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Abstract

Investigating the mechanics of snake climbing through the use of a robot analog

By Gauge Thacker

Snakes provide an excellent example of limbless locomotion in nature. Animal movement is
often highly variable and difficult to fully reproduce as animals are often influenced by a wide
array of outside factors, and snakes are no exception. This can cause potential inconsistency
in measurements taken of the movement of real snakes, which can make research into snake
movement more difficult. While there have been previous attempts to understand how
snakes climb through the use of coiling their bodies, there is limited research that seeks to
understand snake climbing that relies on the snake weaving its body between obstacles, a
form of movement that snakes engage in to climb between gaps in tree bark. In order to
analyze the interactions occurring during snake climbing in a more controlled and consistent
manner, we built a robot snake that serves as a simple model for serpentine motion with the
ability to change several movement parameters. We then tuned these parameters to produce
a wave of bending along the snake’s body that matches the geometry of a board of regularly
spaced pegs. Our snake robot was able to successfully climb a vertical peg wall with pegs
evenly spaced 10.2 cm, 12.7 cm, and 15.2 cm apart, and was able to do so both upwards and
downwards. We believe that this identifies a minimal condition for climbing, and suggests
that reliance on friction is not necessary for this climbing method.
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Chapter 1

Introduction

The world around us provides a diverse collection of environments, each with their own

plethora of living beings adapted to the unique conditions they live in. This has resulted in

a wide variety of locomotion methods among living beings, such as birds that fly overhead,

fish that swim under the waves, and people that walk by alternately moving two points of

contact with the ground. Despite the diversity seen among these locomotion methods, there

is still often one major similarity: the use of appendages.

Birds have wings, fish have fins, humans have legs, but not all animals use appendages to

move through the world. Snakes stand out as a common but diverse example of movement

without the use of appendages, instead relying only on their body’s ability to push off of
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surfaces, which has been studied for over seventy years [1, 2], in conjunction with subtle

movements of their scales, which is a more recent area of study [3]. Research that focuses on

understanding the mechanics of snake movement is diverse and extensive [4, 5, 6, 7, 8, 9, 10],

however, existing literature often focuses on understanding the relationship between snake

movement and internal structures within the snake’s body, such as the snake’s muscles and

bones. As a result, research into the relationship between snake movement and the forces

applied by the snake to the world around them is less robust in comparison, which has cre-

ated a gap that we hope to begin to fill.

Throughout the course of this thesis we focused on three major points of interest:

1. We investigated the ability of snakes to climb surface protrusions by matching their bodies

to surface geometry.

2. We determined the importance of friction for this method of snake climbing.

3. We created a physical model of snake movement that produces consistent results under

set parameters.
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1.1 Methods of Snake Locomotion

Current research into snake locomotion largely involves consideration of four main types

of movement: sidewinding, rectilinear locomotion, concertina, and lateral undulation. The

form of movement a snake chooses to use is sometimes dependent on the environment the

snake is moving in or the species of snake among other factors [11, 12], and the underlying

mechanics involved with each type of movement can vary substantially.

1.1.1 Sidewinding and Rectilinear Locomotion

Sidewinding movement displays the following characteristics: parts of the snake’s body main-

tain static contact with the ground during movement, every point along the snake follows a

path that is distinct but roughly parallel to all other points, and the creation of disconnected

parallel tracks that are oblique to the direction of movement due to the areas of the snake

undergoing nearly static contact [13], which are the orange areas seen in Fig 1.1. Sidewinding

is seen most often as a form of movement across surfaces made of granular media, such as

sandy deserts [14, 15], though it is not limited to these areas, also being seen in other areas,

including hardpan deserts [14, 16]. Since sidewinding is typically only used for traversing

large, uncluttered surfaces, my work will not include any attempt to replicate this motion,
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as it is unimportant to climbing.

Figure 1.1: Dorsal view of sidewinding movement. Adapted from Ref [16].

Rectilinear locomotion differs from all other forms of snake locomotion as it relies on

anatomical structures not utilized in any other form of locomotion [13]. Unlike the other

forms of locomotion that rely on pressing parts of the body against a surface to generate

force, rectilinear locomotion relies on using muscles attached to the ribs of the snake that

either rotate or stabilize the ribs to allow the skin of the snake to move over the ground,

pulling the snake forwards, though there is still some uncertainty in the exact mechanics

of this process [17]. This form of locomotion is also unique as it allows the snake to move

while its body remains straight, with all other forms of locomotion requiring bends in the

snake’s body. While rectilinear locomotion could theoretically be used during snake climbing,
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as other groups have utilized rectilinear locomotion with a robot snake analog to climb a

surface at 4◦ elevation [18], to our knowledge use of this form of locomotion by live snakes

for climbing has yet to be described in literature. Therefore, I will not replicate this form of

locomotion in my work, and instead focus on more common types of climbing locomotion.

1.1.2 Concertina

Concertina locomotion involves a snake creating static anchor points with a surface and using

these anchor points to move other parts of its body forward, at which point the snake will

choose new regions of its body to use for static contact and repeat the process. Concertina

locomotion can be used on horizontal surfaces, cylinders, and in tunnels [13], and is highly

reliant on frictional effects in order to be successful [19]. Unlike both sidewinding and lateral

undulation, concertina movement does not rely on propagating repeating bends along the

snake’s body, instead relying on anchor points that allow for the snake’s body to stretch

forward, which does not always demonstrate repetition. An example of a snake undergoing

concertina locomotion can be seen in Fig 1.2. Concertina locomotion can be substantially

more complicated than the other forms of snake locomotion, requiring active decision making

to decide what parts of the body should remain in static contact with the ground at any

given moment. While concertina locomotion is present in snake climbing [20], and previous
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experiments conducted in Rieser lab have observed snakes climbing pegs through the use of

concertina motion alongside lateral undulation, concertina motion is more complicated, and

as such our research is currently focused on live snakes climbing through the use of lateral

undulation, which is explained in more detail in Section 1.1.3.
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Figure 1.2: Snake undergoing concertina locomotion on flat horizontal surface. Taken from

Jayne, Integrative and Comparative Biology (2020) [13]
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1.1.3 Lateral Undulation

Lateral undulation, also referred to as serpentine motion, involves the propagation from

head to tail of waves of lateral bending along an animal’s body to propel the organism

forward [21]. This form of locomotion is useful for both terrestrial movement as well as

aquatic movement, although aquatic lateral undulation typically involves the propagation of

a wave that increases in both amplitude and wavelength over time, while terrestrial lateral

undulation more often relies on waves that maintain a consistent wavelength and amplitude

[13]. Terrestrial lateral undulation is also unlike aquatic lateral undulation as during this

form of locomotion snakes can rely on objects in their environment to prevent slippage, such

as the branches of a tree. Both concertina and lateral undulation can be used to navigate

arboreal environments, as both allow for the snake to rely on objects in their environment

to propel themselves forwards. An illustration of lateral undulation can be seen in Fig 1.3.
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Figure 1.3: Top and side view of lateral undulation on a cylinder. Taken from Jayne,

Integrative and Comparative Biology (2020) [13]
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1.2 Previous Work in Robotics

1.2.1 Intricate Robotics

Multiple successful attempts have been made at producing robots that can navigate surfaces

in a snake-like manner. Examples of these can be seen in Fig 1.4. These robots commonly

use intricate gripping mechanisms in order to grab onto objects or surfaces, or utilize both

pitch and yaw rotation in order to achieve movement outside of a single plane. These more

complex robot designs allow for a wide range of movement and more adaptability to irregular

terrain, but also adds complexity to the designs, such as requiring multiple unique moving

parts or a more elaborate control algorithm, and can introduce multiple points of failure as

new components are added and increase costs [22]. Due to the downsides of complex robots,

it is useful to create simplified robots that model the desired form of movement, as this

reduces the presence of uncontrollable complexities that occur when using more intricate

designs [23, 24].

Examples of more complicated robots that mimic climbing behavior similar to what is

seen in snakes include the U-Snake, which uses up to 36 motorized joint modules that are 90◦

offset from each other in order to achieve three dimensional shapes [25]. U-Snake uses a head
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mounted camera and LED system to provide video feedback of its surroundings, and uses a

gamepad to modify movement parameters such as speed and amplitude or to switch between

preset poses, and combinations of these controls can be used to swap between behavioral

patterns, such as sidewinding, pole climbing, or independent head control [26]. Another

example of a more complicated climbing robot is Treebot, which utilizes two omnidirectional

grippers connected to the ends of a continuum manipulator to alter the position of the

grippers relative to each other, allowing for one gripper to remain stationary as the other

gripper is repositioned in order to move Treebot to a new location [27]. Another example of

a climbing robot is the ladder climbing robot created by Tatsuya Takemori et al. [28]. This

robot is similar to U-Snake in that it is created by chaining together motors that are 90◦

offset from each other in order to achieve three dimensional movement, however, this robot

utilizes a novel gait design that combines straight and helically coiled segments in order to

form hanging loops over the rungs of a ladder in order to climb.
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Figure 1.4: A) Snake robot that uses preset movements, such as algorithms which allow

for pole climbing, forward movement, etc., in conjunction with manual control of snake’s

head to move [26]. B) Climbing robot that uses claw-like feet and a flexible body to climb

cylindrical objects [27]. C) Snake robot that uses movement in multiple axes to create loops

in its body to climb ladders [28].
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1.2.2 Simple Robotics

Less complex robots are still able to perform several useful tasks and are often easier to

model and understand. While other groups have developed snake robots that rely on alter-

nating pitch and yaw motors that require human oversight to move effectively [26, 28], or

complicated feedback systems to provide updates on the position of the snake’s body [29],

these robots are still difficult to model and analyze, promoting the creation of a simplified

robot that still uses this body plan. An example of this body plan being simplified can be

seen in the robot constructed by Qiyuan Fu et al. [30], which achieves movement by sending

a single sinusoidal wave through a chain of motorized body segments that are rotated 90◦

from each other in conjunction with one way wheels on each body segment to both move

forwards and climb ledges. Scalybot serves as an example of another simple robot meant to

mimic a form of snake locomotion, as it uses a simple two-part body that can control the

distance between its two body segments, along with the ability to control how much friction

is present between these body segments and the floor, to move in a manner that resembles

a mixture of rectilinear and concertina locomotion [31]. One of the earliest snake robots to

mimic serpenoid motion was created by Shigeo Hirose, and utilized linked servos to create

bending motion in a single plane similar to our own snake robot [32]. The reduced complex-



14

ity of these models often lowers the costs to produce them and limits sources of failure.

While previous research has produced snake robots that can climb up ledges [30], inclined

surfaces [31], and poles [26], there has been little investigation into recreating the ability

of arboreal snakes to weave between tree branches or tree bark asperities to climb vertical

surfaces. In order to understand how real snakes can climb trees by weaving between branches

or asperities, we wanted to compare the movement seen in real snakes to a controllable analog

that can be studied more easily. However, we were unable to find a deep investigation of

robot analogs that climb in this manner, motivating the creation of our robot snake in order

to study this gap in existing literature.

1.3 Motivation

Another member of Rieser lab, Calvin Riiska, has conducted several experiments using a

motion tracking camera system and force sensitive pegboard to track and analyze the move-

ment of live snakes as they climb up and down the pegboard. These experiments provide

useful information for understanding the relationship between snake movement and the en-

vironment around them when successful, and prompted us to investigate if snakes can climb
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between pegs by simply matching their movement to the geometry of the pegboard. This

inspired us to investigate the ability of snakes to climb between pegs by only matching the

bodies to the geometry of the pegs they are climbing. To test this, we created our robot

snake and tasked it with climbing between pegs on a pegboard. Due to our robot snake being

successfully able to climb the pegboard, we were inspired to create a computational model

of snake climbing. Calvin has begun working on a computational model of snake movement,

which will be compared to the results obtained using our robot snake in order to verify the

accuracy of the model to real world snake climbing.

1.4 Thesis Outline

Contained within this thesis are 5 sections that outline the efforts undertaken to characterize

and understand the movement of our robot snake in pursuit of a Master of Science degree

at Emory University.

Section 2 explains the experimental design of the robot snake and the manner in which trials

were conducted to collect data from our robot snake.

Section 3 details the data collected from the robot snake, how it was processed, and general

trends seen within the data.



16

Section 4 details the information we have learned through the analysis of these results.

Section 5 is the conclusion, future directions, and applications of this work.
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Chapter 2

Experimental Design

2.1 Snake Design

While the use of live snakes to study snake movement provides valuable insight into the ways

in which real snakes move, live snakes can be difficult due to the highly variable behavior

of the snakes. Robots, on the other hand, provide a reliable and programmable platform

through which we can systematically vary control parameters and test hypotheses, while

retaining the guarantee that their movement is physically possible, which is not always easy

to achieve using simulations. Despite the difficulty often involved in creating computation

models of real world movement, these models are still useful, though these models should be
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verified using real world experiments to ensure accuracy. In order to better understand the

behaviors seen in our experiments using real snakes, we created a robot snake that mimics

snake movement by following a serpenoid curve that is observed in live snakes, which can

be seen in Fig 2.1. Due to the success of our robot snake, we were inspired to create a

computational model of snake movement that will be validated through comparison to the

data collected from experiments using our robot snake. In order to model lateral undulation

we constructed a robot snake similar to previous robots used to model undulatory move-

ment in snakes [32]. The robot snake used in our experiments consists of fifteen Dynamixel

XC330-T288-T motors that are attached to each other using 3D resin printed brackets. All

brackets maintain the same orientation relative to their corresponding motor for all motors

along the snake’s body, resulting in a snake whose body can only experience bending within

a plane shared by all motors. A photograph of this design can be seen in Fig 2.2.
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Figure 2.1: A) Splined recreation of captured data from force-sensitive pegboard climbing

experiments of a live snake. The snake is observed to follow an approximately serpenoid

movement pattern along its body. Head is at the top of the body show, while tail is at

the bottom. Red dots represent pegs. Arrows represent the force applied on pegs by snake.

Black sections of snake’s body represent body segments that are removed from other analysis

to provide more reliable results. B) Spacetime plot of same live snake trial, where κλ is the

curvature of the snake normalized by the average length of a wave on the body. Credit:

Calivn Riiska.
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Figure 2.2: Motor assembly of the robot snake. Fifteen motors were used in the total

construction.

The motion of our snake robot was controlled through the use of target angles that were

given to each motor. The motors were given instructions through the use of an Arduino Uno

and a Robotis U2D2 USB communication converter. In order to produce a serpenoid curve

along the robot snake’s body, each motor followed target angles, θ given by the equation:

θi(t) = B0ξsin(2πξ
i

N
+ 2πft), (2.1)
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where N = 15 is the number of motors that comprise the snake robot, i is the index of the

motor to which the goal angle is being assigned, ξ is the number of waves on the snake’s

body, B0 is the angular amplitude in radians, and f = 10
1

dt ·N
is the frequency of the

motion of the snake’s body, where dt is the time between sent motor commands, and the

factor of 10 is introduced to set the speed of the robot snake’s movement within a range that

is both fast enough to result in trials that take less than a minute without moving so fast

that the resulting stress on the snake’s body breaks the brackets that connect the motors.

A diagram of how θ relates to two motors can be seen in Fig 2.3
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Figure 2.3: Diagram of obtaining θ from two motors. V⃗i is a vector of arbitrary length that

lies along the body of motor i. ϕi and ϕi+1 are the angles V⃗i and V⃗i+1 make with the bottom

of motor i respectively.
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The python script used to control the motion of our robot snake uses a fixed number

of steps within a given cycle of motion. Therefore, in order to cover a larger range of θ(t)

within a cycle, the amount of angle covered between each motor command must increase.

This results in jerky motion when the range that θ(t) covers per cycle is large. This resulted

in the need to modify dt to allow for certain parameter sets. An alternative to this would

be to maintain a fixed value of the angle covered between motor commands, allowing for a

consistent value of dt between all trials, but requiring more motor commands per cycle for

larger angular amplitudes.

The snake’s body was placed within a flexible woven plastic skin, which can be seen in

Fig 2.4, to reduce the chance of exposed wires becoming caught on the pegboard. We placed

15 reflective circular markers onto the snake’s skin, with one being placed over the rotation

point of each motor when the snake was at rest and fully straight. The snake’s motion

was recorded with six Optitrack Primex 22 cameras in order to prevent markers from being

completely obscured by pegs as the snake robot weaved around them. Video was captured

at 60 frames per second and markers were automatically isolated by the camera’s integrated

image processing. This data was then used to track the robot snake’s movement in 3-D for

further analysis.
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The movement parameters for each peg spacing can be seen in Table 2.1.

Figure 2.4: Woven plastic skin used to prevent wires becoming tangled on pegs. Silver circles

on skin are marker stickers used to track snake movement.
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Table 2.1: Robot Snake Movement Parameters.

Peg Spacing (cm) 10.2 10.2 12.7 12.7 15.2 15.2
Climb Direction up down up down up down

dt (s) .024 .024 .016 .016 .016 .016
B0 (radians) .47 .47 .5 .5 .5 .5

ξ 2.3 2.4 2.0 2.15 1.65 1.8

The parameters listed in Table 2.1 were not theoretically derived, and were instead de-

termined by testing different combinations of parameters until the crests in the robot snake’s

body were spaced the same distance apart as the pegs in the pegboard setup we were at-

tempting to match the geometry of, and the angular amplitude was set so that the robot

snake could effectively move between pegs without damaging itself.

2.2 Pegboard Design

The pegboard the robot snake has been tasked with climbing consists of 8 horizontal PVC

pipes that are 2.1 cm in radius spaced equal distances apart vertically. The coefficient of

static friction between the robot snake’s skin and a PVC peg is measured as µ = 0.255±0.006.

The coefficient of static friction is measured by placing the skin of the robot snake on a flat
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surface, placing the PVC pipe onto the skin so that it will slide down the skin instead of

rolling, and tilting the flat surface until the PVC pipe begins to slide down the skin’s surface

at an approximately constant speed. From here, the angle of the flat surface is found by

measuring the horizontal and vertical distance between its two ends and taking the inverse

tangent of the horizontal distance between the two ends of the surface divided by the vertical

distance between the two ends of the surface. This measurement was repeated ten times.

This results in relatively low friction in our system, which is present at points where the

robot snake’s body contacts a pipe. These spacings were: 10.2 cm, 12.7 cm, and 15.2 cm for

the trials conducted as part of this experiment. Our setup involves screwing the PVC pipes

onto a bracket held by T-Slot aluminum railing, which allows the pipes to be positioned at

any spacing that does not result in two pipes intersecting each other or a pipe intersecting

with a support beam. This setup allows for pegs to be spaced at any distance from each

other that does not result in distance between the first and last peg exceeding the height of

the pegboard. This setup also allows for pegs to be spaced at irregular intervals, however,

none of our experiments utilized this feature. A photograph of this setup can be seen in Fig

2.5.
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Figure 2.5: Pegboard in the 15.2 cm configuration. Aluminum T-frame behind poster-board

covering allows for pegs to be slid to desired positions and held in place with screws. Poster-

board cover prevents snake from getting caught behind pegs.
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2.3 Climbing Trials

Ten trials were conducted for each combination of movement direction and peg spacing,

resulting in sixty trials in total. Each trial began by beginning to record the motion of the

snake in OptiTrack. We then initialized the python script (Credit: Jennifer Rieser, Zach

Germain, Rory Flint) responsible for sending target angle data to each motor to form the

serpenoid curve given by Eq 1, which provides an adjustable delay period in which the snake

assumes the waveform given by Eq 1 with t = 0 without advancing t. During this delay

period, the snake is placed on the wall so that it does not fall off, usually requiring a mini-

mum of three points of contact between the snake’s body and the pegboard. After the delay

period ends, the snake begins to climb the wall using the serpenoid equation with the pro-

vided parameters for a given combination of movement direction and peg spacing. Once the

snake had successfully climbed to the other end of the pegboard and was either in danger of

falling off or hitting the floor, the script controlling the robot snake was terminated and the

snake was removed from the pegboard, at which point the OptiTrack recording was ended.

During trials involving downward movement, the wire that provides power and control to

the snake’s motors needed to be held away from the pegboard so that it did not bind on

the pegs and alter the snake’s motion. This was done by manually holding the wire so that
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it was always slack, minimizing the force applied to the snake by the power and control wires.
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Chapter 3

Results

3.1 Trajectories

Trajectory plots were made for trials from each peg spacing, the results of which can be

seen in Fig 3.1 and 3.2. The trajectory plots were made by creating a 100 point spline

at each timestep and plotting the resulting spline with a time dependent color. Splines

were created using a modified Akima interpolation method in MATLAB. This interpolation

method performs cubic interpolation to create piecewise polynomials that have continuous

first-order derivatives [33].
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Figure 3.1: A) Example trajectory plot for the 10.2 cm peg spacing, upwards movement.

B) Example trajectory plot for the 12.7 cm peg spacing, upwards movement. C) Example

trajectory plot for the 15.2 cm peg spacing, upwards movement. Due to height constraints

on the pegboard, the lowest peg on the 15.2 cm trials was too close to the ground to be used

and has been omitted from the results for this spacing. D) Example of robot snake’s body

not following the position of the head on previous timesteps. Red points represent locations

of the head that the snake’s body never visits.
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Figure 3.2: Trajectory plots for the 12.7 cm peg spacing. Movement is upwards and down-

wards respectively. Each plot is created from one trial, and serves as an example for the

movement seen in each movement direction.
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3.2 Angle Between Segments

In order to better understand how well our robot snake was following the serpenoid curve it

was programmed to move under, we plotted the theoretical angle between each motor based

on the serpenoid equation. An example of the results of this can be seen in Fig 3.3. The

angle between two vectors, θ, can be calculated by subtracting the angle of the first vector

from the second vector. Since θ can be found by the 2 argument arctangent function, which

is defined by:

atan2(y, x) =



arctan(y/x) x > 0,

arctan(y/x) + π x < 0 and y ≥ 0,

arctan(y/x)− π x < 0 and y < 0,

π
2

x = 0 and y > 0,

−π
2

x = 0 and y < 0,

undefined x = 0 and y = 0.

Since θ = atan2(y, x) = arctan(y/x) for x>0, it follows that:
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θ = ϕi+1 − ϕi

= atan2(yi+1, xi+1)− atan2(yi, xi)

= atan(yi+1/xi+1)− atan(yi/xi)

= atan(
yi+1/xi+1 − yi/xi

1 + yiyi+1/xixi+1

) Difference of arctan

= atan(
xiyi+1 − yixi+1

xixi+1 + yiy1+1

)

= atan2(xiyi+1 − yixi+1, xixi+1 + yiyi+1),

where similar derivations can be performed for other values of x and y and an example of

how ϕi is defined can be seen in Fig 2.3. Following this we calculated the angle between each

motor, θ, with the equation:

θi(t) = atan2(xiyi+1 − yixi+1, xixi+1 + yiyi+1), (3.1)

where (xi, yi) is the position of the ith motor. An example of the results of this can be seen

in Fig 3.4, which shows the angle in radians between a given body segment and the segment

ahead of it as the waveform of the snake progresses through time. Due to this equation

requiring two points per calculation, no angle can be computed for the first and last segment

of the robot snake. Due to this, the first and last segment of the snake are also omitted from
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the theoretical calculation for easier comparison.

Figure 3.3: Theoretical angle between motors of a serpenoid curve corresponding to the 12.7

cm peg spacing moving upwards with respect to time.
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Figure 3.4: A) Measured angles between motors of a serpenoid curve corresponding to the

12.7 cm peg spacing moving upwards with respect to time. B) Horizontal line between

two points in time in which a given segment has the gone through a full cycle, used to

measure period. C) Vertical line between two segments with equal angles, used to measure

wavelength. D) Robot snake tracking data of two different time points two cycles apart.

Black points represent end of body segments that do not have an angle associated with

them. λ is wavelength. E) A point on the robot snake’s body. F) The same point two cycles

later.
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3.3 Wavelength

Wavelength of the robot snake was calculated by finding two segments on the robot snake’s

body that shared the same angle at a given time step without a segment between them

sharing the same angle and taking the vertical distance between these two segments. An

example of how this is measured can be seen in Fig 3.4 D.

Figure 3.5: Wavelength of motion for each peg spacing, up and down. Error bars represent

one standard deviation for the ten trials used to find the wavelength for a given set of

parameters.
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3.4 Displacement Per Cycle

Center of mass velocities were calculated by analyzing each trial independently. It is as-

sumed that the mass of the snake at each marker is approximately equal for all markers.

For a given trial, the vertical and horizontal position of each marker were averaged for every

time step to produce a representation of the robot snake’s center of mass. Then, for every

time step of a given trial other than the first time step, the previous position of the center

of mass of the snake was subtracted from the current position of the center of mass of the

snake, resulting in a displacement vector for the center of mass of the snake. The length of

this displacement vector was then divided by the amount of time for each time step, 1
60

s, in

order to find the speed of the center of mass of the snake between every frame of captured

video. These speeds were then averaged to produce an average center of mass speed, which is

either upwards for trials of upwards climbing or downwards for trials of downwards climbing.

The average center of mass velocities for the ten trials for each set of parameters were then

averaged to find an average center of mass velocity for a given set of parameters.

The time the robot snake to complete one cycle of its serpenoid wave was measured

by taking the time between two maximum measures of the angle of the second segment in
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the snake’s body, which is the segment attached to the head segment. This is assumed to

represent an entire cycle for the robot snake. An example of two points separated by two

cycles can be seen in Fig 3.4 E and F. An example of measuring the time to complete a cycle

for a given body segment can be seen in Fig 3.4 B. The center of mass velocity was then

multiplied by the time it took for the robot snake to complete one full cycle, resulting in the

average displacement per cycle.

Overall the average displacement per cycle of the robot snake increased as peg spacing

increased. There was a slight but noticeable decrease in average displacement per cycle for

a given peg spacing when the robot snake was traveling downwards. Average displacements

per cycle for each peg spacing can be seen in Fig 3.6.
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Figure 3.6: Average displacement per cycle for each peg spacing, up and down. Error bars

represent one standard deviation for the ten trials used to find the average displacement per

cycle for a given set of parameters.
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Chapter 4

Discussion

4.1 Climbing Success

During the creation and testing of our snake robot, it was initially expected that it would

be unable to climb due to its simplicity, preventing it from fully capturing the movements

required for a snake to climb between pegs using lateral undulation. However, this was not

what was observed. Instead, the robot snake was able to successfully climb the 12.7 cm peg

spacing, and upon further testing, was able to climb the 10.2 cm and 15.2 cm peg spacings

as well. Due to the smooth surface of the skin used on the robot snake, friction between

the snake’s body and the surface of the pegs was relatively low, suggesting that the most
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important factor for a snake to be able to climb between pegs is the ability of the snake to

push off of the top sides of the pegs. Therefore, it seems likely that the normal force is the

most important force for determining whether or not a snake is capable of climbing between

pegs, with the friction force between the snake and the pegs being less important or negligi-

ble. While our current pegboard setup does not allow for the measurement of normal forces

or frictional forces, the computational model for snake climbing currently being developed

by other students in the Rieser Lab will hopefully provide more insight into the relevance of

friction forces for snake climbing.

4.2 Trajectories

The most notable feature present in the trajectory data is the existence of areas in which

the robot snake’s body did not always follow the exact path that the head took on previous

timesteps. These moments show up as thick sections in the trajectory data, usually right

below a peg. An example of this behavior can be seen in Fig 3.1 D. This inconsistency in

trajectory was likely caused due to the waveform of the snake not perfectly matching the

optimal waveform for climbing the geometry of a given peg spacing, resulting in the head
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of the snake attempting to rest on the next peg slightly before it had cleared the next peg,

which would then cause the head of the snake to be pushed by the pegs surface to move

around the peg following the correct waveform.

4.3 Angle Between Segments

A notable feature of the measured angle between segments is the lower average maximum

and minimum curvatures of the measured angles compared to what should be observed based

on the theoretical model of the snake’s motion. This can be seen when comparing Fig 3.3

to Fig 3.4, where the theoretical maximum angle between body segments should be ±1

radian, while the observed maximum angle between body segments typically lies between

±0.7 radians and ±0.9 radians. While there are many possible reasons for this occurring,

one of the most likely culprits is the method in which markers were attached to the snake’s

body. The measured angle between segments was not calculated directly from the positions

of the motors, and was instead calculated based on the marker position. These markers

were directly positioned above the snake’s motors while the snake had no bends in its body,

but as soon as the snake’s body began to move, the markers would shift with the skin, no

longer being directly above each motor. Therefore, directly comparing the theoretical angle
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between the snake’s motors to the measured angles between the snake’s motors will require a

more sophisticated method for the placement of markers to ensure they are no longer shifting

with the snake’s skin.

4.4 Displacement Per Cycle

Fig 3.6 shows that the average displacement per cycle increased as the spacing between

pegs increased, which is to be expected as the wavelength of the robot snake’s motion also

increased as the peg spacing increased, which can be seen in Fig 3.5, and we assume that

the robot snake does not slip, and thus moves approximately one wavelength every cycle.

Fig 3.6 also shows that average displacement per cycle decreases while traveling downwards

as compared to upwards, which is also to be expected as downward movement required a

slightly larger number of waves to be present on the snake’s body to as the robot snake’s

body rests differently on the pegs during downwards motion, which can be seen in Fig 4.1,

but does not match the trend expected when analyzing the wavelength of the robot snake’s

motion. The requirement to increase the number of waves on the robot snake’s body is

caused by the manner in which the robot snake rests on the pegs during climbing, where

during upwards motion the side of the snake opposite the motion of travel rests on the pegs,
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while during the downward trial the side of the snake that faces the same direction as the

motion of travel rests on the peg. While both of these results are expected for the conditions

in which the robot snake operates, real snakes are not guaranteed to follow the same trends

of increasing displacement per cycle with increasing peg spacing and decreasing displacement

while traveling downwards, as real snakes require time to process information gathered by

their senses before moving between pegs. This has the possibility of slowing down movement

between pegs spaced further apart due to the increased difficulty of reaching the next peg

without slipping off the pegboard, whereas the robot snake moves with a fixed waveform

that requires no additional thought.
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Figure 4.1: Example of robot shape that works while the robot snake is traveling upwards,

but would not be possible while the robot snake is traveling downwards, resulting in the need

for a slightly different set of parameters for upwards and downwards motion. Red circles

represent pegs, and red areas on motors represent areas the motor could not physically

occupy. Black arrows represent direction of travel.
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4.5 Peg Spacing Limitations

In order to climb the 10.2 cm peg spacing, the robot snake required the time between com-

mands sent to the motors to be increased. This was due to larger amount of waves on the

snake’s body necessary to weave between the pegs at this short of a peg spacing, which

resulted in a higher frequency waveform that caused sharper bends in the snake’s body. The

motors that comprise the robot snake were unable to rotate fast enough to maintain these

sharp bends while being sent movement commands at the same rate as was possible with

less waves on the snake’s body. While lowering the rate at which commands are sent to the

snake’s motors allowed for the robot snake to maintain the sharp bends necessary to climb

the 10.2 cm peg spacing, this reduction in command rate also came with drawbacks. Low-

ering the rate at which commands are sent to the motors caused the motion of the snake to

become less smooth, and the motion of the snake appeared noticeably jerky. This jerkiness

in the snake’s motion resulted in more frequent instances of the robot snake being unable

to climb the pegboard, mostly due to the snake’s body jamming itself on or between the

pegs, causing the motors to de-power themselves as a safety measure. While it was possible

for the robot snake to climb a 10.2 cm peg spacing reliably enough to collect the data pre-

sented in this research, further exploration of movement parameters is needed to improve
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the smoothness of the motion of the robot snake in this regime.

It should also be noted that even though peg spacings smaller than 10.2 cm are possible,

there is still a limit on how close pegs could be spaced together. At minimum this limit is

equal to the width of a motor (2 cm), but in reality is larger, and is determined by the finite

nature of the robot snake’s body and the physical constraints applied by the width of both

the robot snake’s motors and the pegs the robot snake is climbing through. An example of

this type of limitation can be seen in Fig 4.2.
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Figure 4.2: Theoretical peg spacing that would be impossible to navigate based on the

physical constraints of the robot snake’s body. Red circles represent pegs, and red areas on

motors represent areas the motor could not physically occupy.

Trials were also conducted at a 17.8 cm peg spacing, although most of these trails were

unsuccessful as the increased peg spacing resulted in less points of contact along the robot

snake’s body. Due to the risk of damage to our robot snake, we chose to not pursue a
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complete set of successful trials at a 17.8 cm peg spacing. The robot snake was occasionally

able to climb this peg spacing while maintaining very few contact points, sometimes as few

as 2 points of contact, which can be seen in Fig 4.3. During moments where the robot snake

experienced two points of contact, the snake’s body began to pivot out of the plane of the

pegboard, eventually resulting in the snake falling off the pegboard. It is possible for the

robot snake to climb this peg spacing, however, it would require constant pressure on the

snake’s body to prevent it from falling off the pegboard, or a longer snake body that would

prevent instances where the snake only maintains two contact points.
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Figure 4.3: Interpolated tracking data from 17.8 cm peg spacing trial. Robot snake maintains

only two points of contact at some points while climbing
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Chapter 5

Conclusion

Through the research presented in this thesis we have accomplished the goals set forth at

the beginning of our investigation. We were able to conclude that snakes are able to climb

by matching the geometry of their body to the geometry of exaggerated surface features,

identifying a minimal condition for snake climbing. Furthermore, we have shown that this

climbing ability is not reliant on high levels of friction, and instead have shown that fric-

tion is likely not critical for this method of climbing. Lastly, we have successfully created

a robot analog for snake movement that can produce consistent results under set parameters.
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5.1 Future Work

Due to the tracking issues caused by having the markers placed directly onto the skin of the

snake, we are currently investigating markers that can go through the skin of the snake and

connect directly to each motor. This will allow for accurate tracking of each motor’s pivot

point, and will eliminate the effect of the skin being detached from the snake’s body. The

current iteration of this system can be seen in Fig 5.1.
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Figure 5.1: New tracking system being tested on robot snake.

We would also like to upgrade the pegboard to be force sensitive, in order to better un-

derstand how the robot snake applies force to its environment to climb the pegboard. Rieser

lab currently uses a force sensitive pegboard with real snakes, however this design will need

modification to be compatible with the PVC pipes used as pegs for the robot snake.
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Another area we would like to investigate in the future is the ability of our robot snake

to overcome disorder in its climbing environment. This could include both disorder in the

pegboard, such as unevenly spaced pegs, or disorder in the robot snake’s own movement

inputs, such as noise being introduced to motor commands. Understanding the ability of the

robot snake to overcome these difficulties will provide valuable insight into the robustness of

the climbing mechanism displayed by our robot snake.

We would also like to better understand the discrepancy between the trend seen in aver-

age displacement per cycle and the trend seen in wavelength as the direction of motion was

changed. The wavelength of the robot snake should decrease as the robot snake is moving

downwards, as ξ is increased compared to upwards movement for the same peg spacing.

However, this is not the trend that we measured in the trials we conducted, which prompts

further inqury into the cause of this trend.
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5.2 Applications

A practical use for simple limbless robots like our robot snake is the navigation of areas that

would be too dangerous for humans to enter. This could include aiding rescue attempts in

collapsed buildings or other hard to enter areas through the use of an attached camera, or

carrying items through small spaces that would otherwise be difficult to navigate. This has

already been achieved by other groups [26], whose robot can be seen in Fig 1.4 A, though

their robots typically focused on climbing by wrapping around a pole and climbing using

concertina locomotion. While our snake robot has only been used to climb regularly spaced

pegs at this point, in the future we hope that the knowledge gained from these experiments

will inform more complex robots that can traverse diverse environments, including areas

with protrusions similar to branches or pegs.
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