots that are robust and adaptable in complex

environments. Considering how prevalent soft structures are in nature, further investiga-

tion of soft implementation of bioinspired robots is warranted. This chapter has provided

context for state-of-the-art the development of snake robots in the literature and what soft

robot technologies can be utilized to further evolve soft snake robots. A review of limbless
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locomotion in nature shows that snakes are incredibly versatile in the range of gaits they

can employ, as well as how they can adapt those gaits to changes in their environment.

There are many aspects of snakes that make them useful models for robots in unstructured

environments, including:

• Elongated body with continuous deformation

• Mostly soft with rigid, but highly flexible backbone for compliance and force

• Soft body results in compliant interactions with the environment

• An array of useful gaits

• Skin with frictional anisotropy

Rigid snake robots have produced the general body shape of snakes to realize the serpentine

locomotion snakes use. However, the use of rigid materials has limited the functional and

interactional compliancy of the robot. reducing the applicable environments. These robots

cannot produce continuous deformation, and the curvature they can realize requires the use

of many discrete actuators. The usefulness of the snake’s soft body and skin has not yet

been investigated, as only one soft snake robot using lateral undulation has been developed

before this work and was limited in its interactional softness by the use of passive wheels.

A skin has been executed on a soft robot, but for a crawling locomotion which has differing

dynamics than lateral undulation. This chapter reviewed what has been accomplished in

limbless soft robots and snake robots in general and the main contributions are listed below:

• Worms are the most common inspiration for limbless soft robots

• Only one soft snake robot has been published previously

• Rigid snake robots rely on control complexity to create compliancy

• An anisotropic skin for crawling locomotion was developed for extending soft actuators

These contributions have not yet fully realized the versatility and adaptability of biological

snakes. Through the review of useful characteristics of snakes and current state-of-the-

art snake robots we have determined that a soft snake robot with high functional and
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interactional compliancy justifies further investigation. Actuators made from elastomeric

materials would allow for continuous deformation and would better represent the soft body

of biological snakes. Rigid snake robots have relied on complex gait implementations to

improve locomotion in complex environments. Shifting to soft robot technology will require

exploration of morphological contributions to improve locomotion as there is a more coupled

relationship between the soft robot and its environment. Snakes in disparate ecological

niches have evolved different morphological characteristics, that when examined through the

lens of environmental interactions, can be engineered to increase the soft robot’s capabilities

in a wider range of environments. The review of soft robot strategies for environmental

interaction has shown that the frictional properties of the robot are a major contributor to

the success of the robot. Snakes have evolved skin that exhibits frictional anisotropy, but

this external mechanism has yet to be employed on an undulating soft snake robot. The

main contributions of this dissertation that address the gaps identified in this review are

listed below:

• First fully-soft snake robot to improve locomotion through high functional and inter-

actional softness

• Explanation of how the morphological design of snake robot changes its behavior in

addition to the gait design

• First implementation of frictional anisotropic skin for lateral undulation on a soft

robot

The material reviewed in this chapter provides a starting point for the design and im-

plementation of a fully-soft snake robot. The proceeding chapters will address how the

morphological characteristics of the robot can change its behavior, how the design of a gait

unique to the dynamics of the robot and its coupled behavior with the environment can

improve its locomotion in that environment, and how the design of an external mechanism

targeting a specific environmental interaction can improve its locomotion. Studying the ef-

fects of the combination of morphology, gait, and environmental interactions on the velocity

of locomotion through relatively simple environments, and its adaptability to more complex

environments can aid in further development of bioinspired soft robots.
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Chapter 3: Morphology of Snake Robot Changes Behavior

Based on the literature reviewed in the previous chapter, snakes provide an excellent model

on which to design a soft robot. Though rigid snake robots have been widely developed,

there has only been one previous soft snake robot developed [8]. However, its designers

have reduced both its functional and interactional compliancy by using wheels to provide

resistive forces during locomotion. Therefore, it is of interest to develop of a fully-soft snake

robot with high functional and interactional compliancy to study how targeted interactions

with the environment could aid in locomotion.

Designing the morphology of the robot, the gait, and the method of interacting with

the environment have to be done somewhat in tandem to increase the versatility of the

robot. Snakes use a variety of gaits in nature, but we focus on lateral undulation, the most

common gait, to implement on the robot. The gait used to initially test the robot prototypes

presented in this chapter is an optimized (based on cost of travel) sinusoidal traveling wave

function specified by the amplitude of sine and cosine curvature modes we refer to as a

“circular gait” [73]. Further definition and modification of this gait is discussed in Chapter

4. For the purposes of this chapter, the circular gait represents an implementation of lateral

undulation relying on the shape space generated by the robot in a granular media.

3.1 Extensible Actuators in Soft Snake Robots

This chapter examines how the morphology of the soft snake robot changes its behavior

when implementing the same gait and control scheme across prototypes. The selected

circular gait requires the production of a specific series of shape changes the actuator must

enact. These shape changes, which make up the shape space of the robot, drive the design

of the soft actuators. In addition to producing the necessary shape space, the design of the

robot needs to account for implementation in real environments as well as manufacturability.

Below are the design requirements that ensure the above criteria is met:

• Bidirectional bending capabilities
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• Cross-sectional area geometry that prevents rolling

• An aspect ratio that produces a 2:1 drag ratio (lateral:longitudinal)

• Modularity of robot to ensure propagation of bends along length

3.1.1 Design

Our initial design of our soft snake robot is driven by the shape space required to perform

the circular gait, our representation of lateral undulation. To implement this shape space,

as illustrated in Fig. 3.1, the robot must be capable of achieving a set of S- and C-shaped

poses. Therefore, each actuator must exhibit bidirectional bending to at least a 90◦ arc

without producing significant twisting or rolling. The robot should be modular because

locomotion will require at least one pair of bidirectional bending actuators in tandem, thus

each actuator must have a connecting mechanism that does not require excessive use of rigid

parts. Fiber-reinforced actuators were selected because they have been well characterized

[18], and because they are highly modifiable due to the use of molds. A typical fiber-

reinforced actuator has one chamber used for actuation. A strain-limiting layer can be

added for bending, and different fiber wrapping techniques can be used for extending or

twisting [19]. For this first prototype, bending is achieved through the strain limitation

created by the uninflated side of the actuator. Including a strain-limiting layer between air

chambers adds complexity to the manufacturing process, that in its initial stages, would

have reduced the reliable production and replication of actuator capabilities.

To meet the design requirements above, we implemented the following designs: 1) The

mold design was modified to create two air chambers for bidirectional bending. 2) A double-

helical thread wrapping pattern was used to prevent twisting upon inflation, which disrupts

the gait pattern significantly enough to prevent any forward displacement. 3) An elliptical

cross section geometry was selected to approximate the typical body shape of a snake,

and prevent the actuators from rolling during actuation. 4) Magnets were embedded into

the silicone caps used to seal the ends of the chambers, so that an arbitrary number of

actuators can be linked together. Placing them in the caps prevents them from interfering

with inflation. The final actuator designed is 110mm in length, and has an elliptical cross

section with a semi-major axis of 30mm, semi-minor axis of 20mm, and a wall thickness of

3mm. The actuator design is shown in Fig. 3.2.
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Figure 3.1: Shape space required for circular gait.

Figure 3.2: Assembly and dimensions of silicone actuator
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Figure 3.3: Fabrication procedure to mold silicone actuators

3.1.2 Manufacturing

Manufacturing of soft robots is an open problem in the field, and can therefore effect

the design and implementation of the robot. The use of elastomeric materials introduces

nonlinearities from material properties that are sensitive to any imperfections (bubbles, in-

consistent wall thickness, etc.). If any imperfections are introduced during manufacturing,

the actuator could out right fail, or produce inconsistent intended, or non-intended behav-

iors. State-of-the-art pneumatic soft actuators are manufactured through molding of the

selected elastomeric material. Therefore, every design change to the actuator requires a

design change to the molds which can propagate to a change in the assembly procedure of

the actuators. A fully enclosed structure cannot be molded unless using materials for the

internal structures that can be removed later. The removal of internal structures requires

pulling those structures through a hole in the outer wall of the actuator, which would re-

quire patching after removal, leading to a likely point of failure or decrease in performance

capabilities. Another option is lost wax casting, which utilizes wax for the internal struc-

tures of the mold, that can then be melted and drained through a small hole. Again, the

hole would require patching, but more significantly, the internal structures would also need

to be molded from wax. This process, on top of the jigs necessary to ensure alignment of

these internal structures would potentially introduce a number of imperfections making it

almost impossible to create identical actuators to pair together to build the snake robot.

The goal of the manufacturing process was to produce actuators that behave as similarly
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as possible to prevent asymmetries during locomotion that would inhibit locomotion. The

strategy we employed was to make the actuator in parts for assembly. The more individual

parts you have to make for the actuator, the greater possibility of introducing imperfections.

The most common failure modes for fiber-reinforced, bending actuators are listed below:

• Inconsistent wall thickness

• Misalignment of internal air chambers

• Misalignment of strain limiting material

• Wrinkling of strain limiting material

• Imperfect seal between air chambers (bubbles or capping)

• Misalignment of fiber reinforcement

To prevent these failure modes, we fabricated the two air chambers in a single mold

to ensure the wall thickness and alignment of the chambers were consistent. The mold

had a pattern that would embed a grid on the outer surface of the actuator to align the

thread used for fiber-reinforcement. We had a separate mold to fabricate the caps that had

plugs in the shape of the air chambers to provide a seal. The mold designs can be seen

in Fig. 3.3. Molding the body with both air chambers embedded in a single mold made

it extremely difficult to include a strain limiting layer between air chambers to promote

bending. However, the strain differential between the inflated side and uninflated side was

enough to produce bending along the length of the actuator as it extended upon inflation.

Therefore, the potential deficiencies leading to inconsistently-performing actuators — or

total failure — introduced by embedding a strain limiting layer were deemed too detrimental

for the first prototype of the robot. The bidirectional bending requirement was still met

by the strain differential introduced between the inflated and uninflated chambers on the

actuator, and all other failure modes were minimized by the mold design.

The molds were 3D printed using MeltInk3d 2.85mm PLA on an Ultimaker 2+ using

a 0.6mm nozzle. The actuators were made from EcoFlex®00-30 which was poured into

the molds and set to cure (about 3 hours at room temperature). Before the elastomer

was poured into the cap molds, a magnet was placed 1mm above the bottom of the mold.

The magnets were used to meet our modular requirement so we could connect different
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actuators together as desired. The magnets were placed so opposite poles were at each end

of the actuator so they could be paired with any other actuator. When the main body was

cured, the outer walls of the mold were removed (see Fig. 3.3) and the double helical thread

pattern was wrapped by hand following the grid line imprinted into the outer surface of

the soft actuator by the mold. The caps were glued to both ends of the main body with

SilPoxy® and the seam was sealed with a thin layer of the EcoFlex®00-30. Each actuator

was characterized to determine which actuators behaved similarly enough to pair together

for the robot.

3.1.3 Characterization of Extensible Actuators

During the iterative prototyping and testing procedure used to determine a final design

for the soft actuators, it was confirmed that actuators that had similar pressure-curvature

relationships in testing reproduced the desired gait pattern better (more symmetric). We

used an Optitrack Prime 13 motion capture system to track the arc angle (bending upon

inflation) and length (extending upon inflation) of each actuator at known values of input

pressure, using a syringe to inflate each chamber from 0 to 24 kPA in 3.4 kPA increments.

The results of these tests are summarized by the Pressure-Angle and Pressure-Length curves

for the two closest performing actuators in Fig. 3.4. The final manufacturing process

greatly reduced the number of inconsistencies between actuators. About 1 in 8 actuators

failed completely, and 1 in 5, though functioning, behaved too differently from the other

actuators to be paired up for a robot. This characterization phase was essential to ensure

that the robot could enact the pose sequences of S- and C-shaped backbones, and also

provided us with a mapping between input pressure and shape that helped with tuning the

control inputs to drive the gait.

The drag ratio was an important parameter in the geometric model used to generate the

predicted results of the circular gait. The drag ratio can be adjusted by altering the aspect

ratio (length:width) of the actuator. The aspect ratio of the actuators was 110cm:30cm.

The drag ratio was measured using the Mark-10 force measurement system. To measure

the lateral drag force of the actuator, a cord was attached to 3 points along the actuator

(both ends and the middle), and dragged along the top of the millet. The same was done

to measure the longitudinal drag force, but the cord was attached to just one end. The

recorded drag ratio was 1.8:1 which was close to the intended 2:1 drag ratio as specified
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Figure 3.4: Characterization of pressure vs. bending and pressure vs. elongation for each
chamber of each actuator.

suggested drag ratio listed in the requirements above.

3.1.4 Preliminary Locomotion in Granular Media

Figure 3.5: Snapshots of robot prototype #1 enacting shape space and corresponding ex-
perimental production of circular gait.

The circular gait was implemented on the extensible robot in millet (a small seed) to

represent a granular media. Fig. 3.5 shows the robot reproducing the required shapes, as



38

Figure 3.6: Total displacement of robot prototype #1 using circular gait in millet.

well as the experimental results of driving the circular gait. The experimental production of

the circular gait (blue circle) is not a perfect reproduction of the driven gait (red circle). As

can be seen from the snapshots of the robot forming each shape, the C-shapes were not well

replicated, and that is where the experimental data deviates most from the circular gait.

The extension of the actuators and the interference of the magnets are likely responsible for

the poor production of C-shapes. The extension of the actuators prevented full curvature.

The magnets were heavy in comparison to the rest of the robot and made the connection

points cumbersome to deform around and drag along during locomotion.

The total displacement of the robot through the granular media driving the circular gait

is shown in Fig 3.6, and had a maximum velocity of 0.2 cm/s (0.001 body-lengths/s). The

trend of displacement shows that though the gait pattern resulted in a forward movement,

there was a small backward movement for each stroke. These backward movements were

caused by the contraction of the actuators as they deflated, as well as slipping backwards

in the grains as the actuators straightened upon deflation. However, each step backward

was smaller than the step forward so the robot was still able to propel itself through the

terrain. Removing this backward step phenomenon is explored in Chapter 4.

The geometric model used to define the circular gait predicted a velocity of 0.09 body-

lengths/gait-cycle when using the measured drag ratio of 1.8:1. The experimental velocity

of the robot using the OptiTrack motion capture system resulted in 0.23 body-lengths/gait-

cycle. The largest difference between the robot and the model is the fact that the robot has

a mode of extension and contraction during each gait cycle. Therefore, a second prototype
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would need to be constructed that removed the extensibility of the robot in an effort to

better represent the geometric model.

3.2 Inextensible Actuators in Soft Snake Robots

A second prototype of the robot was developed to determine whether the mode of extension

of the original soft robot was aiding in the overall locomotion capabilities of the robot as the

actual displacement of the robot was larger than the model’s prediction. The new design

of the soft actuators would include inextensible fabric embedded in between the two air

chambers in the main body of the actuator to prevent extension. This change in design

greatly increased the complexity of the manufacturing process requiring a complete redesign

of the molds and assembly procedure.

3.2.1 Design

The new actuators still had two chambers for bidirectional bending, and an elliptical cross

section to prevent rolling. The only difference is the addition of an inextensible back-

bone to prevent extension and promote bending. Embedding the backbone material re-

quired precision in placement as well as the ability to bond well with the silicone elastomer

(EcoFlex®00-30). Therefore, a 0.25mm thick, woven fiberglass mesh was used as the back-

bone material. The openness of the weave allowed for the silicone to seep into the holes and

bond the backbone to the chamber walls.

The dimensions of the actuator were 110mm in length, with an elliptical cross section

with a semi-major axis of 30mm, semi-minor axis of 20mm, and a wall thickness of 3mm.

These are the same dimensions as the first prototype, keeping the aspect ratio equivalent.

The magnets were removed from the caps as we no longer required modularity, and they

seemed to interfere with the robot’s ability to cleanly form the C-shapes needed to realize

the shape space for the circular gait. All actuators, before being permanently affixed to one

another, would be characterized to ensure symmetric behavior.
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Figure 3.7: Assembly of inextensible actuators and robot. Actuators are made in halves,
an inextensible material is embedded between halves and the two halves are bonded. After
threading the actuator, following the imprinted grid, the actuators is overmolded to secure
fibers and capped. Two actuators are bonded to form a full robot.

3.2.2 Manufacturing

The inclusion of an inextensible layer between air chambers required a complete redesign of

the molds. In addition to altering the design of the molding and assembly process to embed

the inextensible fabric into the actuator, we made further design changes to reduce errors

that arose from the first design of molds. The two internal structures that created the air

chambers in the original mold design started to warp after many uses. The warping resulted

in a tapering wall thickness between chambers which drastically changed the behavior of

the actuator. This made it difficult to produce actuators that behaved similarly. There

were also bubbles that were produced during curing in the wall separating chambers that

were inaccessible after curing to fix, and resulted in a complete failure of the actuator.

Therefore, the design of the new molds would take into account the necessity of consistent

wall thickness between the chambers, and make those walls accessible to fix any bubbles

that arise during curing.

The resulting design of the molds can be seen in Fig. 3.7. To embed the inextensible

fabric between chambers required molding each half of the actuator separately. The as-

sembly procedure was also improved to ensure that the two halves of each actuator would

be held in proper alignment during curing. A jig was also implemented to keep the two

actuators that made up the robot held in alignment during the curing process. The new

manufacturing strategy, other than allowing for the insertion of an inextensible backbone,
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Figure 3.8: Range of curvatures tested in gaits. Measured as the angle of the arc swept by
the actuator when inflated.

also increased the reproducibility of the actuators. The assembly process eliminated full

failure of the actuators by eliminating the production of the failure modes listed above.

About 1 in 15 actuators behaved too differently to pair up with another actuator to form a

full robot.

3.2.3 Characterization of Inextensible Actuators

The behavior of the robot is dependent on the relationship between the input pressure

and the resulting curvature of the actuator. Here, curvature is defined as the amplitude

of the input wave, and is measured as the angle of the arc swept by the actuator upon

inflation. To properly compare curvature to locomotion capabilities, this relationship needs

to be determined. Based on lateral undulation performed by snakes, a range of curvatures

is expected to result in locomotion. However, different curvatures are expected to be more

effective in different terrains as snakes vary the amplitude of their propagating wave as they

traverse through different environments [29]. Therefore, a set of maximum amplitudes can

be tested to determine its contribution to locomotion. The respective input pressures for

each air chamber were measured to inform the control of the robot. The set of curvatures
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Figure 3.9: Difference in curvature of the two robots inflated to the same pressure

and corresponding pressure inputs can be seen in Figure 3.8.

A comparison of the two robot prototypes is shown in Fig. 3.9. As can be seen, at

the same input pressure the two robots have very different deformation behavior. The only

difference between the two robots is the addition of the inextensible backbone material.

The addition of a backbone provides a strain limiting layer on the soft actuator. This layer

prevents extension, and promotes bending of the actuator. The inextensible robot has a

much larger curvature than the extensible robot because the forces from inflation are being

used for pure bending, rather than having a mode of extension along the bend. This minor

tweak in mechanical design resulted in a significant change in behavior, underlying how

sensitive soft robots are to the design and implementation of physical embodiment.

3.2.4 Preliminary Locomotion in Granular Media

The new inextensible prototype was tested in millet using the same circular gait tested on

the first prototype. The result of this preliminary test is shown in Fig. 3.10. The significant

different in deformation behavior resulted in a much larger displacement in comparison to

the original, extensible prototype.
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Figure 3.10: Result of the inextensibile prototype driving the circular gait in millet.

Further analysis and comparison between the locomotion capabilities of the extensible

and inextensible robots is presented in Chapter 4.

3.3 Summary

This chapter has outlined the design and manufacturing of two prototypes for a soft snake

robot, an extensible robot and an inextensible robot. The design of the robots was directed

by the shape space requirements necessary to successfully produce lateral undulation. The

complexity of manufacturing soft actuators resulted in the first, extensible prototype as

consistently embedding an inextensible layer in between air chambers was difficult. How-

ever, when the robot was tested in millet, a granular media, it produced a larger displace-

ment/cycle than that which was predicted by the model. It was then hypothesized that the

extensibility of the robot, which introduced a mode of peristalsis to the locomotion, was

aiding the robot’s capability. A second prototype of the robot with an inextensible backbone

helped determine how peristalsis could be contributing in the extensible prototype. The

manufacturing process was redesigned to accommodate the inextensible backbone material

by building the actuators in halves, and combining them with the inextensible layer placed

between the two halves. The redesign of the manufacturing and assembly process of the

actuators allowed for further reduction of failure modes, increasing the reproducibility of the

actuators. The addition of the inextensible backbone changed the deformation behavior of

the actuator. In comparison, at equal pressures, the two robot prototypes resulted in very

different shapes. The inextensible robot was able to reach much larger curvatures than the
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extensible robot, and completely removed the peristaltic mode of locomotion during test-

ing. The inextensible robot displaced further in millet than its extensible counterpart, and

provides an excellent platform to further explore effects of gait parameters and interactions

with the environment on the locomotion capabilities of the robot.



45

Chapter 4: Gait Design for Locomotion in Granular Media

4.1 Development of Gait for Extensible Robot

The previous chapter showed how the design of the robot can change its behavior when

implementing the same gait and control parameters. This chapter will fully define the

circular gait used in the previous chapter. Variations of this gait were all tested on the

original extensible robot. The deviations from the model’s predictions of displacement with

the extensible robot called for the design and implementation of an inextensible robot to

better represent the kinematic model used to derive the gaits. This second prototype was

tested using the circular gait, as well as modified gaits that take advantage of interactions

with the environment.

4.1.1 Snake-inspired Gait Selection

A primary goal of this work was to demonstrate the effectiveness of using a well-defined ge-

ometric gait model to develop a control sequence for the locomotion of our soft snake robot.

Soft robots are not easily modeled, making it difficult to generate control strategies that

can be generalized for many designs. They are also coupled to their environment as their

behavior is sensitive to interactions with the environment altering their deformation capa-

bilities. Using a geometric gait model that accounts for the kinematics of the “backbone”

of the robot, and which can be separated from the nonlinear dynamics through which the

system achieves the sequence of shapes, reduces the impact of design and potential imper-

fections of the system. The dynamics of interactions with the environment are reduced to

characterizing a drag ratio, as the model was intended for a low Reynolds number environ-

ment, where drag forces are dominate during the production of locomotion. Therefore, this

method reduces the nonlinearities inherent with soft robots, and accounts for a simplified

model of their interactions with the environment. Our selection of shape sequences that are

likely to form an effective gait is guided by the soap-bubble [73] model of gait performance

which geometrically balances the displacement achieved over a gait cycle against the cost
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Figure 4.1: Geometry of shape variables in two-actuator soft snake system. The origin of
the body frame coordinate system is placed at the center point along the spine between
the two actuators, with the x-dimension of position parallel to the spine and y-dimension
perpendicular. The turning angle θ is defined relative to the x-axis.

(measured in time or effort) required to execute that cycle. The set of assumptions for the

model are listed below:

• The environment is a viscous fluid where drag forces are dominate

• The drag ratio is 2:1

• The actuators have constant curvature along their length

The pose set for backbones of biological snakes can be represented by sinusoidal traveling

wave functions [1, 59]. The serpenoid-curve gait for this system can be specified by the

amplitude of sine and cosine curvature modes [73]. Our soft snake robot is a two-link,

piecewise-continuous-curvature system which can approximate a subset of the biological

snake’s backbone shape space and thus can implement locomotion with select serpenoid-

curve gaits. The soft robot’s shape space can be parameterized by the arc angle of each link,

α1 and α2. See Fig. 4.1 for an illustration of these shape parameters on the robot’s body and

Fig. 4.2(a) for example backbone shapes produced by varying α1 and α2. Displacement and

orientation of the robot are measured as the displacement of the body frame, a coordinate

system positioned at the center of the spine at t = 0 as shown in Fig. 4.1, from its initial

position.

The configuration of the soft snake robot can be denoted by a position space G that

describes the location and orientation of the robot in the world, and a shape space R that

defines the relative placement of points on its body. The position of the robot is given by

g = (x, y, θ) relative to a choice of origin frame, and the shape of the robot is given by
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Figure 4.2: (a) Sampled backbone shapes for the soft serpenoid system visualized as a
function of α1 and α2. (b) Constraint curvature (DA(α1, α2)) for the soft serpenoid system
in a granular substrate with a lateral-to-longitudinal drag ratio of 1.8:1, visualized as contour
plots with respect to x, y, and θ. An example gait stroke that varies α1 and α2 sinusoidally
and 90 degrees out of phase to produce a “circular” stroke is plotted. Note that the gait
cycle encloses part of a sign-definite region DAx(α1, α2), indicating that there will be net
displacement per cycle along the longitudinal axis of the body. The gait cycles encloses
equal positive and negative regions on the contours DAy(α1, α2) and DAθ(α1, α2) and thus
will not produce any lateral or rotational displacement.

r = (α1, α2). We model the relationship between changes in shape and position as a local

connection matrix A,

◦
g = −A(r)ṙ

where
◦
g is the system body velocity (ġ expressed in forward, lateral, and rotational

components) and ṙ is the rate of change of body shape. The model holds under the as-

sumptions that gliding cannot occur and that displacement is locally proportional to the

amount of shape change. A local connection matrix summarizing an appropriate dynamics

model for this system can be constructed by taking a ratio between lateral and longitudinal

drag forces and assuming quasistatic equilibrium [74]. The local connection matrix can be

visualized as a set of vector fields on R relating changes in x, y, and θ to changes in shape

r = (α1, α2). Over a cyclic trajectory in the shape space (a gait), the net integral along

the vector fields (i.e. the net displacement over the cycle) can be approximated by the area

integral of the curvature of the constraints, −DA, in the region enclosed by the gait. DA

is the total Lie bracket of A, and is closely related to its row-wise curl [75, 76].
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The components of the constraint curvature DA(α1, α2) for the soft serpentine system

are shown in Fig. 4.2 as contour plots, overlaid with an example gait that traverses the shape

space by varying α1 and α2 sinusoidally and 90 degrees out of phase to produce a “circular”

stroke. Note that there is an elliptical sign-definite region surrounding the origin in the

contour plot for the x-component of position, whereas the y- and θ- plots have symmetric

positive and negative regions around the origin. Gaits that enclose this region will thus

produce net displacement along only the x-dimension of the body position. Previous work

in geometric mechanics has demonstrated the utility of gait selection by choosing a stroke

cycle that encloses sign-definite regions of these contour maps [77] [78] [74].

A gait cycle that encloses the entire sign-definite region should produce the largest

displacement per cycle, but the shape sequence required to do this might have a high

energy cost. The soap-bubble method [73] is an extension of this algorithm that attempts to

optimize the gait cycle in terms of the displacement gained relative to the cost of the stroke.

Curvature enclosed near the zero-contour is of low value, and so contributes relatively little

to the net displacement and the shape changes required to encompass it require more time

or effort in each cycle, meaning that a stroke that is contracted away from this contour is

often more cost-efficient in terms of time and power.

We select gait cycles for our soft snake robot that enclose portions of the sign-definite

region of the x-dimension contours of curvature to 1) demonstrate that the robot is able

to achieve net longitudinal displacement with these gaits and 2) validate the displacement

against the model based on the portion of sign-definite region enclosed by the cycle. The

gaits tested all vary α1 and α2 in an elliptical stroke of the general form[
α1(t)

α2(t)

]
= R(φ)

[
a cos(t)

b sin(t)

]
(4.1)

where 2a and 2b are the widths of the major and minor ellipse axes and R(φ) is a rotation

of the ellipse about the origin by an angle of φ. The optimal gait generated by this model

is the circular gait, used to compare behavioral changes across robot design in Chapter 3.

It is determined as optimal due to enclosing maximum sign-definite area while minimizing

the cost to travel along that path.
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4.1.2 Gait Testing Procedure

To implement gait strokes and evaluate their performance, we developed methodologies

for directly controlling the shape parameters α1 and α2 of the robotic system, tracking

progression through the shape space, and measuring net displacement of the robot. The

experimental procedure we followed used the OptiTrack Prime 13 motion capture system

(Natural Point Inc.) to quantify the robot’s shape and position changes for each gait stroke

based on reflective markers placed on the robot.

The snake’s pneumatic control system is based on an open source design [16] that uti-

lizes a single micro-compressor with separate air lines for the actuator chambers. They can

be driven to a separate pressure with solenoids valving at variable PWM rates. An Arduino

Mega operates the solenoids by receiving control instructions from a separate computer via

a serial data connection. Using the relationship between pressure and shape previously es-

tablished, we developed Python scripts to drive PWM rates (and hence angles of curvature)

sinusoidally in an appropriate pattern to realize elliptical gait stroke sequences.

We used the OptiTrack motion capture system to track reflective markers placed in

three locations on each actuator (a total of six markers along the robot). The markers

were placed on the dorsal surface of each cap and at the center of the actuator’s elastic

spine, so that the three points could be used to fit a circle to the actuator and thus yield a

numerical approximation of its arc angle. The body frame of the two-actuator system was

identified as the center point of the line formed by the two markers adjacent to each other

where the actuators were clasped together by magnets. All motion capture data was saved

and post-processed to compute and plot the body frame coordinates and curvature angles

observed during a gait test.

A test area was created inside the motion capture stage by filling a large bin with millet,

which was selected as the granular medium for these experiments because of its relatively

low density ratio of 0.78 to 1 compared with the robot. The lateral-to-longitudinal drag

ratio for the substrate was measured as 1.8 to 1. The drag ratio of the surface medium con-

tributes considerably to net displacement, since lateral resistance translates lateral waves of

bending along the backbone into forward movement, and so this ratio is crucial to estimating

expected displacement.

We tested gait strokes described by Equation (1) with varying values of b and φ. The

value of a was fixed in all tests to limit actuator bending to about 2 radians in either
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Figure 4.3: Motion capture data from the soft robot demonstrating a circular gait stroke
(a : b = 1) plotted on top of the DAx(α1, α2) contour plot for the two-link soft serpenoid
system. Key frames in the shape cycle are indicated with pictures.

direction. Parameter values were selected empirically to enclose various regions within the

zero-contour line, with rotations of φ = π
4 or φ = 3π

4 to evaluate the impact of enclosing

lengthwise and transverse regions of the elliptical area.

4.1.3 Initial Locomotion Results for Extensible Robot

Five different elliptical gaits were examined, with each test cycling through about 3 rep-

etitions of a gait stroke during a total test duration of roughly 54 seconds or 18 seconds

per stroke. Actual variations in shape parameters as observed with the motion capture

system and calculated during post-processing of data are plotted on top of the DAx(α1, α2)

contour plot in Fig. 4.3 and Fig. 4.4. The plot in Fig. 4.3 includes snapshots of backbone

shapes that correspond to select points on the gait stroke to illustrate the pose sequence.

Displacement is visualized as a function of time in Fig. 4.5. Net x- and y- displacement

measurements for all gaits are shown in Table 4.6.

All gait strokes examined in these experiments achieved measurable forward displace-

ment, and it should be noted that these gaits were within the boundaries of the sign-definite
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Figure 4.4: Gait stroke plots for four different elliptical gaits collected with the motion
capture system. The observed gait strokes are plotted on top of the DAx(α1, α2) contour
plot.
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Figure 4.5: Displacement along the longitudinal (x) body axis visualized as a function of
time for all gait strokes examined with the motion capture system.

Gait Parameters Measured ∆x Measured ∆y Average Disp (x) Predicted Disp (x) Cost Efficiency

a : b = 1 13.5 cm 3 cm 0.23 L/cycle 0.09 L/cycle 29.91 rad 0.0077 L/rad
a : b = 2, φ = π

4 9.0 cm 0.6 cm 0.15 L/cycle 0.07 L/cycle 22.96 rad 0.0065 L/rad
a : b = 4, φ = π

4 7.3 cm 0.4 cm 0.12 L/cycle 0.03 L/cycle 17.85 rad 0.0067 L/rad
a : b = 2, φ = 3π

4 8.7 cm 1.6 cm 0.15 L/cycle 0.06 L/cycle 23.26 rad 0.0064 L/rad
a : b = 4, φ = 3π

4 6.0 cm 0.25 cm 0.1 L/cycle 0.03 L/cycle 20.53 rad 0.0049 L/rad

Figure 4.6: Net displacements along the longitudinal (x) and lateral (y) body axes during
the gait tests. The displacements are measured over 3 cycles of the gait stroke and the time
elapsed for each test was roughly 54 seconds. Average displacement in body lengths (L) per
cycle are also given for comparison with displacements predicted by area integral of DA.
The gait cost is the magnitude of shape change in a cycle (estimated perimeter of the actual
elliptical trajectory, measured in radians), and efficiency normalizes average displacement
against the cost of the stroke.
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region with respect to DAx. For comparison with the displacement measurements observed

with the motion capture system, we estimated the area integrals of DAx based on the 1.8:1

drag ratio over each of the five regions enclosed by the actual shape trajectories. These

predicted displacement values are also given in Table 4.6 in units of body lengths (L) per

cycle. The cost for a gait stroke in this system was taken as the magnitude of the total

shape change incurred over the cycle, which is the estimated perimeter length of the ellip-

tical trajectory. To assess relative efficiency of each gait pattern, the average displacement

was normalized against cost, and both cost and efficiency metrics are reported in Table 4.6

as well.

The circular stroke (a : b = 1) performed significantly better than the other gaits in

terms of net displacement per cycle, and only somewhat better than the others in terms of

efficiency. Net displacement appears to scale with size of the elliptical area enclosed about

the origin and does not have a strong dependency on the orientation of that ellipse, although

the elliptical gaits oriented at φ = π
4 perform slightly better. It is worth noting that efficiency

gains diminish as the size increases, which is consistent with the soap-bubble heuristic for

gait selection. The measured displacements agree with the area integral predictions in

terms of which gaits offer the most displacement, though not on the magnitude of the

displacement. The soft snake actually produced more net forward movement by a factor

of 2-3 over the predictions. The peristaltic mode of locomotion caused by the cycles of

elongation and retraction that accompany the bending in C- and S-shaped backbones could

have contributed to this extra net forward displacement. This explanation is also supported

by the displacement plots and visual qualitative analysis of the gait, which show cycles of

stretching and pulling forward on retraction. Another explanation could be that the drag

coefficient measurement is incomplete which would affect the magnitude of the predicted

displacement while having a minimal effect on the size of the sign-definite region.

A key trend to note across all gait plots is the contraction of the stroke curve in either

quadrants I and III. As shown in Fig. 4.3, a C-shaped backbone is produced when α1 and

α2 have the same sign (quadrants I and III), and an S-shaped backbone when they have

opposite signs (quadrants II and IV). The orientation of the elliptical sign-definite region of

DAx with its semi-major axis along α1 = α2 indicates that an “ideal” gait would include

tight arc angles in the C-shapes and relatively shallow angles on the S-shapes. All gait plots

gathered with motion capture show a somewhat concave curve in quadrant I, quadrant III,

or both, highlighting that the soft robot was not as successful at achieving high-curvature
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Figure 4.7: Results locomotion of both robots in millet comparing both matching curvatures
and matching input pressures.

C-shapes as it should be to perform a maximum-displacement gait stroke.

The strong S-shape backbones consistently demonstrate arc angles of about 2 radians

from both actuators, which indicates that each is capable of achieving strong arcs in both

positive-direction and negative direction curvature and suggests that the explanation for

weaker C-shapes is unrelated to their bending capabilities. Forming a C-shape is usually

a higher-cost operation than forming an S-shape of similar amplitude, since both ends of

the body are moving in the same direction in a high-lateral-drag medium. We noticed the

actuators pivoting slightly outwards about the magnetic fastener when forming C-shapes,

probably at least partially due to this high drag force condition.

4.1.4 Comparing Locomotion in Granular Media

To compare the locomotion behaviors of both robots, we performed gait tests matching

both the shape deformation (curvature) of the robot as well as the control parameter (input

pressure). Both robots were tested in millet, our granular media, using the same circular

gait to represent lateral undulation. The results from the inextensible robot run at match-

ing curvature and matching input pressure were compared to the results of the extensible

robot. The reason for comparing results of the matching input pressure is due to the larger
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Figure 4.8: Comparison of the experimental circular shape spaces of the extensible and
inextensible robot prototypes.

curvature achieved by the inextensible robot at the same pressure. Since our gait is defined

by the shape space enacted by the robot, to make a proper comparison, the robots need to

produce the same shapes. However, to demonstrate how major behavioral changes can be

produced by implementing minor design changes with the same control input, we wanted to

compare the performance of the robots with matching control parameters. These results can

be seen in Figure 4.7, and show that in either case, the new inextensible robot produced a

larger displacement over the original extensible robot. The comparison of the experimental

data on generating the shape space is shown in Fig. 4.8.

We expected the displacement/cycle of the new inextensible robot to be closer to the

predictions output by the geometric mechanics model since we had removed the mode

of extension during locomotion. However, the difference between experimental displace-

ment/cycle and predicted displacement/cycle only grew. Further possibilities behind why

the experimental results did not match the predicted results can be defined by the assump-

tions made for the model.

Both prototypes of our system did not adhere to all assumptions for the model. Although

close, the actuators did not exhibit constant curvature, especially when interacting with the

environment. The use of elastomeric material means that the environment has a significant

impact on the deformation of the actuators. If enough of the granular media was in contact

with the actuator, the actuator would change shape in response to the obstacle. The

actuators also had a reasonable cross-section (470 mm2). This meant that were considerable

end forces on the actuators that the model did not account for that could be contributing
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Figure 4.9: Results locomotion of both robots on a hard, flat surface.

to the displacement of the granular media around the robot. As the environment shifts

around, the robot can produce both positive and negative behaviors upon interactions.

A considerable cross section increases the interaction capabilities of the robot with the

environment.

The only remaining significant difference between the robot and the geometric mechanics

model is the softness of the body and its associated dynamics. The purpose of the geometric

mechanics model and its implementation for a soft robot was to design gaits for the robot

without having to account for the nonlinearities originating in the elastomeric materials

used to build the robot. The circular gait, as an implementation of lateral undulation, is

still a valid and useful gait to employ, but it seems likely that the nonlinearities of a soft

robot cannot be ignored to accurately predict displacement/cycle. As simplified control

scheme for producing a useful gait, the circular gait can continue to be used and modified

to further improve locomotion capabilities.

Another unexpected result of the addition of an inextensible backbone was that the

robot could successfully move across hard, flat surfaces. The millet, a fluidic medium,

was chosen as the testing environment for the previous work precisely because we had not

implemented any frictional anisotropy on the robot’s morphology. Fluidic media removes

the necessity of frictional anisotropy to produce displacement using lateral undulation [34].

When the inextensible robot was tested using the same circular gait on a hard flat

surface, it was found that it could produce considerable displacement. The results of a

comparison of the two robot prototypes can be seen in Figure 4.9. The results show that
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the extensible robot produces very little displacement across a hard, flat surface, whereas

the inextensible robot produces a large displacement, almost doubling its displacement

through millet. Usually, on a flat, hard surface, snakes rely on frictional anisotropy to

propel themselves forward. The inextensible robot had no frictional anisotropy, as only the

elastomer was in contact with the surface.

Qualitative observation of the inextensible robot showed that it was much more dynamic

on a hard surface, than in granular media. When the robot inflated to large curvatures and

then uncurled during deflation, it tended to push itself up off the surface producing out-

of-plane motion. When the inextensible robot is in a granular media the pushing force

was disseminated by the grains as they flowed away in response to the reactive forces.

The original, extensible robot did not produce out-of-plane motion because the mode of

extension/contraction absorbed the reactive energy upon deflation.

There are also the micro-mechanical interactions between the elastomer and the hard,

smooth surface that could be a contributing factor to successful locomotion with directional

friction. The fact that the inextensible robot had some lifting meant parts of the body were

smearing against the surface and acting as an anchor to push off against. The extensible

robot had no lifting, and had equal motions of extending and contracting canceling out

the adhesion effects. Therefore, the successful propulsion across relatively smooth, hard

surfaces is likely a combination of a stiffer interaction with the terrain resulting in more

dynamic movement, and the adhesion between the elastomer material of the robot’s body

and the surface acting as push-off points for propulsion.

4.2 Modifying Gaits for the Inextensible Robot

Snakes will vary their gait patterns depending on what environment they are traversing.

The more fluidic the environment, the faster the travel speed of the propagating wave along

the backbone and the larger the wave amplitude grows as it moves down to the tail [36].

The circular gait is simply a sinusoidal traveling wave function where the sine waves for

each actuator are 90 degrees out of phase and the amplitude of the sine wave corresponds

to the magnitude of curvature of each actuator. The sinusoidal function can be modified

to reflect different amplitudes and phase offsets as performed in nature. As seen in 4.7, the

gait with a larger amplitude (more curvature) produced a larger displacement through the

environment. Therefore, comparing the effects of curvature on the locomotion capabilities
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of the robot will be useful.

The deviation of the experimental results from the model predictions may also be caused

by the complex coupling between the robot and its environment. Therefore, varying the

environment while holding the gait constant would also provide useful information on how

interactions between soft robots and terrain are vital in producing effective locomotion.

Identifying effective locomotion strategies is also necessary to determine the robustness of

the robot in unstructured environments such as confined spaces and under heavy debris.

Though we have evidence that the inextensible robot can operate on hard, flat surface

(as described in Chapter 3), we continued to focus on granular media as the robot had

no frictional anisotropy and adhesion forces would be negated in a fluidic medium. The

experiments were performed in environments that can be considered granular media with

varying grain sizes. The selected environments were: paper, to represent a hard, flat surface,

sand (10−4 m), millet (10−3 m), BB pellets (10−2 m), and rocks (10−1 cm). Paper (a hard,

flat surface) was tested to compare against the granular media and determine how effective

contributions from out-of-plane motion would be on the locomotion capabilities of the robot.

The soft robot was operated with a pneumatic control system based on an open source

design [16]. The board utilizes a microcompressor with separate air lines for each actuator

chamber, and each line is driven by a solenoid valving at a specified PWM rate. This

system allows control of the max duty cycle of the solenoids, the timing and patterning of

the solenoids opening and closing, and how long the solenoids stayed open. Therefore, the

amplitude (curvature) of each actuator could be controlled by how long the solenoid valves

were open, and the sequence of chamber activation could be controlled by when the solenoid

valve would open/close. The control over these parameters is similar to the snake’s ability

to alter the amplitude of the propagating wave as it encounters various terrains, as well as

altering its muscle activation to vary the speed and phase of the propagating wave [79].

4.2.1 Varying Gait Parameters

The first parameter varied was the phase offset between the two sine waves driving the two

actuators of the robot. This was varied in our control scheme by patterning the opening and

closing of the solenoid valves that delivered air to the robot. The phase offset was defined

by percentage of overlap shown in the chart in Fig. 4.10. Each gait was tested using a

medium amplitude of 60 degree arc sweep in millet, the medium particle size terrain. Each
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experiment used the OptiTrack motion capture system to collect position data from the

reflective markers located on each end and middle of each actuator. The position data was

then used to determine the net displacement of the robot. The results of the phase offset

experiments can be seen in Figure 4.11.

During testing, it was consistently noted that all gaits had a small step backward during

each cycle. This is caused by the symmetric gait and considerable slipping between the

robot’s body and the media. The granular media flowed as it came in contact with the

body of the robot. The grains could be packed together and form ridges for the robot to

push off of, as intended, or they could flow apart, resulting in the robot digging a channel

preventing any further displacement. The experiments in which the robot dug itself into a

channel were ignored as they did not happen frequently.

The robot is soft and relatively light in comparison to the dense millet. These qualities

meant that though the robot could act on the environment, the environment also acted on

the robot. Dense piles of millet would prevent the actuators from reaching the shape driven

by the gait as the weight of the millet became greater than the output force of the actuator.

If the piles around the robot were too small, the robot would slip on the grains, and slide

backward. It was also noted that large piles of millet would form in non-ideal positions to

the robot, so when the actuators deflated (unfurled) they would impact the newly formed

pile, pushing itself backwards instead of a simple lateral push.

Interactions with the environment, especially if the environment changes over time, is

important to take into account when designing gaits, and in future work, when the robot is

sensorized and closes the feedback loop, it can respond accordingly. This is another open

problem in the field of soft robotics as there is a complex coupling between soft bodied

robots and creatures and their respective environments.

The current design of the robot cannot alter its behavior based on how it is interacting

with a time-history-dependent environment, and is therefore easily perturbed by it. How-

ever, by employing an asymmetric gait, we can reduce the unintended behaviors produced

by unfavorable interactions. All gaits employed by any animal or robot have some form of

asymmetry, usually through interactions with the terrain via frictional forces. The asymme-

try in our robot-environment system was supposed to come from laterally pushing off ridges

formed by the millet, but as we could not directly control how the robot came in contact

with the ridges and where the ridges would form, we were not maximizing our asymmetric

interactions.
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Figure 4.10: Illustration of gait sequences to show when each chamber is inflated and for
how long.
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Figure 4.12: Time lapses of some of the gaits in which the phase offset of the traveling wave
was varied by a percentage overlap. The circular gait from [5] is included for comparison.

An asymmetric gait was developed to account for these non-ideal interactions with the

environment, and ensure positive behaviors were consistently performed. This asymmetrical

gait is referred to in this work as the “half-activation gait”. This refers to the back actuator

being activated half as long as the front actuator (as shown in the bottom plot of Fig.

4.10). This asymmetrical activation resulted in the back actuator returning to a neutral

position, where its lateral resistance was maximized, while the front actuator was deflating.

A comparison of the shape space enacted by the robot performing the half-activation gait



62

Figure 4.13: Comparison of experimental shape space data of robot enacting each gait.

versus the circular gait is shown in Fig. 4.13.

The half-activation gait reduced the backward sliding of the robot as a larger anchoring

force was likely applied by the back actuator reducing slip. A comparison of achieved veloc-

ity between the half-activation gait, the circular gait, and the other symmetric variations to

the circular gait is shown in Fig. 4.11. Introducing asymmetry through the gait instead of

relying on ideal environmental interactions that could not be controlled, resulted in a much

large velocity and net displacement. The circular gait, the optimal gait for our kinematic

model, was the second best gait, verifying that though the model does not fully capture the

robot-environment system, it is still a valid gait to use.

Due to the success of the half-activation gait, further experiments in varying amplitude

(curvature) of the front actuator were carried out with this gait over our selected terrains.

Changes in amplitude were implemented by changing the max duty cycle of the solenoid

valves in our control system. Four amplitudes, measured as an angle of the arc swept by

the actuator upon inflation (see Fig. 3), were selected; 45◦, 60◦, 90◦, and 135◦. These

curvatures were enacted by the front actuator whereas the back actuator curved to only

half the angle. It was expected that the more the front actuator curved the more forward

displacement would be achieved. This prediction comes from the observations in [36] that

snakes in fluidic environments will increase the amplitude of the propagating wave as it

travels towards the tail. Though the half-activation gait halves the amplitude of the wave

as it travel caudally, the idea was that an increase in velocity can be achieved by increasing

the overall amplitude of robot.

The results of how amplitude affects locomotion for each terrain can be seen in Figure



63

Paper Sand Millet BBs Rocks
0

0.5

1

1.5

2

2.5

V
e
lo

c
it
y
 (

m
m

/s
)

Velocity over Varying Terrains

45 deg

60 deg

90 deg

135 deg

Figure 4.14: Velocity results of the curvature testing in all terrains

4.14. As is seen in the graph, the 135◦ amplitudes performed best in all terrains except

the BBs. The BBs terrain had almost no displacement for every amplitude tested. The

BBs were much more dense than the robot which prevented the robot from sinking into the

media. Snapshots from the 135◦ gait over all terrains can be seen in Figure 4.15.

As previously described, the inextensible robot had out-of-plane motion when deflating

from high curvatures when on a solid surface. This out-of-plane motion was not achieved in

granular media because the grains absorbed some of the forces, dampening its effects. The

gaits, originally designed for granular media, were therefore effective on packed surfaces

because of this dynamic behavior, and the adhesion between the elastomeric body and the

surface. The half-activation gait, though designed specifically to deal with the unfavorable

interactions between the unfurling actuators, and the ridges of grains, was most effective

on paper, than in any of the granular environments. This is likely because the strategy of

maintaining a neutral position (maximizing lateral resistance) of the back actuator because

more surface area of the elastomer was in contact with the terrain, providing a more stable

anchor. The sand, the most packed granular media tested, had the second best result as

the robot had some out-of-plane motion due to the grains not sliding as much as they did

in the other granular environments.
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Figure 4.15: Snapshots from all terrains with the 135◦, half activation gait

4.2.2 Demonstrations of Robustness

The capabilities of the robot in more complex, and specific terrains to examine its usefulness

in potential applications was also explored using the half-activation gait. The first exper-

iment tested the robot’s ability to extract itself when buried, and to continue to progress

along the terrain. The robot was able to extract itself and move 5cm (half its body length)

in 40 seconds when buried in millet. The second experiment included dumping a pile of

rocks onto the robot while in motion to examine its ability to withstand trauma, and escape

unexpected changes to its environment. These are practical demonstrations to show how

effective soft snake robots would be in navigating urban disaster zones. The robot also

traversed the length of a 60 cm, 7.62 cm diameter pipe. The robot was placed partly in

the pipe, and it took one minute to pull itself all the way into the pipe. It traveled the 60

cm in four minutes and finally extricated itself completely in one minute. Though progres-
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Figure 4.16: a) Robot unburying itself in millet and traversing 5cm b) Demonstrating
the ability to dump heavy items on the robot and have it dig itself out c) Robot enters,
traverses, and exits a 60cm long, 7.62cm diameter pipe d) Robot traversing 20 cms through
a long grass substitute (30.5 cm) long zipties

sion was slow, the robot was able to move through the confined space. Lastly, the robot’s

ability to navigate environments that present random obstacles that could potentially en-

tangle the robot was tested. 30.5cm long plastic zip-ties were embedded into the millet to

represent long weeds. It traversed 20cm of the “weeds” in six minutes. Snapshots of these

demonstrations can be seen in Figure 4.16.

4.3 Summary

This chapter outlined the development of the circular gait, a geometric gait model repre-

senting lateral undulation. The gait is optimized based on the sequence of backbone shapes

the robot has to enact and the cost of travel as it transitioned from one shape into the next.

This strategy for modeling the gait and predicting displacement through a granular media

separates the shape space of the backbone from the nonlinear dynamics through which the

robot-environment system achieves this sequence of shapes. Soft robots, because of the use

of elastomeric materials, are inherently nonlinear. There is also a complex coupling between

the robot and its environment that can change with each step. The model is an attempt to

generalize undulatory locomotion of a soft robot without having to know the design of the

robot, or the discrete interaction with the environment, as well as any imperfections that
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might be present in the system.

Initial locomotion experiments using this circular gait on an extensible robot show that

the gait model was viable, but the robot was displacing further than the model predicted.

Other than not adhering strictly to all assumptions for the model, the initial prototype

extended/contracted each cycle. Our original hypothesis was that the extra displacement

was due to this peristaltic mode of locomotion unique to an extensible robot. It was be-

lieved that this extension/contraction was aiding the robot in its traversal of the granular

environment. We therefore design a second prototype of the robot that removed this peri-

stalsis mode. However, when testing this new, inextensible robot with the circular gait in

a granular environment, it produced an even larger displacement, deviating further from

the model’s predictions. It was therefore determined that though the geometric gait model

still produced successful locomotion, it was not fully capturing the complexities of the soft

material and its coupling to the environment.

Snakes can modify the speed of wave propagation, and the amplitude of their lateral

bends to increase their speed through a range of environments. With our new inexten-

sible robot we varied the phase offset (speed of propagation) and amplitude (magnitude

of curvature) of the sinusoidal waves foundational to the circular gait. Observations of a

range of gaits varying phase offset resulted in an insight that the robot was not successfully

breaking gait symmetry through interacting with the ridges formed in the granular environ-

ment. This breaking of gait symmetry is necessary for forward propagation, but because

the robot was slipping due to non-ideal interactions, each undulatory cycle resulted in a

small backward step. A custom gait, referred to as the half-activation gait, was developed

to ensure asymmetry was present. This gait outperformed its symmetric counterparts both

in granular environments and hard, flat terrain by reducing the amount of slip experienced

each gait cycle. Using this gait to determine how changes in amplitude effected locomotion,

we found that maximizing the curvature of the robot, maximized displacement.

It is uncommon for animals to utilize asymmetrical gaits. They instead rely on their

morphology and interactions with the environment, usually through frictional forces, to

create the necessary asymmetry to produce effective locomotion. Snakes, when in envi-

ronments devoid of obstacles to push off against, will rely on their skin, and its frictional

anisotropy to create the asymmetry necessary to use lateral undulation effectively. The

current design of the robot can effectively locomote through a range of environments with

an asymmetrical gait, but that is contrary to nature. The next chapter will look at breaking
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gait symmetry with the morphology of the robot targeting the environmental interaction

between the terrain and scales embedded in a skin wrapped around the robot.
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Chapter 5: Snake-Inspired Kirigami Skin for Lateral Undulation

5.1 Frictional Anisotropy in Snakes and Snake Robots

Figure 5.1: FBD of forces

acting on snake during lat-

eral undulation.

Limbless locomotion strategies couple the deformability of

the organism’s body and the frictional properties of the or-

ganism’s skin to successfully locomote across a wide range

of terrains. As lateral bends of the snake’s body propagate

down the backbone, these bends can brace against obstacles

to push the snake forwards [35]. However, when obstacles

are absent in the environment, significant displacement us-

ing lateral undulation depends on the interactions between

the snake’s scales and asperities on the terrain’s surface [80].

Here, frictional forces become dominant (see Fig. 5.1), re-

quiring both a longitudinal (axial) force vector, and a lateral

(tangential) force vector to provide proper reaction forces to

produce forward propagation. The production of both axial

and tangential forces between the body of a snake robot and

its environment is vital to the success of locomotion.

The anisotropic properties of snake skin originate in the

morphology and activation of their ventral scales. At the macro-level, snake skin exhibits

longitudinal (along the backbone) anisotropy through the overlapping pattern of the scales

allowing for smooth gliding forwards (with the scales) and resistance sliding backwards

(against the scales). Snakes also exhibit high friction in the lateral axis (across the scales)

that in combination with the deformation of their body can provide lateral resistance to

push off against surface asperities similar to pushing off an obstacle [81]. This can be

represented as a lateral-longitudinal anisotropy which is the ratio between resistance across

the scales and resistance when moving forwards with the scales. Close examination of snake

skin revealed that at the micro-level snake scales exhibit microornamentation (micro-ridges,

nanoindentations, or fibular components), that may contribute the lateral resistance needed
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to traverse environments containing only surface asperities in which to interact.[9].

To ensure the successful propagation of the robot through its environment, both the

kinematic production of the gait and the environmental interactions must be considered.

Many snake-inspired robots use wheels to provide the lateral resistance necessary for lateral

undulation [82, 8, 83]. However, the addition of wheels limits the traversable terrains to

hard, flat surfaces. There has been success in improving locomotion of a rigid snake robot

with the addition of artificial scales to provide longitudinal anisotropy [84], but that work

did not examine friction in the lateral direction.

The skin developed in this chapter is based on kirigami, a Japanese art form that

involves cutting patterns into thin sheets of material. Patterning cuts into a material to

produce a desired behavior is a common design mechanism (e.g expanded sheet metal).

By implementing a specific parallel lattice of cuts into a material, the kirigami structure

can then produce out-of-plane buckling when uniaxially stretched. The profile cut into the

sheet, and the patterning of these profiles can be varied to alter the feature that pops out of

plane (see Fig. 5.2b) [85]. Recently, kirigami has been used to develop skin for soft robots

utilizing a rectilinear gait [57] and a two-anchor crawling gait [86], both of which involve

the cycling of elongation and contraction of a soft actuator. However, a skin had not yet

been developed for a snake-inspired robot using a lateral undulation gait, which introduces

novel skin mechanics – such as asymmetric buckling and gradients of strain.

This chapter covers the development of kirigami skins for our soft, bending actuators

to improve the robot’s velocity when performing a lateral undulation gait. The skin needs

to provide the advantages of frictional anisotropy without interfering with the deformation

required to propagate bends along the soft robot’s body. Using kirigami allowed for the

activation and deactivation of scales as the soft actuators deform – similar to biological

snakes activating their scales to increase friction [32]. Though lateral friction is regarded

as an important feature of snake skin in the biology literature [81], no one has yet directly

designed and tested a skin with lateral friction as its focus. Understanding how bioinspired

adaptations have coevloved with their environment to produce positive interactions is nec-

essary to engineer these systems for robotics. Therefore, the skin developed for this soft

robot will specifically target lateral friction, and determine how it could be contributing to

locomotion. The first prototype of skin uses gaps in the lattice pattern to achieve bending,

and uses microornamentation to augment lateral friction production. All skins that are

implemented on bending actuators will have an in-plane rotation of the scales w.r.t the
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surface. Therefore, this rotation of scales from a longitudinal orientation towards a lateral

orientation will produce some lateral friction. However, the first prototype augments the

production of lateral friction through the microornamentation on the surfaces of the scales.

The second prototype of skin redefines traditional kirigami lattices in an effort to further

increase lateral friction. A radial pattern of scales is used (compared to rectilinear) to orient

the tips of the scales closer to an ideal lateral force vector. This adds a further rotation

to the already-present in-plane rotation of the scales w.r.t the surface. Bending is achieved

through the gradient of hinge widths which is an inherent property of the radial lattice

structure.

5.2 Kirigami Skin with Microornamentation

For the initial, proof-of-concept skin design, the previously published kirigami skin [57]

needed to be altered to allow for bending. Typical kirigami lattices are axially stiff along

the axis of applied strain. When that uniaxial strain is experienced by the pattern of hinges,

they buckle popping out the cut profile attached to the hinge. This property results in a

large bending stiffness. To use these lattices for lateral undulation, we needed to reduce the

DEFINITIONS

Coefficient of friction (COF): Ratio between frictional force and the applied normal
force.

Angle of attack (AOA): A model that can be used to simulate a variety of sizes and
designs of a soft robot.

Cranial : Direction moving towards the head. Forward direction.

Caudal : Direction moving towards the tail. Backward direction.

Longitudinal anisotropy : Frictional ratio between the two directions on the longitudi-
nal axis. Backwards (Caudal) : Forwards (Cranial).

Lateral-longitudinal anisotropy : Frictional ratio between the lateral axis and the
forward longitudinal axis. Lateral : Forwards (Cranial).
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Figure 5.2: a) Strain relief areas allow for curvature of soft actuator. b) Kirigami scale
profile geometries and microornamentation.

bending stiffness of the skin, requiring a redesign of the lattice. Additionally, we wanted

to implement a specific strategy for lateral friction that also did not interfere with the

deformation of the actuator and the overall performance of the skin. Our strategy for

increasing lateral friction is microornamentation as seen on biological snake scales. This

bioinspired mechanism has not previously been investigated for robots. Micro-ridges, a

common form of microornamentation, were implemented on this first prototype of skin by

scoring polyester plastic sheets along the longitudinal axis of the skin.

Fig. 5.2 illustrates bending strategy and microornamentation employed on the skin.

The coefficients of friction (COF) were experimentally determined and the corresponding

anisotropic ratios were calculated. The scale profile shape, and scale microornamentation

were varied to measure their contributions to the robot’s locomotion capabilities. The

angle of attack (AOA) of the scales coupled to the curvature of the robot’s actuators was

also examined for contributions to the frictional properties of the robot, and locomotion in

general.
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5.2.1 Design and Fabrication

The inextensible robot, with a new cross-sectional area (264 mm2), was used to test the

skin developed in this chapter. The smaller cross-sectional area was employed to reduce the

weight of the robot in an effort to further increase the velocity of locomotion. The fabrication

processes for implementing microornamentation, and wrapping the skin around the soft

actuator are shown in Fig. 5.3. The skin consisted of a lattice pattern, originally developed

in [57], cut into polyester plastic sheets (Practi-ShimTM #222, AccuTrex Products Inc., PA)

with a thickness of 0.002” (51 µm) using a Silhouette Cameo 3 knife plotter (Silhouette

America, Inc., UT). Two shape profiles, triangular and trapezoidal, were selected based

on previous high coefficient of friction results [57]. Microornamentation was implemented

by scoring ridges into the plastic sheets before cutting the scale pattern. The ridges were

plastically deformed into the sheets using an EK Tools mini scoring board (EK Success Ltd,

UT) with score lines 1.25mm wide and 1.25mm deep with 1mm spacing.

Kirigami patterns produce out-of-plane deformation when a uniaxial strain is applied

across the lattice. An extending actuator is ideal for producing uniaxial strain, however,

actuators that can only extend cannot produce lateral undulation. Previous skins were for

extending actuators and do not allow for curvature as they restrict the biaxial deformability

of a bending actuator [57]. Bending was enabled by introducing strain relief along the

length of the skin (see Fig. 5.2a). To promote consistent activation of the scales, these

areas of strain relief had to be relatively small, and embedded uniformly along the skin.

The introduction of these negative spaces in the lattice also reduced the self-collision of

scales along the inner side of the actuator upon bending which also impedes curvature.

The skin needed an assembly method for adhering that would keep the skin on the

actuator without further impeding deformation. The assembly method is shown in Fig.

5.3. The skin was wrapped around the elliptical actuator and the edges were adhered to

create a cylinder. The edges were adhered to form a “spine,” which needed to be adhered

out-of-plane from the strain to prevent the edges from pulling apart due to shearing. The

spine was cut along the kirigami pattern, separated at the strain relief areas to allow the

skin to slide along the actuator. To fully contain the soft actuator, the plastic sheet was

cut to reduce creases at the ends of the elliptical body, and adhered (SuperGlue® Gorilla

Glue) to the plastic on the body of the actuator. The tubing for air supply was fed through

the closest strain relief area. The actuators were adhered to one another using SilPoxyTM
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Figure 5.3: Fabrication processes for preparing skin and wrapping around an actuator.
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Figure 5.4: Effect of strain relief designs on curvature vs. pressure relationship. Inset shows
the achievable curvature of each skin when the actuator is inflated to the same pressure.

placed on the capped ends and allowed to cure.

Fig. 5.4 shows the relationship between pressure and curvature to illustrate how the

strain relief design allowed for more curvature of the actuator. The four skins tested in this

work are compared to an actuator with no skin, and actuators with no strain relief design.

The characterization shows that the skin does restrict curvature as expected, but that the

actuator with skin can still reach moderate curvatures. The actuators without strain relief

take larger pressures to reach their maximum curvatures. The maximum curvature achieved

by the trapezoidal profile actuators before failure was 90◦ at around 28 kPa, and for the

triangular profile actuators was 70◦ at around 30 kPa. Failure modes of the skin-actuator

combination were the skin ripping along the hinges, or the junction point of the tubing

and the soft body of the actuator. At higher curvatures, the plastic skin would rip along

the hinges as the plastic skin drew tighter around the elastomeric body of the actuator.

The effects of microornamentation on the relationship between pressure and curvature are

negligible within the scope of this work. A maximum curvature of 60◦ was used to ensure

all experiments were performed consistently without inducing failure of the actuators.

When the actuators bend, the local interaction between the skin and the soft body

produce a strain on the lattice causing out-of-plane buckling. Strain was measured at the

center line along the bottom of the actuator as that is the area of highest engagement when
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the skin is in contact with the terrain. The triangular skin was stiffer than the trapezoidal

skin which is why it took a higher pressure to produce the same curvature. Therefore, at

each curvature the triangular skin had a lower achieved strain.

5.2.2 Characterization of Frictional Properties

To determine how the frictional properties of the skin were contributing to locomotion, the

coefficient of friction (COF), dependent on the angle of attack (AOA) of the scales, needed

to be characterized for each skin type. The scales pop out when a strain is applied to the

skin. The strain is applied through the bending of the actuator meaning the AOA of the

scales is determined by how much the actuators bend. Before the COF of the skin could be

measured, the relationship between the curvature of the actuator and the resulting AOA of

the scales needed to be characterized.

5.2.2.1 Characterizing Angle of Attack

The curvature-AOA relationship was characterized by inflating a skin-wrapped actuator to

different curvatures and measuring the resulting AOA of the scales. The trend in Fig. 5.5

shows that as curvature — and therefore strain — increased, AOA increased monotonically

and linearly after an initial inflection point. Microornamentation had no observable impact

on the AOA. There was a difference in achievable AOA across scale profile geometries as

the triangular profile was stiffer than the trapezoidal profile, and therefore produced a lower

strain on the skin. The skins could be actuated to the same curvature, but that did not

necessarily mean that, between the two shape profiles, the strains would be equivalent.

Therefore, comparisons across skin type are made based on curvature, with additional x-

axes on the plots showing the difference in applied strain.

When the skin was wrapped around the elliptical actuator, the scales’ orientation

changed depending on their position along the perimeter of the elliptical cross section,

as well as changing when the actuator was at different curvatures. Therefore, the charac-

terization and testing of a planar skin sample was used as a baseline to ensure all scales

had the same orientation with respect to surface asperities. Characterization of the AOA

of the scales on a planar sample can be seen in Fig. 5.6. A geometric model for the opening

angle of a widely-used kirigami lattice with a pattern of linear cuts [87, 88, 89, 90] has been
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Figure 5.5: Experimentally determined relationship between curvature of the actuator and
the resulting AOA.
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Figure 5.6: Planar AOA measurements from the four types of skin compared to the model
shown in Equation 5.1.

previously derived, but not experimentally validated [87]. The model,

2θ(εx) = arccos

[
sin
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2 arccos

1 + εx√
2

)

∗ tan
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π

4
+ arccos
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2
− arccos

1 + εx√
2

)]
, (5.1)

represents the opening angle of the pop-out structure as 2θ, and is a function of the applied

uniaxial strain, εx.

The function, plotted as 2θ in Fig. 5.6, has a similar shape as the observed experimen-

tal data, in that the angle increases with increasing strain at a decreasing rate, but was

overestimating the AOAs measured. This is likely due to the model being derived for a

linear cut pattern which produces both positive and negative (z-axis) out-of-plane buckling

(x-y plane). The patterns used in this work only have one direction of out-of-plane buckling

(either + or - z-axis). They also have different cut profiles which could be contributing

to the reduction of AOA as well. Since the function has the right shape, we can include

a scalar multiplier to better fit the experimental data. The new function, represented as

1.65θ in Fig. 5.6), was produced by multiplying the function described in Equation 5.1 by
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Figure 5.7: Apparatus for measuring the COF of planar skin samples a), and for skin on
actuator c). Drag directions of planar skin samples b). and of actuators with skin d)

a scalar value of 0.825. It closely approximates the triangular profile relationship between

strain and AOA. Examining the stress at the hinges upon uniaxial loading was outside the

scope of this work, but could be used to identify why the original model does not accurately

represent the magnitude of AOA.

5.2.2.2 Measuring the Coefficients of Friction

The COFs of the skin were characterized to determine the effects of scale profile, microor-

namentation, and angle of attack on locomotion. The frictional properties of the four skins

were measured both in the planar case, where a skin sample was stretched to different

strains, and in the curved case, where the skin was wrapped around the actuator and

strained by the deformation of the actuator. These two cases were selected to determine

if the curvature of the actuator, as well as the orientation of the scales interacting with

asperities, had an effect on the COFs measured.

The planar case was tested by stretching a sample of each skin, and dragging a weighted

surface sample across the scales (see Fig. 5.7a). The surface tested was a woven fiberglass

mesh with an #18x#16 mesh size and a 0.011” wire diameter (McMaster-Carr, #1017A87).

A mesh pattern was used so that each opening in the mesh would be considered an asperity

with which a scale on the skin could engage. The skin samples were stretched to different

strains to produce an AOA corresponding to the AOAs measured at the selected curva-
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Figure 5.8: a) Longitudinal COF ratio (against scales:with scales) for planar skin sample.
b) Lateral-longitudinal COF ratio (across scales:with scales) for planar skin sample.
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Figure 5.9: a) Longitudinal COF ratio (against scales:with scales) for skin on actuator. b)
Lateral-longitudinal COF ratio (across scales:with scales) for skin on actuator.
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tures. The curved case was tested by inflating the actuators to the selected curvatures,

and dragging them across the surface (see Fig. 5.7c). A force profile was recorded using

a Mark10 and 10 N load cell. The skins were tested in 3 configurations to determine the

ratio of anisotropy; forwards (cranially, with the scales), backwards (caudally, against the

scales), and laterally (across the scales) (see Figure 5.7b and d). The effective COFs in each

direction (forwards f, backwards b, and laterally l),

µf =

〈
Ff

〉
FN

, µb =

〈
Fb

〉
FN

, µl =

〈
Fl

〉
FN

, (5.2)

were needed rather than just comparing the frictional forces because the dragging appa-

ratuses used for the actuator longitudinal tests and lateral tests, and the planar friction

tests were different weights. The calculations were performed using the average frictional

force 〈F 〉 and the total weight of the dragging apparatus FN . The dragging apparatus for

the planar tests was 1.05N. The actuator tests had a longitudinal dragging apparatus that

weighed 2.07N and a lateral dragging apparatus that weighed 1.75 N for actuator tests.

The anisotropic COF ratios are defined as µb/µf for the longitudinal ratio, and µl/µf for

the lateral-longitudinal ratio.

The results of the anisotropic friction ratios for the planar skin samples are plotted in

Fig. 5.8. The x-axis is shown in terms of curvature because curvature is the controlled

parameter during locomotion. In the planar case, the skin was strained to match the AOA

measured at those curvatures. The triangular skin produced higher frictional coefficients.

Due to the coupling of the scale shape and axial stiffness of the skin, the higher friction

force could be caused by either the geometry of the scale, or the overall axial stiffness of

the kirigami lattice. The friction ratio at the highest curvature (60◦), and therefore highest

strain (7.3% for triangular and 10.7% for trapezoidal) and AOA (26◦ for triangular and 30◦

for trapezoidal), is lower than at some of the lower to mid-range curvatures (10◦- 30◦). At

low to mid-range AOAs (11.3◦ - 14.7◦ for triangular, and 17.4◦ - 23.7◦ for trapezoidal), the

scales are less geometrically stiff, and flex backwards while interlocked with an asperity,

increasing the time spent interlocked with that asperity. At higher AOAs the scales are

stiffer, and upon empirical examination during testing, have a shorter interaction period

with surface asperities. Further investigation is required to interrogate this interaction,

as the micro-mechanics of skin-surface interactions were outside the scope of this work.
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However, based on empirical examinations, though maximizing geometric stiffness increases

the applied force of the scale on the asperity, it disengages with the asperity sooner than a

less stiff scale, decreasing the total time in which the scale is anchored to the surface.

The anisotropic friction ratios for the skin on actuators are shown in Figure 5.9. Again,

at the highest curvature, and therefore highest AOA, the longitudinal ratio is lower com-

pared to mid-range curvatures for most of the skins. The lateral-longitudinal ratio at the

highest curvature is maximized for most of the skins. This is likely due to the scales being

oriented over a range of angles relative to the asperities, increasing the number of scales

interlocking, or partially interlocking with the asperity.

Figs. 5.8 and 5.9 show that microornamentation had an effect on both the longitudinal

(forwards:backwards) and the lateral-longitudinal (lateral:forwards) anisotropic ratios. The

presence of microornamentation on the skin increased the lateral-longitudinal anisotropy at

the majority of curvatures enacted by the actuator. However, it also increased the longi-

tudinal anisotropy. The ridges plastically deformed into the skin increase the longitudinal

stiffness of the scales similar to how paper is stiffer when there are folds present.

The frictional anisotropy of terrestrial snakes has been widely studied across different

species and testing surfaces, resulting in a range of ratios. From the literature, the ranges

were: 1.0 to 3.0 for the longitudinal anisotropic ratio, and 0.99 to 1.46 for the lateral-

longitudinal anisotropic ratio [91, 80, 92, 93, 81]. For all four kirigami skins, the range

for the longitudinal anisotropic ratios was 1.9 to 5.1. The range of the lateral-longitudinal

anisotropic ratios was 0.9 to 3.3. Therefore, we have successfully developed a snake-inspired

skin with similar frictional properties as observed in nature.

5.2.3 Locomotion Results

All four skins were tested using a lateral undulation gait, varying only the amplitude of the

curvature waves. Due to the coupling between actuator deformation and scale AOA, the

AOA would change depending on the driven curvature, which alters the frictional properties

of the robot. All robots, at curvatures from 10◦ to 60◦ in 10◦ increments, were tested on top

of a metal block covered in a woven fiberglass mesh with an #18x#16 mesh size and a 0.011”

wire diameter (McMaster-Carr, #1017A87). The grid was aligned with the longitudinal axis

of the robot. Displacement data was collected using an OptiTrack Prime 13 motion capture

system and used to calculate the velocity of each robot. A robot with no skin was tested
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Figure 5.10: Velocity of soft robot using a lateral undulation gait comparing the four types
of skin to a robot with no skin.
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as a control case to compare against each skin.

The results of the locomotion study are presented in Fig. 5.10. As noted in Chapter 4,

all five robots achieved their maximum displacement per cycle (and thus maximum speed

for a fixed cycle time) in the gaits with the maximum achievable curvature amplitude.

The scored skin on both scale profile geometries produced a larger velocity than their

smooth counterparts. All skins improved velocity of the robot when compared to a robot

with no skin, which produced some displacement likely caused by adhesion during surface

interactions. The best performing skin, triangular profile with microornamentation, im-

proved the velocity of the robot with no skin by 335% and improved the velocity of the

robot with the triangular profile with no microornamentation by 55%. The trapezoidal

skin with microornamentation improved velocity of the robot with no skin by 285% and

improved velocity of the trapezoidal profile with no microornamentation by 10%.

Beyond our observation that scored skins outperformed unscored skins, and that both

provided significantly better performance than no skin, we were not able to identify a

clear correlation between the measured COFs and the locomotive performance. Further

investigation of this correlation will require a better understanding of how variations in

the COFs at different parts of the gait (as the scales are activated and deactivated across

the body) and of the role that the longitudinal COF ratio plays in undulatory motion,

both at the system level and at the level of individual scales. For example, as the actuator

curves more, it reduces the number of scales ideally interacting with asperities as the robot

pushes forwards, but as the robot pushes laterally, there are more scales interlocking with

asperities.

5.2.4 Conclusions

The first proof-of-concept skin for lateral undulation shows that kirigami can be used for

biaxial strains as seen from bending actuators. However, The method employed here relies

heavily on the local strains produced by the soft body of the actuator interacting with the

skin. These local interactions ensure that all scales buckle accordingly. The negative space

in the lattice also prevented the scales on the inner side of the curved actuator from bunching

up, crinkling the skin, and preventing full curvature. However, a nonuniform lattice reduces

the viability of any kirigami models as a generalized definition is not possible. Therefore,

the next design iteration of skin attempts to maintain a fully formed lattice, and uses
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other kirigami techniques to allow for bending. Although microornamentation improves the

overall lateral friction produced by the skin, as well as its locomotion capabilities, there were

too many coupled parameters within our system to single out exactly what is happening.

The kirigami lattice itself has coupling between the hinge widths and the shape/size of the

profiles. There is also an interaction between the soft body of the actuator and the skin,

which can be varied depending on the looseness of skin. This was briefly explored in the

original kirigami skin developed for crawling locomotion [57], but was not considered in this

work. The introduction of micro-ridges on the surface of the skin coupled the interaction

between the ridges and the surface, but also weakened the polyester plastic material (making

it less stiff) by plastically deforming the ridges into the material. The effect of the scoring on

the material properties of the polyester plastic is outside the scope of this work. The micro-

mechanics of the micro-ridges interacting with the surface are likely extremely important,

but studying this interaction is not within the scope of this work. To remove some of these

coupled parameters, a new lattice structure is created for the second skin prototype that

increases lateral friction through the modification of the kirigami parameters.

5.3 Kirigami Skin with Radial Lattice Structure

Typical kirigami lattices, as used for the first skin prototype, are defined by a parallel grid

structure with hinges and buckled profiles oriented in the direction of applied strain. This

makes it ideal for robots using locomotion strategies with a deformation cycle in only one

axis. Introducing a feature, such as microornamentation, to a typical lattice allows for the

production of force in the desired direction, independent of the underlying lattice structure.

However, lateral undulation requires strain in two axes. Current kirigami lattices, with

uniform properties, cannot operate under biaxial strain. The first skin prototype removed

sections of the lattice, reducing the longitudinal-axis stiffness in a narrow region so when

wrapped around the actuator, it could bend. Though this works in practice, it breaks down

the kirigami lattice definition. Without a soft body that can provide local, axial strain to

the hinges surrounding the negative space of the lattice, the scales attached to those hinges

would not buckle. The performance of a kirigami skin with an inconsistent lattice cannot

be easily modeled, and the identical buckling of scales and equivalent stresses at the hinges

cannot be guaranteed. Therefore, this second prototype aims to define a skin that allows

for bending, produces high lateral friction upon interaction with a surface, and maintains
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Figure 5.11: Showing how scales rotate upon bending with respect to ideal force vectors.

a lattice definition that can be generalized for all kirigami structures.

The primary purpose of this second skin design is to approach an ideal interaction

between the scale and a surface asperity to maximize lateral pushing of the bends of the

snake’s body. We introduce here a novel set of kirigami lattices, that, rather than following

a rectilinear pattern, use a radial pattern specifically meant for bending actuators. As

observed with the previous skin design, the scales have an in-plane rotation w.r.t the surface

asperities as the body of the actuator bends. Fig. 5.11 shows how the scales rotate during

bending. An uninflated actuator has scales oriented along the longitudinal axis (along

the backbone of the robot). As the actuator bends, the scales rotate away from their

original vertical orientation towards a more horizontal orientation (along the lateral axis).

We can utilize this phenomenon to increase lateral friction. However, as the scales rotate

more horizontally, the longitudinal anisotropy of the system will decrease as few scales are

oriented ideally with the asperity to provide an axial reaction force. Because the goal of this

second prototype is to continue to maximize the lateral friction, due to the initial increase

seen when implementing microornamentation, the more horizontal the scales can rotate,

the more ideal the interaction with the asperity for producing a high tangential reaction

force becomes.
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Figure 5.12: Orientation of scales on lattice for different force vectors. The lateral ideal is
not possible as the hinges are too far off alignment with the applied strain.

The obvious solution would be to rotate the initial orientation of the scales on the

original lattice by 90◦ as shown in Fig. 5.12. However, out-of-plane buckling can only

occur if the hinges are mostly aligned with the direction of applied strain. If the scales are

rotated by 90◦, then they are too misaligned with the direction of applied strain to present

any buckling. Therefore, a solution in between the fully parallel alignment and the fully

perpendicular alignment can be found by redefining the kirigami lattice.

By using a radius to define the scale patterning, the scale tips fan out along the radius

moving more towards the horizontal position than the vertical. Therefore, the radial lattice,

in its neutral state will have scales not all aligned along the vertical axis as is inherent with

a rectilinear lattice. Upon bending, these off-vertical scales will rotate even more towards

the horizontal, approaching the ideal force vector for lateral pushing. The alignment of

hinges will also be close to parallel to the direction of applied strain, which will still allow

for out-of-plane buckling. The combination of positioning the scales along a radius, and

the already apparent scale rotation during bending allows for increased lateral friction built

into the design of the lattice.

5.3.1 Design of New Kirigami Lattices

Three lattices were designed and tested to determine their effects on lateral friction and the

overall locomotion capabilities of the robot. The definitions of these lattices are shown in
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Figure 5.13: Summary of lattice definitions.
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Fig. 5.13. Algorithms used to generate the lattice patterns can be found in the appendix.

The rectilinear lattice refers to the typical kirigami lattice structure of a parallel grid aligning

the hinges and profiles with the direction of the applied axial strain. This lattice is defined

by a lattice length, L, lattice angle, φ, and a hinge width, δ. The geometric relationship

between these parameters result in a uniform column width, W = l cos(φ/2) and a row

height of scales H = l sin(φ/2). The hinge locations can be identified by (x, y) coordinates

based on the values of the described parameters. As this is the standard kirigami pattern,

there is no strategy for increasing lateral friction other than the rotation of the scales

with respect to surface asperities inherent upon the bending of the actuator. Since we

are comparing this standard kirigami lattice to our newly created lattices, maintaining

consistent parameter values is key. The following lattices are built based on these described

parameter values.

The polar lattice is defined by polar coordinates rather than rectilinear coordinates. A

radius R defines the shape of the rows which are offset by the same row height H defined

by the rectilinear lattice. An angle, θ defines the orientation and spacing of the columns.

The hinge locations are defined by the (R, θ) coordinates. An additional parameter, K,

defines a negative y-displacement from the origin of the polar lattice in which to define the

center point of the radius. This is necessary because as you move axially along the lattice,

the columns get closer together. This parameter K controls the smallest and largest scale

size along the length of your lattice. It cannot be zero because if K is too small, then the

bottom rows of scales will intersect one another, and the lattice structure would breakdown.

The curvilinear lattice is a combination of the rectilinear and polar lattices. In kirigami,

the shape, size, and placement of the hinges is extremely important. To keep with typical

kirigami standards of aligning hinges with the axis of applied strain (which the polar lattice

does not adhere to), the parallel columns from the rectilinear lattice were maintained while

radial rows were implemented. The rows of scales are defined by a radius, R and the

columns are defined by the same column width W from the rectilinear lattice. Hinge

locations are defined by the intersection of the radius, with the parallel columns. This

lattice also maintains scale size and shape axially as the rectilinear lattice does, whereas

the polar lattice varies scale size and shape along the longitudinal axis. This complicates

our implementation of a soft snake robot as this creates a gradient of stiffness along the

longitudinal axis which results in non-constant curvature. More importantly, the larger the

scale, the less stiff it is, so interactions with an asperity on a surface will be relatively weak
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Figure 5.14: Additional circumferential translation of scale tip with an arc angle, ψ along
the circumference on the curvilinear lattice.

as the scale size increases.

As the goal is to maximize lateral friction by orienting the scales as close to horizon-

tal as possible, an additional circumferential translation of the scales is possible with the

curvilinear lattice. Therefore, a fourth skin with a curvilinear lattice and an addition cir-

cumferential translation defined by arc angle ψ = 5◦ of the scale tip is implemented as

well. As the ventral and part of the ventro-lateral portions of the skin are the only parts

in contact with surface asperities, that was the only area of the curvilinear lattice where

additional scale tip circumferential translations were implemented. Performing a circum-

ferential translation of the scales caused a decrease in hinge width, that would lead to the

intersection of cuts if propagated across the entire width of the skin. By keeping the addi-

tional circumferential translation of the scales to high interaction locations, the integrity of

the skin is maintained.

5.3.2 Design and Characterization of Bending Capabilities

In addition to redefining kirigami lattices to allow for ideal scale orientation, we also needed

to ensure the new skins allow for bending of the actuators upon inflation. As described for

the first skin prototype, a basic rectilinear lattice with a triangular scale profile does not

allow for curvature greater than 35◦ unless a strategy for decreasing longitudinal stiffness is

employed. In kirigami, the hinge width (smallest distance between cut profiles) and the size

of the cut profile drive the longitudinal stiffness of the lattice [87]. Ideally, making the hinge

width as small as possible, and the cut profile large, would make the longitudinal stiffness of
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Figure 5.15: Bending capabilities of actuators with different skins. Gradient of hinge widths
allow for larger actuator curvatures. Normalized pressure-curvature relationship based on
pressure required to bend the same actuator with and without skin to the same curvature.

the skin fairly low, allowing for bending. However, if the hinge width is too small, the lattice

will easily rip. Also, since the skin is implemented on a robot for interactional purposes,

the scales (cut profile) need to have a relatively high geometric stiffness when engaged with

a surface asperity to provide adequate reaction forces to push off against. The geometric

stiffness of the scales is also dependent on the hinge width so will decrease with hinge size.

If a typical, rectilinear lattice is used, and the hinge sizes are small enough to allow for

bending, then the scales will not be stiff enough to provide frictional force, and would likely

rip immediately upon interacting with a surface asperity. If the hinge size is large enough

for the scales to interact suitably with asperities, the bending capabilities of the actuator

would be minimal. If a gradient of hinge widths is implemented the scales along the bottom

of the actuator will be geometrically stiff enough to engage with asperities while the overall

bending stiffness of the skin is reduced. This gradient of hinge sizes can be implemented

on a typical, rectilinear lattice to allow for bending while maintaining the integrity of the
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lattice. The gradient is defined by decreasing the hinge width in ventro-lateral and dorsal

sections of the skin. The radial lattices have an inherent gradient of hinges sizes as well as

changes in scale size and shape ensuring bending capabilities without any additional design

modifications.

The stress-strain characterization, determined using finite element analyses, of a recti-

linear lattice with triangular scale profiles at different hinge widths is shown in Fig. 5.15a.

Fig. 5.15b shows the stress across hinge widths when strained at 5% which is about half

the maximum strain achieved on the skins. The gradient of hinge widths and the stress

distribution along the width of the rectilinear skin at 5% strain is shown in Fig. 5.15c. The

largest hinge widths are in the ventral and ventro-lateral portions of the skin as those areas

interact with surface asperities whereas the dorsal section of the skin does not. Finally,

Fig. 5.15d shows the normalized pressure-curvature relationship of the four skins designed.

Despite the gradient of hinge widths allowing for curvature, the radial lattices, which have

a more dramatic gradient of hinge widths and varying scale shape and size, still allowed

for more curvature. The maximum curvature achieved by the rectilinear lattice was 30◦.

The curvilinear lattice with and without the additional circumferential translation had a

maximum curvature of 50◦, while the polar lattice had a maximum curvature of 70◦. The

polar lattice had the most curvature due to the large scale size, as well as an axial stiffness

gradient caused by increasing the scale size for each additional row of scales.

We have designed radial lattices to ensure the orientation of scales approach the ideal

configuration for maximizing lateral pushing. Fig. 5.16 shows the difference in angles of the

horizontal (ideal) vector for each skin type on a scale located in the ventro-lateral section

of the skin. The smaller the angle shown, the more ideal the interaction with the asperity

should be for lateral pushing. The curvilinear lattice has the smallest angle, which means

it should produce the highest lateral friction. The additional circumferential translation of

the scales on the curvilinear lattice resulted in a 2◦ reduction in the angle of scale rotation.

This is likely not enough to show significant differences in friction with the experiments

performed, but shows that addition circumferential translation can be used to vary skin

parameters.
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Figure 5.16: Angle between ideal lateral force vector and actual force vector of rotated
scales upon bending for each lattice type. The smaller the angle, the closer it is to the ideal
force vector for the production of lateral resistance.
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5.3.3 Experimental Design

Similar directional friction tests were performed on the new skin designs as described for

the first skin prototype earlier in this chapter. A dragging apparatus was attached to a

10N load cell on the Mark10 and dragged the actuators with skin across a textured sur-

face, measuring the tension in the line pulling the actuators. The dragging apparatus was

modified to account for the non-constant curvature of the polar lattice caused by the longi-

tudinal stiffness gradient caused by the change in scale size. The new dragging apparatus

is shown in Fig. 5.17. It could be adjusted in both the x and y axes to the right size for

each curvature. Fishing line was used this time in an attempt to reduce the push back on

the sensor. As the skin transfers from stick to slip as it is dragged across the surface, the

line dragging the apparatus would kick back causing some positive readings (compression)

rather than negative force readings (tension). 3mm of slack were introduced to the line at

the start of each trial to improve the consistency of the initial stick-slip interaction.

Planar friction tests, as performed on the first skin prototype were not repeated for this

new skin design. The new skin lattices were designed specifically for bending actuators,

where the change in scale orientation w.r.t surface asperities was intentional and desired.

Planar friction tests were originally performed to determine how scale orientation affected

longitudinal friction forces. Since we have designed a skin to utilize the change in scale

orientation as the actuator bends, there was no need to decouple the effect using a planar

test as a control.

All friction tests were performed on three surfaces varying in surface roughness. The

surfaces are a 3D printed (PLA, MeltInk, printed on a LulzBot Taz 6) grid with spacing

defined by the scale length (4.15mm) of the scales which are equal across lattices as deter-

mined by the row height (H). The three surfaces are 0.5x (2.075mm), 1x (4.15mm), and

2x (8.3mm) scale length. Grid structures were used to test surface interactions because the

parameters could be systematically varied and asperity size, shape, and orientation would

be known for each interaction. This method is used when randomly rough surfaces, or

natural substrates are too complex to determine exactly the dynamics of the interaction of

interest [94]. Each skin was wrapped around an actuator, inflated to a specific curvature,

and dragged across each surface, in each direction (forwards, backwards,and sideways) five

times. These five trials were then averaged to calculate the friction ratios. As not all skins

could enact the same curvature, each skin was tested in increments of 10◦ to its maximum
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Figure 5.17: Updated dragging apparatus to account for non-constant curvature and reduce
compression readings on the load cell. Actuator with polar lattice skin on 2x scale length
surface.

curvature: 30◦ for rectilinear, 50◦ for curvilinear and curvilinear with the additional cir-

cumferential translation, and 70◦ for polar. This was done to compare the skins against one

another, as well as to see how scale rotation affected lateral friction.

5.3.4 Friction

The results of the friction experiments described above are shown in Fig. 5.18. The lateral-

longitudinal friction ratio was targeted this time as compared to the first skin prototype

where the longitudinal friction ratio was of more interest. Originally, the longitudinal

friction ratio was of more interest because that is the axis of frictional anisotropy most

commonly investigated for both robotics and snake biology papers. The initial lateral
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friction augmentation using microornamentation was also simply proof-of-concept, acting

as a binary state. The friction ratios are reported in terms of frictional force rather than

COF because the new apparatus was used for all tests meaning all weights were equal across

tests. The first skin prototype required two separate appartuses for the longitudinal and

lateral dragging directions, meaning the frictional forces could not be directly compared

because the normal forces were not equivalent. With the new apparatus, the, frictional

forces in all direction could be compared directly because the normal force was the same

across all tests. As seen in the plots, both curvilinear skins (with and without additional

circumferential translation) produced the highest lateral-longitudinal friction ratios across

all surfaces. The additional 2◦ of scale rotation achieved by the curvilinear lattice with

additional circumferential translation did show improvements over the plain curvilinear

lattice, especially on the larger asperities.

The polar skin, although having scale rotation approaching the ideal vector for lateral

pushing did not perform well on the small grid-spacing (smaller asperity) surfaces. Despite

the scales having the same length, the width of the scale mattered in how many scale could

interact with asperities. The large scales on the polar lattice meant that only one or two

columns of scales could engage with asperities, and only with the largest asperities. As a

consideration for future work, it would be interesting to add microornamentation to the

polar lattice. The polar lattice scales are large, so many ridges could be embedded on the

scale, and a larger surface area of ridges could interact with asperities in the surface.

The curvilinear lattices produced a much higher lateral-longitudinal friction ratio com-

pared to the rectilinear lattice that had no explicit design intent for increasing lateral

resistance. The polar lattice, when on the 2x surface with asperities large enough to engage

with, also produced high lateral-longitudinal ratios at high curvatures. Therefore, the radial

designs, causing the scale tips to oriented closer to the ideal vector for lateral pushing, were

successful in increasing the skins ability to create a lateral resistance.

As expected, the rectilinear skin had the highest longitudinal friction ratio as there were

more scales pointed axially w.r.t the surface asperities. The radial designs make a trade

off to increase lateral friction by decreasing longitudinal anisotropy. Despite decreasing the

number of scales oriented axially for longitudinal pushing, the radial lattices did fairly well

in producing a greater than 1 ratio for longitudinal anisotropy.
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Figure 5.18: Average frictional ratios of skins on varying surfaces. Error bars show one
standard deviation.
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5.3.5 Locomotion

Locomotion experiments were performed similarly to the first skin prototype. All skins

were put on the soft snake robot and tested at different curvatures. Motion capture data

was collect by the OptiTrack Prime system and used to calculate the velocity of the robot.

All skins and a robot with no skin were tested at 30◦ to compare skin performance. The

curvilinear and polar lattices were also tested at their max curvatures and compared to a

robot with no skin. All skins were tested on all three surfaces at each curvature.

Our hypothesis that lateral-longitudinal anisotropy is not only necessary, but just as

important as longitudinal anisotropy holds up based on the locomotion results. The curvi-

linear lattices, which had good rotation of scales and good geometric stiffness of scales

performed best. As the polar lattice was not effective on the surfaces with small asperities,

it performed best on the 2x surface. At higher curvatures, as has been noted throughout the

dissertation, the robot does best. Therefore, future iterations of the skin should continue to

reduce axial stiffness to promote further bending. Despite only reaching 50◦ curvature, the

curvilinear skin increased the velocity of a robot with no skin by 530% at it’s maximum ve-

locity which occurred on the 1x surface. Comparing to the rectilinear skin at 30◦, both the

rectilinear and curvilinear skins did best on the 2x surface with a 25% increase in velocity of

the curvilinear skin over the rectilinear skin. When comparing the curvilinear lattice skin,

to the first skin prototype with microornamentation, the curvilinear lattice skin improved

velocity by 75% at 50◦ on the 1x surface.

5.4 Summary

In the literature regarding both snake biology and snake robots, it has been noted that

lateral friction is likely important in the successful production of lateral undulation. How-

ever, other than using wheels on snake robots to provide some lateral resistance, no further

exploration of the topic has been performed. Since we are using a soft robot, the interac-

tions between the body of the robot and its environment have a significant impact on the

behavior of the robot. If those interactions are not specifically designed to produce posi-

tive behaviors, there is a chance that, despite producing a desired body action, the overall

locomotive progress of the robot is impeded by poor environmental interactions.

The most important interaction with snakes in producing lateral undulation is the ability
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Figure 5.19: Average velocities of skins on varying surfaces. New lattices are compared to
the highest performing, first prototype of skin. Error bars show one standard deviation.

Figure 5.20: Features matrix of all skins tested on robot.
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to push off the bends of their body as they undulate. This pushing can be accomplished

by bracing against obstacles, or in many cases, through the frictional properties between

the snake’s skin and environmental surfaces. Both skin prototypes were designed in an

attempt to increase lateral friction. Fig. 5.20 shows all skins, and the combination of

different characteristics, tested in this chapter. The first skin prototype used the typical,

rectilinear lattice and varied scale shape. Strain relief gaps in the lattice were introduced

to achieve bending, and microornamentation, a heavily bioinspired strategy for augmenting

the production of lateral friction. The microornamentation created a binary state for the

skin to determine if velocity could be increased by employing a strategy was implemented

for increasing lateral friction. Microornamentation increased lateral resistance (from about

20-80% across curvatures), and certainly improved the overall velocity of the robot (55%

improvement), but there were too many coupled parameters, and the micro-mechanics of

the textured skin were outside the scope of this work.

In an attempt to further increase lateral resistance, simplify the mechanics of the interac-

tion, and decouple some parameters, a second skin prototype was developed by introducing

a completely new set of kirigami lattices. These new radial lattices took advantage of the

bending actuator to further orient scales along the ideal vector for lateral pushing. By

fanning out the scale tips, and relying on shift in orientation w.r.t surface asperities, lateral

friction was significantly increased. These new lattices were compared to the typical recti-

linear lattice, and only one scale shape, triangular, was implemented. The 530% increase in

velocity over a robot with skin, and a 25% increase in velocity over a skin with no increased

lateral friction, shows that lateral friction is indeed an important parameter that must be

considered when designing robots meant to enact lateral undulation.
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Chapter 6: Conclusion

6.1 Retrospective

The goal of this dissertation was to illustrate how improvements to a bioinspired soft robot’s

locomotion could be achieved by targeting a specific environmental interaction. There are

three main areas of design in bioinspired robotics that can be tuned to make improvements;

morphology of the robot’s body, the gait design, and the design of any external mechanisms

that interact with the environment. Most improvements to robots are performed on an

individual basis. One area of design is selected in which to make improvements with little

consideration given in how those changes propagate to the other areas of design. By taking

a holistic approach, in which all three areas of design are considered in tandem, it is possible

to develop a robot that performs targeted behaviors at a high level, while also remaining

adaptable to unknown disturbances it might encounter when deployed.

The work presented in this dissertation is centered around increasing the velocity of the

first, fully-soft, snake-inspired robot’s locomotion through a variety of environments. Each

chapter reviewed one area of design focused on how the interaction between the robot and

its selected environment can produce both positive and negative behaviors. Each design

iteration of the robot looked to increase positive behaviors and decrease negative behaviors

by considering the effects of changing one area of design on the other areas.

The first design area, morphology, required understanding the kinematic requirements

of the desired gait, lateral undulation. At its core, lateral undulation requires a specific

shape space the robot must enact to successfully locomote. Additionally, lateral undulation

requires a specific environmental interaction to produce the necessary reaction forces to

propel the robot through its environment. In the two environments tested throughout this

work — granular media and solid, textured, surfaces — a significant lateral resistance is

necessary for the bends of the robots body formed during lateral undulation to push against.

In granular media, a directional drag ratio (lateral:longitudinal) is necessary, and for a hard,

textured surface, it is a directional friction ratio.
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6.1.1 Chapter 3 Review

Chapter 3 focused on the initial design of the soft, snake-inspired robot meant, first to

prove that a fully soft snake robot was possible, and second, to determine if a geometric

mechanic strategy for designing gaits could be employed on soft robots. The gait was

developed based on a kinematic representation of a snake’s backbone and its production of

lateral undulation in a low Reynolds number environment (viscous fluid). The design of

the robot was driven by the shape space necessary to produce lateral undulation, as well

as environmental considerations such as increasing the drag ratio necessary for granular

media, and preventing rolling of the robot when deployed.

Another major consideration that had a significant impact on the first prototype was

the manufacturing process of soft robots. Building soft robots is its own open research

problem as the nonlinearities of the material, and the sensitivity of soft materials responding

to disturbances in the environment can make reproducible robots and behaviors difficult.

Therefore, for the first prototype, a strain-limiting layer, used for bending actuators, was

not embedded in the actuators. The complexity of embedding the strain-limiting layer

resulted in an increase in actuator failure. The actuators could still bend without a strain-

limiting material as the strain differential between the inflated and uninflated chambers

was large enough. Therefore, a compromise was made to ease manufacturing. However,

without a strain-limiting layer, the actuators could also extend upon inflation, which was

not kinematically represented in the model of the circular gait used to represent lateral

undulation.

A fully soft snake robot with a mode of extension was developed and the circular gait was

used to test its locomotion capabilities. The locomotion results showed that the developed

robot displaced further per gait cycle than the model used to develop the gait predicted. As

the only major kinematic difference between the robot and the model was the extensibility

of the robot, is was determined necessary to develop a robot that did not extend upon

inflation. This required redesigning the manufacturing method to allow for the insertion of

a strain-limiting material, while maintaining the efficacy of the actuators.

The second prototype of the robot was inextensible, and therefore a better kinematic

representation of the model used to develop the circular gait. When the new prototype

was tested using the same gait in the same environment as the first, it proved to perform

even better than the original robot. The initial consideration that the extensibility of
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the robot was the reason it was producing a displacement/cycle greater than the model

predictions proved false. Even though the second prototype of the robot was closer to the

kinematics used in the geometric mechanics model, it only increased the disparity between

the experimental results and the model predictions. This is likely caused by assumptions

made in the model that could not be maintained on a physical robot. There are likely

environmental interactions between the soft body of the robot and the granular media that

are not captured by the model. Specifically, the deformability of the robot meant that

although the robot could act on its environment (pushing the granular media around), the

environment could also impact the behavior of the robot (altering the shapes enacted by

the robot). Future gaits and control strategies for soft robots need to consider how the

environment can act on the robot. A rigid snake robot is less likely to be impacted by

the environment as the rigid materials are less sensitive to reaction forces from contact.

Although the model driving the design of the gait and the design of the robot did not fully

capture the “softness” of the robot or its interaction with the environment, the gait itself is

still an excellent representation of lateral undulation, and can continue to be used to drive

the robot.

6.1.2 Chapter 4 Review

Chapter 4 focused on the gait design of our bioinspired framework. Knowing the require-

ments to produce lateral undulation, and knowing that we would be targeting a granular

media as our environment, adjustments to the gait could be made to further increase the

robot’s velocity. During initial testing of the inextensible robot we observed that the robot

slid backwards for part of every forward cycle. On top of normal slip during each gait cycle,

piles of millet formed by the robot during shape change would become large, and more

dense than the robot, producing too large of a reaction force in the wrong direction. As

we cannot control the granular media, nor did we have a closed feedback loop to detect

unwanted directional changes or prevent slip, the backwards motion of the robot could be

reduced by modifying the gait directly.

Lateral undulation, as represented by the circular gait, is produced by two sine waves

separated by a phase offset, driving the two actuators that make up the robot. The am-

plitude of the sine wave represents the amount of curvature enacted by the robot, and the

phase offset controls when the two actuators curve relative to one another. These two pa-
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rameters could be adjusted, as is seen with biological snakes in different media, to decrease

the negative interactions with the environment.

The main contribution presented in Chapter 4 is the custom gait referred to as the “half-

activation” gait. “Half-activation’ refers to both the curvature and length of activation of

the back actuator in comparison to the front. This produces an asymmetric gait, which is

contrary to most gaits seen in nature. Most gaits are symmetric and rely on contact forces

to break symmetry and produce positive behaviors. As was observed with the inextensible

robot, the breaking of symmetry through the interactions with ridges of granular media did

not always result in positive behaviors. Therefore, if symmetry is broken at the gait level,

we can force more positive interactions with the environment.

By inflating the back actuator half as much as the front, the production of ridges in the

granular media large enough to push the actuator backwards upon contact were reduced.

By activating the back actuator half as often as the front meant that the actuator was in

its uninflated state more often. The actuator’s drag ratio is maximized in its uninflated

state. Therefore, the back actuator was able to provide a larger push-off force, preventing

further backward sliding. Chapter 4 also showed demonstrations of the inextensible robot,

enacting the new gait, in a variety of environments representing a range of granular media

as well as a flat, hard surface for comparison.

The design of the robot, and the design of the gait were targeting locomotion in a

granular media to negate the need for directional friction. However, testing the inextensible

robot with the half-activation gait on a solid surface resulted in the highest velocity of the

robot achieved across all tested terrains. The success of the robot on a solid surface, without

directional friction employed in the design, was surprising. Based on empirical evidence, it

was determined that the adhesion between the elastomeric surface of the robot’s body and

the relatively smooth surface of the terrain provided some anchoring for the robot to push

against. It was also observed that the robot was much more dynamic on packed and solid

surfaces in comparison to more fluidic surfaces. The looser granular media tested seemed

to damp out some of the push-off forces that were evident on more packed surfaces.

6.1.3 Chapter 5 Review

Chapter 5 introduces a kirigami skin that provides directional friction, further improving the

robot’s capabilities on solid, textured surfaces. Where previously a drag ratio was necessary
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to successfully engage with the environment, a friction ratio was now necessary. However,

snake skin has two axes of frictional anisotropy that are important to consider when using

lateral undulation. The longitudinal axis (along the snake’s body) has been the primary

axis in which frictional strategies have been employed in the literature. Both for robotics,

as well as for biological snake studies. However, many of these studies cite the importance

of a second axis, lateral (across the snake’s body), that although not investigated, likely has

significant contributions to the snake’s ability to generate proper reaction forces. Therefore,

the two skin prototypes presented in Chapter 5 included mechanisms for producing a high

lateral-longitudinal friction ratio.

Both skin prototypes use kirigami, a Japanese art form of patterning cuts, to create

a lattice structure that would produce out-of-plane buckling upon uniaxial tension. The

specific pattern used for the first skin prototype is a rectilinear pattern of cuts that when

axially strained, produced out-of-plane buckling of the cut profiles. This lattice pattern

was used previously for soft robots using crawling gaits that deformed only in one axis

[57]. The first skin prototype extended this idea into biaxial deformation present upon

bending. Strain-relief areas were patterned into the lattice to allow for biaxial deformation.

The removal of parts of the lattice meant that upon uniaxial strain, not all scales buckled.

However, because the body of the robot is soft, and deformation is continuous along its

length, enough local uniaxial strain was provided at each hinge to ensure buckling of all

scales.

With the skin altered to ensure bending was still achievable, and therefore lateral un-

dulation could be enacted properly, a strategy for lateral resistance that did not interfere

further with the lattice or deformation of the robot was necessary. As has been observed in

the biological study of snake skin, scales have texturing, or microornamentation, on their

surface. Texturing the polyester plastic material used to make the skin would not interfere

with the pop-out of the scales, or impede the deformation of the actuators. Ridges were

scored into the polyester plastic material along the longitudinal axis of the skin. Upon infla-

tion, the actuator would bend, and theoretically the ridges would provide lateral resistance,

increasing the lateral-longitudinal friction ratio.

Skins with and without microornamentation were tested to determine if lateral friction

increased, and whether the subsequent increase in the lateral-longitudinal friction ratio im-

proved the velocity of the robot across a hard, textured surface. It became apparent that

the kirigami lattice, with its coupled parameters, on top of the coupling of the interaction
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between the soft body and the skin, and the skin and the surface were extremely complex.

However, it was shown that lateral friction did increase and the velocity of the robot when

using the original lateral undulation gait increase when using the skin with microornamen-

tation.

Although the skin with microornamentation was successful, and provided preliminary

evidence that this lateral-longitudinal friction ratio is important in maximizing the effect of

lateral undulation, the interplay between parameters were too convoluted to point to any

single contributor. To reduce the amount of coupled parameters, and to continue to explore

how increasing lateral friction could result in a high velocity, a new strategy for producing

a high lateral-longitudinal friction ratio was necessary.

The second prototype of skin described in Chapter 5 uses the properties of the kirigami

lattice, as well as the bending of the actuator to increase lateral friction. The scales remain

in a fixed orientation w.r.t the body of the robot, but shift orientation w.r.t the surface

asperities in which the scales interact. As the actuator bends, the scales rotate (w.r.t surface

asperities) away from the axial orientation. For maximizing the longitudinal friction ratio,

it would be ideal to have a strictly axial orientation of the scales. However, for maximizing

lateral friction, it would be ideal to have a scale-asperity orientation transverse to the

longitudinal axis. This shift towards the transverse orientation is inherent in the coupling

of the skin to the body. Therefore, by changing the parameters of the kirigami lattice, it is

possible to further push the scale-asperity orientation more transverse to the longitudinal

axis.

Altering the parameters of the original, rectilinear kirigami lattice to further increase

the transverse scale-asperity orientation was not possible. The second prototype of skin

required the creation of a completely new kirigami lattice. The new lattice required not

only patterning the cut profiles in a way that permitted out-of-plane buckling, but could

also rotate the tips of the scales laterally, so that upon bending, they would approach the

ideal force vector for generating a large lateral reaction force. The major characteristic of

this new kirigami lattice is that the cut profiles are patterned along a radius, rather than a

straight line, forcing the tips to rotate a small amount across each column of profiles.

To compare the new radial lattices to the original rectilinear lattices meant that a

bending strategy, that did not require removing parts of the lattice, was necessary. The

axial stiffness of the skin was determined by the coupling of the hinge width and size of the

cut profiles. If the skin had a low axial stiffness, it would increase the biaxial deformation
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capabilities of the actuator. However, decreasing axial stiffness, decreased the geometric

stiffness of the scales. The scales had to be sufficiently stiff to have a useful interaction with

surface asperities. Therefore, minimizing the axial stiffness was not an option. A gradient of

axial stiffness around the perimeter of the elliptical cross section, achieved by reducing the

hinge size in steps across the columns of cut profiles allowed for the high geometric stiffness

along the ventral scales, while allowing for less axial stiffness along the dorsal scales. This

gradient of hinge sizes allowed for bending without decreasing the interactional capabilities

of the skin. The radial lattices had an inherent gradient of hinge sizes caused by patterning

the cut profiles along a radius.

Three lattices were generated to compare the production of lateral friction. The original

rectilinear lattice with the gradient of hinge sizes, a radial lattice defined by polar coor-

dinates, and a hybrid between the two coordinate systems referred to as the curvilinear

lattice. The polar lattice while having a gradient of stiffness in both the longitudinal and

lateral axes. This meant that the stiffness at one end of the actuator was different than

at the other, resulting in non-constant curvature. This curvilinear lattice maintained the

radial spanning of scales, but carried over the parallel column structure of the rectilinear

lattice. By defining hinge locations at the intersection of the radius and the parallel col-

umn, the scales would still have a lateral rotation while maintaining constant longitudinal

stiffness (constant curvature). A fourth skin was included in the comparison to further push

the scale-asperity orientation towards the ideal lateral force vector. Using the curvilinear

lattice, a circumferential translation of the scale tip was added. These four skins were then

tested to measure their production of lateral friction as well as their locomotion capabilities.

The skins using the curvilinear lattice produced the most lateral friction, increasing

the subsequent lateral-longitudinal friction ratio. The polar lattice, due to the increase in

scale size along the longitudinal axis of the skin, was only effective on surfaces with large

asperities. There was not a large enough difference in the performance of the curvilinear

lattice and curvilinear lattice with local scale rotation to determine if the small increase

in rotation was helpful. Both radial lattices, when compared to the rectilinear lattice,

produced much greater lateral-longitudinal ratios. However, there is a trade off in using the

radial lattices. By rotating the scales transverse to the longitudinal axis, the scale-asperity

orientation for longitudinal forces was reduced. Therefore, the rectilinear lattice, which had

the most ideal scale-asperity orientation for longitudinal forces had the highest longitudinal

friction ratio.
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The second question, whether the production of a high lateral-longitudinal friction ra-

tio was better for increasing velocity, was answered by the locomotion study. Most robots

employing frictional anisotropy focus on the longitudinal axis. The first skin prototype

showed that employing a strategy for lateral-longitudinal frictional anisotropy was helpful.

However, it is unclear whether maximizing this lateral-longitudinal anisotropy is ideal, or

whether maximizing the longitudinal anisotropy is enough. The results of the locomotion

study for the second skin prototype showed that the lateral-longitudinal friction anisotropy

is just as important that the longitudinal frictional anisotropy. The curvilinear lattice

skins, which produced the highest lateral-longitudinal anisotropy, produced the highest ve-

locities on each surface tested. We could not decouple the lateral-longitudinal frictional

anisotropy from the longitudinal anisotropy so we cannot say if the lateral-longitudinal fric-

tional anisotropy is more important in increasing velocity than the longitudinal anisotropy,

but it should not be ignored when designing interactional mechanisms for snake robots.

6.2 Future Work

Although the best performing skin designed showed an improvement of velocity over a robot

with no skin by 530%, there are many limitations to the design of robot, skin, and gait that

can be addressed in future work. The control of the robot is open loop, as no sensors were

used to adjust the gait in any way. Ideally, a sensor placed in the backbone of the robot to

measure curvature and make necessary adjustments would have been the simplest method

for providing feedback. This feedback would ensure that the shape space enacted by the

robot approached the commanded shapes. Another immediate improvement to the system

would be the pneumatic control board. The use of one-way valves meant there were no

degassing capabilities, causing the robot to work against itself in enacting shape changes. If

the phase of the sine wave driving the gait was small enough, the chambers in each actuator

would inflate while the other side was deflating. This meant that the driven curvature was

not always achieved because part of the inflation time to reach that curvature would be

spent pushing air out the other half of the actuator.

One of the major limitations of the system is the tethering requirement. Most soft

robots are tethered as they require pneumatic systems that are large and comprised of

rigid parts that would be difficult to integrate physically into the body itself. However,

the tubes attached to the actuators to deliver air from the microcompressor on the control
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board were the weakest point of the actuator and had to be managed to prevent them from

affecting the locomotion of the robot. Untethering is an open problem in the field of soft

robotics. Some efforts in untethering soft robots have been made by increasing the size of

the robot so it is strong enough to carry the compressor and valves on them [20]. Others

utilize microfluidics and maintain a completely soft robot that pushes fluids around during

deformation [95]. The development of soft valves has recently begun [96], but the next

major roadblock becomes reducing the stiffness, or at least the size of a compressor.

The polyester plastic material used to make the skin presented in this work needed to be

thin and compliant enough to not impede the shape changing capabilities of the actuators.

The geometric stiffness of the scales relative to the weight of the robot was high enough to

provide large enough reaction forces to work effectively. However, if the system was any

heavier, or the surface too rough, the skin would rip during locomotion. Ideally, a tougher

material would be used, but again, it needs to be compliant enough to not interfere with the

deformation of the actuators. The method of adhering the skin to wrap the actuator needs

to also be improved. The spine, adhered out-of-plane to the perimeter of the actuator, was

one of the weakest points of the system. Curvature of the actuators was limited by the

skin and if the actuators were further pressurized, either the spine would pull apart, or the

junction of the tubing on the actuator would pop. Increasing the robustness of the skin

while maintaining high compliance will definitely require further effort.

There are many natural extensions to this work in all three areas of our bioinspired

design framework. Further modifications to the robot’s cross section and aspect ratio could

be performed and tested in a variety of environments to gauge their usefulness in the

production of positive behaviors. Gaits that utilize the softness of the robot’s body could

also be developed. Few gaits in the literature have been designed specifically for soft robots.

They are standard crawling or legged gaits that have simply been employed using a soft

body. Advances to gaits will of course require better modeling of soft-bodied actuators as

well as the development of soft sensors that can be embedded to close the feedback loop.

The addition of a head or tail to a soft snake robot would be useful in targeting other

environments or interactions that are uniquely addressed by the presence of a head or tail

of a biological snake (e.g. swimming or burrowing).

Further optimization of a skin designed to provide directional friction would continue to

improve the locomotion the soft snake robot. Ideally, the skin would be able to maximize

both axes of anisotropy depending on the curvature of the actuator and the orientation of
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the scale w.r.t surface asperities. Further investigation of the micro-mechanics of microor-

namentation as well as exploring other forms of microornamentation would be useful. An

immediate experiment that could be tried with the current state of this work would be to

place microornamentation on the radial lattices. The polar lattice produced larger scales,

that if microornamentation were employed, would provide more surface area to produce

interactions between the micro-ridges on the scales and the asperities on the surface. The

curvilinear lattice would also benefit from microornamentation as the rotation of scale tips

towards the ideal force vector for lateral pushing is limited by the width of the skin. A

larger, flatter cross section of the actuator would also be helpful to maximize interactions

with the surface.

6.3 Major Contributions and Broader Impact

The major contributions of this dissertation are:

• The development of the first fully-soft, snake-inspired robot

• A skin for lateral undulation that had both longitudinal and lateral-longitudinal fric-

tional anisotropy

• A set of new kirigami lattices

• A framework in which to investigate bioinspired design of robots in three areas of

design: morphology, gait, and interfacial mechanisms.

Soft robot technology has the potential to make robots in the real world more robust and

adaptable to perform complex tasks in unstructured environments. The nonlinear materials

used to build these robots make them difficult to model and control, but as advances in

the field are made, we will further harness the inherent properties of these soft materials

as is seen in nature. The softness of the materials also make the internal states of the

robot extremely sensitive to external disturbances. Therefore, the successful development

of useful soft robots will require understanding how the design of the robot, the actions it

takes (gaits), and the way in which it interacts with its environment can all affect one another

and the robot’s overall behavior. By looking to nature, where most systems are a hybrid

of soft and rigid structures, we can pull inspiration on what morphological characteristics
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are important in producing positive behavior, and how those can be refined by targeting a

specific environmental interaction.

Using this bioinspired framework of tuning three separate knobs of design while inves-

tigating how they are coupled, we have developed a fully soft snake robot that can produce

lateral undulation to navigate both granular media and solid, textured environments. The

key interaction used to focus design efforts was the lateral reaction forces enacted on the

bends of the robot as they propagate down the robot’s backbone. In granular media, this

lateral reaction force is controlled by the drag ratio and requires navigating an environment

that is constantly shifting between ideal and non-ideal interaction states. By understanding

that achieving the drag ratio was not enough to guarantee ideal interactions, we were able

to make modifications to the gait to further emphasize the lateral forces.

Expanding the robot’s capabilities into other environments required a shift in how po-

tential lateral reaction forces could be produced. On solid surfaces, friction becomes the

central interaction to optimize. Although the concept was the same, increase lateral resis-

tance, the method in which it was employed had to change entirely. Due to the robot’s

softness, any method used to increase lateral friction needed to also be compliant enough

to not impede the deformation of the actuators. To achieve these requirements, it was

necessary to invent a new set of kirigami lattices that would allow for suitable deformation

of the actuator while also utilizing this shape change to further promote lateral friction.

These improvements to the robot’s design and performance were made possible by under-

standing how the robot and its environment are coupled in an action-reaction partnership.

The robot not only affects its environment, but its environment affects the robot’s per-

formance as well. The environment in which the robot is employed is not something that

can be ignored or generalized, but is something, that if utilized properly, can advance the

progress of the robot’s tasks. Snakes are an excellent model in which to explore the coupling

between a system and its environment because all it’s locomotion strategies are dependent

on positive interactions with characteristics of the environment. The fact that snakes exist

in almost all environments around the world, and have all evolved different morphological

traits and behaviors to work with characteristics unique to those environments show how

integral the partnership between organism and its habit is in nature.

The framework in which three areas of design, morphology, gait, and interfacial mecha-

nisms are used to improve the performance of a system by targeting a specific environmental

interaction can be extended to other areas of robotics and engineering. Any system that
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must complete a task in an unstructured environment would benefit from this holistic ap-

proach. As the exact conditions in which the system will operate cannot be predicted, it is

possible to breakdown unstructured environments into likely environmental interactions.

For example, planetary rovers will navigate a wide range of unknown situations, but

must adapt to them nevertheless. Therefore, by targeting a specific interaction like rolling

wheels interacting with granular media, they can increase the robustness of the robot in

a range of environments by simply targeting one interaction. Understanding the geometry

and kinematics of the wheels, how they are expected to actuate, what strategies can be

added to the wheels to directly interface with a granular medium, and how each area will

affect the others, the functionality of the mechanism can be improved. Focusing on only

one area of design improvements, without considering the others, can potentially lead to an

overall decrease in functionality. Using the environment as a tool rather than treating it as

an obstacle, and making design considerations through the lens of a specific interaction can

increase the system’s robustness and adaptability as a whole.
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Chapter 7: Appendix

The algorithms shown below outline the method for generating the hinge locations for both

the unit cell, and the full lattice, of each lattice type. The values of R and θ are used to

determine which lattice is being used. If R →∞ that implies that the rows are horizontal

lines rather than radii, and therefore reference the typical rectilinear lattice. Any other

value of R can be used to generate one of the radial lattices. θ is then used to determine

whether the desired lattice is curvilinear or polar. If θ = 0 then tat means the columns are

vertical as they are in the rectilinear lattice, which then determines that the desired lattice

is curvilinear. Any other value of θ can be used to generate the polar lattice.
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Algorithm 1: Hinge Locations for all Lattices

Input: l, φ,R, θ,M,N,K

Output: (X,Y) Coordinates for the hinge locations for selected lattice

Parameters

l = lattice spacing φ = lattice angle

R = radius θ = angle between columns

M = skin width N = skin length

K = negative y-displacement from origin for center of radii

Xoff = 2l cos(φ/2) : distance between columns

Yoff = l sin(φ/2) : distance between rows

(X,Y) Output Arrays

Top Hinges [ ] : array of hinge locations for middle row

Middle Hinges [ ] : array of hinge locations for middle row

Bottom Hinges [ ] : array of hinge locations for middle row

if θ = 0 && R→∞ then
rectilinear lattice(Xoff , Yoff ,M,N)

end

if θ = 0 then
curvilinear lattice(R,Xoff , Yoff ,M,N)

end

else
polar lattice(R, θ, Yoff ,M,N,K)

end
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Algorithm 2: rectilinear lattice (Xoff , Yoff ,M,N)

Result: (X,Y) Coordinates for the hinge locations on the rectilinear lattice

Unit Cell Definition

Middle Hinge [ 1 ] = (0 , 0)

Top Hinges [ 1 ] = (Xoff/2, Yoff );

Top Hinges [ 2 ] = (−1 ∗Xoff/2, Yoff );

Bottom Hinges [ 1 ] = (Xoff/2,−1 ∗ Yoff );

Bottom Hinges [ 2 ] = (−1 ∗Xoff/2,−1 ∗ Yoff );

Pattern unit cells along width and length of skin

for m = 1:M (rounded to nearest integer) do

for n = 1:N (rounded to nearest integer do

(Middle Hinges [1] X += Xoff ∗m, Middle Hinges [1] Y += 2Yoff ∗ n) ;

end

end
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Algorithm 3: curvilinear lattice (R,Xoff , Yoff ,M,N)

Result: (X,Y) Coordinates for the hinge locations on the curvilinear lattice

Unit Cell Definition

Middle Hinges [ 1 ] = (0 , r)

for i = 1:1/2M / Xoff (rounded to nearest integer) do

Middle Hinges Right [i+1] = (Xoff ∗ i,
√
R2 − (Xoff ∗ i)2);

Middle Hinges Left [i+1] = (−Xoff ∗ i,
√
R2 − (Xoff ∗ i)2);

Top Hinges Right [i+1] =

(Xoff ∗ i−Xoff/2,
√
R2 − (Xoff ∗ i−Xoff/2)2 + Yoff );

Top Hinges Left [i+1] =

(−Xoff ∗ i−Xoff/2,
√
R2 − (Xoff ∗ i−Xoff/2)2 + Yoff ;

Bottom Hinges Right [i+1] =

(Xoff ∗ i−Xoff/2,
√
R2 − (Xoff ∗ i−Xoff/2)2 − Yoff );

Bottom Hinges Left [i+1] =

(−Xoff ∗ i−Xoff/2,
√
R2 − (Xoff ∗ i−Xoff/2)2 − Yoff );

end

Middle Hinges = [Middle Hinges Right Middle Hinges Left];

Top Hinges = [Top Hinges Right Top Hinges Left];

Bottom Hinges = [Bottom Hinges Right Bottom Hinges Left];

Pattern unit cells along length of skin

for i = 1:N (rounded to nearest integer) do

(Middle Hinges [1] X, Middle Hinges [1] Y += 2 ∗ Yoff );

end
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Algorithm 4: polar lattice (R, θ, Yoff ,M,N,K)

Result: (X,Y) Coordinates for the hinge locations on the polar lattice

Full lattice pattern generation (unit cell undefinable)

for n = 0:N (round to nearest integer) do

R = R+ Yoff ∗ n;

for m = 0:1/2M / R sin θ (rounded to nearest integer) do

i = odd numbered m’s;

Middle Hinges Right [m] =

((R− Yoff ) sin(θ/2 ∗ i), (R− Yoff ) cos(θ/2 ∗ i)−K);

Middle Hinges Left [m] =

((R− Yoff ) sin(−θ/2 ∗ i), (R− Yoff ) cos(θ/2 ∗ i)−K);

Top Hinges Right [m+1] = (R sin(θ ∗m), R cos(θ ∗m)−K);

Top Hinges Left [m+1] = (R sin(−θ ∗m), R cos(θ ∗m)−K);

Bottom Hinges Right [m+1] =

((R− Yoff ∗ 2) sin(θ ∗m), (R− Yoff ∗ 2) cos(θ ∗m)−K);

Bottom Hinges Left [m+1] =

((R− Yoff ∗ 2) sin(−θ ∗m), (R− Yoff ∗ 2) cos(θ ∗m)−K);

end

end

Middle Hinges = [Middle Hinges Right Middle Hinges Left];

Top Hinges = [Top Hinges Right Top Hinges Left];

Bottom Hinges = [Bottom Hinges Right Bottom Hinges Left];

Notes for Algorithms 2 and 3: Technically nested FOR loops, as used for the polar

lattice algorithm, can be used for patterning the unit cells for the other two lattices. I

left them broken out as most kirigami work is defined by unit cells not the full patterned

structure. Using the nested FOR loops simplifies the definition of the Middle Hinges[1](X,Y)

as the first (X,Y) pair in the Middle Hinges array is the center point of the unit cell that

then gets translated to make the rest of the tessellated structure. However, leaving the

unit cell as a separate definition helps to show that only the curvilinear and rectilinear

lattices have unit cells whereas the polar lattice does not. Since this diverges from the norm
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in kirigami literature, it’s important that this point is very clear in defining a brand new

lattice structure.

Notes for Algorithms 3 and 4: The curvilinear lattice is a hybrid of the rectilinear lattice

and the polar lattice. That means that the linear columns from the rectilinear lattice are

maintained with curvilinear rows. Because I started with the rectilinear lattice, I carry over

the column and row spacing as defined there (Xoff = 2l cos(φ/2) and Yoff = l sin(φ/2)) to

compare them directly in muse on the robot. However, this is arbitrary. Both the column

and row spacing can be chosen at will. The rectilinear lattice is defined by a lattice width l

and lattice angle φ, which then define the column and row spacing. The selection of l and

φ is arbitrary though. There is no reason the column and row spacing have to be the same

across lattices, that’s just what I did to make a proper comparison in performance. For

those not starting from the rectilinear lattice, using l and φ doesn’t make sense. Instead,

Xoff and Yoff values can be defined directly. This is also true for the polar lattice which

departs even further from the original rectilinear lattice strategy.
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