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Abstract

Ground Penetrating Radar has long been the preferred geophysical method to im-

age the subsurface. The applications of its use extend to academic, archaeological,

military and recently even autonomous vehicle navigation purposes. This method

of imaging the subsurface has proven e�ective and extremely useful, yet has been

su�ering from a lack of e�ciency in its practical application. This report presents

the design of a robot capable of automating the process of GPR land surveying in

order to increase e�ciency and expedite the process by reducing the dependency on

human operation. The design relies on a Raspberry Pi 4b as the brain controlling

its operation with an incremental rotary (quadrature) encoder and a triple-axis ac-

celerometer/magnetometer for navigation. The software was written using python

and tested on a manufactured prototype to prove its functionality.
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Chapter 1

Introduction

Inspiration for this project came from participating in Battle Lab: The Battle of

Princeton, a lab led by Professor Nathan Arrington and Professor Rachael DeLue

with the aim of exploring the grounds of the battle between American and British

Forces on January 3, 1777 commonly referred to as The Battle of Princeton. In this

course we combined tools and methods from humanities and sciences to analyze the

archaeological evidence left behind from the battle and attempt to uncover the long-

lost burial ground of the British soldiers using Ground Penetrating Radar. It was

here that I was �rst introduced to Ground Penetrating Radar technology. Working

with the technology pointed me to some ine�ciencies that could be solved with some

creative engineering design and have since decided to take on the challenge as my

senior project for Princeton's Mechanical and Aerospace Engineering department.

1.1 Ground Penetrating Radar

Ground Penetrating Radar (GPR) is a real-time Non-Destructive Testing (NDT)

technique that uses electromagnetic waves in the radio spectrum to map features

buried in the ground or in man-made structures. It works by transmitting radio

waves into the ground or "subsurface" of interest and using a receiver to analyze

the waves being re
ected. A diagram of the GPR system is shown in Figure 1.1.

When the radio waves are sent out some portion of them will be re
ected, marking

a discontinuity in the medium. Depending on the material type and location of the

object causing the discontinuity, the re
ected radio wave will be collected by the

receiver at di�erent amplitudes and corresponding arrival times. This can be used

1



to determine the nature and location of the disruption. The GPR system scans the

area of interest and collects multiple data points as it travels. Stitching together all

of these data points, a density gradient map is created, giving a clear image of what

lies underneath.

Figure 1.1: Radio wave re
ection principle with GPR technology.

GPR antennas are usually within the 10 MHz to 2.6 GHz range, corresponding to

di�erent penetrating depths with a trade-o� between penetration and resolution as

is depicted in Figure 1.2.

Figure 1.2: GPR antennas balance a trade o� between penetrating capacity and
resolution.
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1.2 Ine�ciency

Most GPR units consist of a three-wheeled cart used to roll the GPR through the

desired section to gather all the needed data. These carts are manually pushed by

quali�ed operators to ensure accuracy.

Figure 1.3: GPR antennas are dragged by a (typically 3 wheeled) cart that is operated
by a quali�ed professional.

While this method is relatively e�ective when surveying concrete, asphalt, or other

low-friction 
at terrains, things get complicated when surveying less ideal terrains.

The coe�cient of friction is simply too large and operators are left with no choice but

to employ the help of others to help supply the appropriate force to move the cart

along. Clearly this is a signi�cant ine�ciency as there are more employees that need

to be hired for a simple task and that sometimes mean that quali�ed professionals are

left doing the grunt work instead of allocating their time to more challenging tasks

that they are quali�ed to solve. Not to mention that the amount of time to �nish

surveying a set piece of land increases signi�cantly as terrain gets rougher. Figure

1.4 shows a group of people struggling to drag a GPR unit through the rough beach

terrain.

1.3 Objective

The objective of this project was to solve the clear ine�ciency surrounding GPR

surveying for all sorts of applications. The end product was intended to be used

for archaeological purposes in all sorts of rough terrain as well as civil engineering

purposes to help evaluate concrete structures such as bridges. Due to the nature of

the GPR technology utilizing radio waves to survey the subsurface, a radio-controlled

robot was out of the question as it would corrupt the data gathered with every radio

3



Figure 1.4: A group of archaeologists combine forces to operate a GPR system on the
beach.

signal being sent out by the controller. This led to the idea of automating the GPR

surveying process. This solution would eliminate human interference in operating the

GPR, thus expediting the surveying process. The objective was to create a fully-

functioning autonomous land surveying robot to serve as a prototype and proof of

concept of automating the GPR process.

1.3.1 Parameters

Ground Penetrating Radars are quite expensive, therefore the project revolved around

the GPR system operated by the Department of Geoscience at Princeton University.

The GPR system consists of a Geophysical Survey Systems Inc. (GSSI) 50400S 400

MHz antenna shown in Figure 1.5 with the GSSI SIR-3000 Accurate GPR Controller

shown in Figure 1.6.

Due to the ongoing use of the GPR system by the Geoscience Department, mod-

i�cations to the current system were not possible.

The approach for creating the robot took into account the lack of ability to adapt

current hardware, resulting in a "plug and play" product capable of being distributed

for commercial use without the need to modify existing equipment. A preview of the

�nished product is shown in Figure 1.7.

The approach taken to solve the ine�ciencies in GPR surveying was to automate

4



Figure 1.5: Princeton Geoscience Department's 400 MHz GPR antenna.

Figure 1.6: SIR-3000 Accurate GPR Controller

the process by creating an autonomous robot capable of operating the GPR sys-

tem. The following chapters discuss the design and development of the robot, from

conceptualizing to manufacturing and programming.
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