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Belief can mean the difference between a fear of failure and the courage to try. On a team

or in a family, belief makes each individual stronger and also fortifies the group as a

whole.
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SUMMARY

Limbless robots have the potential to help with many possible applications from search

and rescue to surveillance. However, their performance in unstructured environments does

not currently match that of living systems. In order to understand how collisions with ob-

stacles effect locomotion, we studied the interactions between a snake robot and vertical

posts. Under normal open loop control where the robot is controlled by the serpenoid equa-

tion presented in [1], we observe that the collision between the robot and the post will often

cause the robot to reorient and deviate away from its open loop trajectory by an angleq

which we call the scattering angle. Drawing insights from previous experimental results

and simulations [2], we hypothesize that a model of the interaction between the robot and

the posts can be used to implement a simple control scheme to control the orientation of the

robot using only minimal onboard sensing. These robot-obstacle collisions are character-

ized by running many experiments to systematically sample all possible contact conditions

between the robot and the post. To assist with the collection of this data, an automated

gantry system was developed to conduct experiments without any human input. This al-

lows us to model and understand the behavior of the robot at contact. Using this model,

we develop an anticipatory control scheme to correct for the scattering that results from

the collision with the posts. Contact sensing at the head of the snake measures the location

and duration of contact with the pegs. The controller uses this measurement to predict the

magnitude and direction of the steering behavior and steer the snake to correct for the scat-

tering. Finally, we experimentally validate this controller for a single post as well as a row

of �ve evenly spaced posts and �nd that the controller reduces the distribution of scattering

angles caused by the post and offers further insight into the nature of the robot-obstacle

collision.
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CHAPTER 1

INTRODUCTION

1.1 Robots in Unstructured Environments

Autonomous navigation through unstructured environments is quickly becoming one of the

most exciting new areas in the �eld of robotics. While robots are traditionally used in in-

dustrial applications such as assembly line automation where precise control of position is

necessary, this new relatively new �eld of robotics seeks to take robots out of the labora-

tory and in to the real world. From space exploration, �eld robotics, autonomous driving,

drones, and bipedal robots, roboticists are quickly changing the paradigm of what kinds of

problems robots can solve. These novel systems have the potential to completely revolu-

tionize many different industries including transportation, agriculture, search and rescue,

military surveillance, and package delivery. While this may appear to be a wide range of

seemingly unrelated �elds, the fundamental questions behind solving these problems are

the same:

1. How does a robot pick the ”best” path through the environment?

2. What does it mean for a path to be ”best”?

3. How can a robot adapt its path as it learns more about our environment?

4. How do we control the robot to move along this path?

Modern robotics and controls attempts to address these challenging issues through rel-

atively new approaches like optimal control, robust control, arti�cial intelligence, and ma-

chine learning. However, elegant solutions to these dif�cult problems already exists in

biological systems. In particular, animals like snakes, lizards, and cockroaches are particu-

larly adept at maneuvering through a wide range of environments. Therefore, our approach
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to addressing some of these challenging questions is to study biological and robotic systems

in parallel.

Figure 1.1: Comparison of a biological snake and our robophysical model. The lefthand
�gure shows a living snake moving through an unstructured environment, and the right-
hand �gure shows our attempt to capture aspects of this behavior in a controlled laboratory
environment.

1.2 Drawing Inspiration from Biology

While animals are able to easily navigate through environments with rocks, sticks, and

other obstacles, robotic systems are unable to match their performance. Fig. 1.1 illustrates

the type of heterogeneous environment robots may encounter in the �eld. The performance

of living snakes in these types of environments has been studied in [3]. However, with live

animal experiments, we have very little control over the behavior of the animal, we can only

observe what they chose to do. Therefore, studying living systems and robotic systems in

parallel allows us to systematically vary robot parameters and observe the effect of varying

these parameters on the robot's behavior. We hope that studying the biological system will

offer us insights into how to design and program a better robot, and studying the robotic

system will offer us insight into how living systems can achieve such �uid locomotion.
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1.3 Robophysics

Figure 1.2: Examples of automated systems in the CRAB lab which use Robophysics to
model interactions between a range of different robots and environments. Images courtesy
of the CRAB lab.

This idea of systematically changing robot parameters to see how they effect the robot's

behavior is crucial to what we call Robophysics [4]. In particular, we are interested in using
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Robophysics to study the interaction between the robots and the environment. Instead of

designing a controller that treats obstacles as a disturbance to the system and rejects them,

or using simultaneous localization and mapping (SLAM) to detect and avoid obstacles, we

seek to develop a model for the interaction between the robot and its environment through

a combination of systematic experimental testing and simulation. A model of these interac-

tions can then be utilized by a simple controller to use these interactions between the robot

and the environment advantageously. The main drawback to this approach, however, is

that these models often require large amounts of experimental data to develop and validate.

In order to assist with data collection, automated gantry systems can be extremely use-

ful. Fig. 1.2 shows three automated gantry systems developed to collect large amounts of

experimental data and understand how robotic systems respond to different environments.

Fig. 1.2-A shows a system designed to test robots climbing up slope on granular media.

Fig. 1.2-B shows the gantry system designed to automate experiments modeling the inter-

actions between a snake robot and a row of vertical posts. The development of this system

is topic of the �rst part of this thesis. Finally, Fig. 1.2-C shows a system to study bipedal

walking on granular materials [5].

1.4 Objective

The following two objectives are addressed in the two main sections of this thesis:

1. Develop an automated gantry system and perform systematic experimental testing to

generate a model for the interactions between a snake robot and vertical posts.

2. Use this model of the environment to create an anticipatory controller to control the

orientation of the robot based on the interaction of the robot and the obstacle.

The remainder of the thesis is organized as follows: Chapters 2-5 address the mechan-

ical design, electronics, and software used to create the gantry system. Chapters 6-10
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describe the snake robot, controller development, controller results, and modi�cations to

the controller to improve performance.
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Part I

Automated Gantry System
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CHAPTER 2

GANTRY SYSTEM OVERVIEW AND MECHANICAL DESIGN

Figure 2.1: Overview of the gantry system. The key components (cameras, gantry arm,

electromagnetic gripper, posts, and contact sensing) are highlighted.
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2.1 Gantry Motivation

Previously, experiments to study the interactions between the snake robot and the posts

relied on the snake robot being manually placed on the ground by a graduate student using

a ruler. Due to the large amount of experimental data required to create an experimental

model of these interactions, developing an automated system to conduct these experiments

is a very logical solution. Building on the work of [6], where a smaller gantry system was

built to study locomotion on sandy slopes, we seek to demonstrate that these gantry systems

can also function on a much larger scale. However, we will demonstrate in this thesis that

many novel issues arise when attempting to build an automated system at a much larger

system. For example, two recurring challenges in the mechanical, electrical, and software

development of the gantry system are reliably identifying Optitrack markers on the snake

and making consistent, quality contact between the the snake robot and the gantry system.

The �rst part of the thesis highlights and addresses these challenges and their solutions.

Despite these challenges, we created a fairly robust automated gantry system that was able

to conduct thousands of snake robot experiments. Furthermore, the gantry system offers

higher accuracy in placing the robot with the desired position and orientation. This position

and orientation accuracy can be now be tested in a systematic way so that we can develop

an understanding of the uncertainty associated with these parameters. The remainder of

Chapter 2 provides an overview of the tasks the gantry system will automate, important de-

sign criteria for the system, and a high level mechanical overview of the system. Chapter 3

provides insight into the software we wrote to automate these tasks. Chapter 4 describes the

electronics necessary for the sensing and actuation required by the gantry system. Finally,

Chapter 5 describes the performance of the system. To see the system in action, please

refer to the video referenced in this section.

8



2.2 Gantry Overview

The gantry allows for the control of X, Y, Z and orientation of the electromagnetic gripper

so that the snake can be picked up from any position on the mat. The X and Z directions are

controlled by two stepper motors, and the Y axis uses a Frigelli motor to raise and lower

the electromagnetic gripper. Two electromagnets allow the gantry to pick up the snake

robot by making contact with magnetic plates on the robot. Finally, additional features are

developed as needed to improve the safety and robustness of the system.

2.3 Experimental Overview

Our primary purpose in developing this system was to automate the experiments presented

in [2]. In this work, the snake was placed manually on the ground which was time con-

suming and potentially inaccurate. Like the system presented in [6], our automated gantry

system can conduct many experiments with minimal human supervision. This allows for

the large amounts of data to be collected relatively easily, and demonstrates our ability to

produce results consistent with [2]. In order to automate these experiments, the following

steps are implemented.

1. Initialize the snake

2. Begin snake locomotion

3. Move the gantry arm in parallel with the snake

4. Stop the gantry and snake after �ve complete undulations

5. Determine the position and orientation of the snake robot

6. Position the gantry directly above the snake's magnetic contact plates

7. Turn on the electromagnets
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8. Lower the gantry arm until contact is made with the plates

9. Raise the snake until it is clear of the posts

10. Reorient the snake and move it to the next desired head initial position

11. Lower the snake onto the mat

12. Turn off magnets, raise the gantry arm, and move the gantry off to the side of the mat

2.4 Objectives

Based on these steps, we determined the following objectives as crucial to being able to

successfully automate the experiments.

1. The gantry will need to be able to pick up the snake in a variety of different positions

and orientations.

2. The gantry cameras will need to have a complete view of the entire mat in order to

capture the Optitrack markers for the snake.

3. The gantry will need to be able to accurately place the snake at a variety of initial

positions and orientations.

4. The gantry will need to be built with effective wire management so that the snake

does not become stuck during experiments.

2.5 Design Parameters

Based on the steps and objectives described above, we determined that safety, robustness,

cost, and ease of use are important design criteria for the system to meet. The following

sections describe in detail why they were selected as important, and how the design sought

to address the criteria. These criteria are summarized in Fig. 2.2 below.
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Figure 2.2: Summary of the key design criteria for the gantry system, and how they are

taken into account by the design.

2.5.1 Safety

We designed the gantry system to be operated with no human intervention in order to collect

large amounts of experimental data. As a result, many precautionary measures were taken

in order to prevent damage to people, the snake robot, or the gantry system. These safety

features are detailed below:

1. We installed a Logitech C920 HD Pro Webcam (Fig. 2.3) above the setup, giving a

complete view of the snake robot and gantry system at all times during experiments.

Using OBS studio, we can easily stream a live feed from the experiment to Twitch

TV so that the system can be monitored remotely while it is running. Additionally,

OBS studio also gives us the option to record video, which can be used to go back

and detect what caused an experiment to fail.
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Figure 2.3: We mounted this 1080p HD Logitech webcam above the gantry system in order

to stream experiments to Twitch, as well as record HD video of important experiments.

2. The computer that controls the gantry system is equipped with TeamViewer, which

means that we can log in remotely and end an experiment if needed, as well as control

the gantry arm, monitor experiment progress in the command window, and begin

recording video with OBS studio.

3. We installed limit switches (Fig. 2.4) in the x, y, and z directions to prevent the gantry

from grinding against the end of the rails, or pushing the snake into the ground.

12



Figure 2.4: Four limit switches are mounted at the ends of the X and Z support rails. These

switches turn off the X and Z actuation once the gantry has reached the edge of its desired

range of motion by triggering a GPIO pin on the Arduino Mega. This prevents damage to

the Stepper motors which control the gantry X and Z position.

4. We built and installed two circuits with photoresistors around the electromagnets on

the magnetic gripper of the gantry. These circuits allow the user to estimate when

contact has been made based on the amount of light detected by the sensors. The

gantry code checks to see if successful contact was made before raising the gantry

arm, and if no contact is detected, the program ends. The hardware and software for

these systems are described in greater detail in Chapters 3 and 4.
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Figure 2.5: This simple photoresistor circuit determines the proximity of the electromagnet

to the magnetic plate on the snake. A threshold value is determined for what constitutes

successful contact, allowing the program to exit in the case of poor contact with the snake.

5. At the beginning of each experiment, the code pings all of the motors to ensure they

are still connected. If the computer cannot connect to a motor because an error or

warning light has been triggered, the program exits.

6. The power switches(Fig. 2.6) for all of the components of the gantry system are

easily accessible and clearly labeled so that components can be easily powered down

in emergencies.
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