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ABSTRACT
In this research, a drone-based excavation platform prototype is presented with the primary
goals of balancing stability during excavation, sensing, and excavating the soil pile
autonomously without human intervention. These objectives have been met entirely by first
designing the entire drone prototype on a CAD tool and then bringing it to the physical
structure. The physical system was then integrated with various electronic components and
connected with different software tools to achieve the autonomous excavation operation
using a drone. To check the proper functionality of the developed platform, it was tested
with two scenarios. The first scenario is that in which the drone flies autonomously to some
construction site, and after landing, it senses the soil and excavates it, and then flies again
and dumps it into another place prescribed in the mission. In the second scenario, the drone
flight is also autonomous, and it tries to dig the soil during the flight operation.
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Chapter 1. Introduction
1.1. Unmanned Aerial Vehicles (UAVs)
The unmanned aerial vehicles industry in the United States, also known as UAVs, or
drones, was expected to reach $12 billion by 2021 and be used for a variety of purposes,
including recreational, commercial, civil, educational, law enforcement, and national
security missions. Since the days when drones were used for military, industrial, and
meteorological purposes, we have come a long way [1]. Toy stores across the United States
are currently selling for a few hundred dollars miniature UAVs that can capture live video
and photographs. Typically, handheld devices such as smartphones and tablets are utilized
to control drones. Drones are flying robots remotely or autonomously controlled by
software-controlled flight plans embedded in their embedded systems, which operate with
onboard sensors and a global positioning system (GPS) [2]. Most people consider
unmanned aerial vehicles (UAVs) to be military equipment only that is used for antiaircraft target practice and intelligence gathering but apart from these drones have
numerous civilian applications, including [3]:
● Surveillance
● Weather monitoring
● Traffic monitoring
● Firefighting
● Personal usage
● Drone-based photography
● Construction Work

1.2. Working Principle of UAVs
The quadcopter drone's rotors are used to generate thrust for the quadcopter drone. To take
off, the quadcopter uses tugging on the air and rapidly whirls its propellers. If the lift equals
the gravitational force acting on the quadcopter, the net force is zero, and the quad floats
in mid-air [27]. Quadcopters have two CW rotors and two CCW rotors. The aircraft's flight
path may be precisely controlled by independently varying the lift and torque of each rotor.
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Roll and pitch are affected by changes in the net center of thrust (CCT), whereas net torque
(NT) controls yaw [28].
1.2.1. Kinematics of Quadcopter
There are three axial coordinates, x, y, and z, and three rotation angles yaw, pitch, and roll
in the working of the quadcopter as shown in Fig. 1 where θ is the angle along the y axis,
ψ along the z-axis, and φ along the x-axis. The quadcopter has four propellers positioned
symmetrically around its center of gravity (COM). The first and third propellers spin in the
opposite direction of the second and fourth [29]. Quadcopter arms are traced with the origin
at the center of the COM on three axes x, y, and z. Rotation arrows on the coordinate axes
indicate the direction of roll, pitch, and yaw angles and their respective body frame angular
velocity components. Because the Earth's rotation is so sluggish compared to the
quadcopter's flight speed, it can be assumed that the Earth is stationary. It is also possible
to assume flat earth because the radius of curvature at any point on its surface is enormous
compared to the distances traveled by a quadcopter while in flight [30].

Figure 1. Quadcopter Kinematics Model [30]
Fig. 2 is a dynamic representation of a quadcopter that has gained widespread acceptance.
Each of the quadcopter's four motors and propellers is given a mass m that is located a
distance l from the quadcopter's geometric center in a way that makes all four masses m
coincident by 90 degrees for the quadcopter's geometric center. Putting aside the four
engines and propellers, the residual mass of the quadcopter, placed at its geometric center,
is MB. It is assumed that the axes through the centers of the four masses m and the mass
MB are parallel.
2

𝑀 = 𝑀𝐵 + 4𝑚

(1-1)

Since the quadcopter is so small in comparison to the radius of the Earth's curve, we may
safely assume that the center of gravity of any section of the quadcopter is also the COM.

Figure 2. Dynamic Model of Quadcopter [30]
1.2.2. Dynamics of Quadcopter Flight
A drone's movement is categorized into four types based on the relationship between the
four propellors [31].

Figure 3. Components of Dynamic Model of Quadcopter [31]
1.2.2.1. Hover
Throttle refers to the drone's up-and-down movement. The drone will descend if its four
propellers spin at the same speed. The drone will rise in altitude if its four propellers spin
faster. Drone hovering is the technical term for this maneuver along the z-axis.
The equilibrium condition for hovering is:
∑F = ma
ma = F1 + F2 + F3 + F4-mg

3

(1-2)
(1-3)

a=0

(1-4)

F1 + F2 + F3 + F4-mg = 0

(1-5)

mg = F1 + F2 + F3 + F4

(1-6)

where F1 is the upward force by motor 1, F2 is the upward force by motor 2, F3 is the upward
force by motor 3 and F4 is the upward force by motor 4.
1.2.2.2. Pitch
Pitch motion refers to the movement of a drone's lateral y-axis (either forward or
backward). The drone will move ahead if two of its rear propellers are running at high
speed. The drone will travel back if its two front propellers run at high speeds.
1.2.2.3. Roll
Rolling motion refers to a drone's movement about its longitudinal x-axis. A drone will fly
to the left if it has two fast-moving suitable propellers. The drone will move in the desired
direction if its two left propellers run at high speed.
1.2.2.4. Yaw
Yawning motion refers to the drone's head rotating left or right around its vertical z-axis.
The drone will revolve in an anti-clockwise direction if two propellers of an excellent
diagonal run at high speed. The drone will rotate clockwise if two propellers on the left
diagonal run at high speed.
1.2.3. Forces Acting on Drone
Several forces act on a drone as it flies and the resulting force will determine the movement.

Figure 4. Distribution of Forces acting on Quadcopter [31]
4

Each propeller generates thrust in a different direction, which is counter to the plane in
which the propellers rotate. This impact is directly proportional to the square of the
propeller's angular velocity when it comes to its magnitude.
𝐹𝑖 = 𝑘𝑓 ∗ 𝜔𝑖2

(1-7)

where Fi is the thrust produced by the propellers, kf is the proportional constant and 𝜔i is
the angular velocity of the propellers.
If the distance between two motors or propellers on any diagonal of a drone is denoted by
the letter L, then the reaction moments of the axes X and Y will be as follows:
Mx = (F3 – F4) × L

(1-8)

My = (F1 – F2) × L

(1-9)

where Mx is Mass Acceleration on X- the axis, My is Mass Acceleration on Y- the axis
and L is the diagonal distance between two motors.
The equation for Thrust of drone,
𝑇=

𝜋 2
𝐷 𝜌𝑣∆𝑣
4

(1-10)

where T is thrust, D is Propeller diameter [m], v is the velocity of air at propeller [m/s],
∆𝑣 is velocity changed by the propeller [m/s] and 𝜌 is air density.
𝑚
𝑭
[ ]=[
O3
𝜏

𝜔 × 𝑚𝐯
O3 𝐚
] [ ] + [𝜔 × 𝐈 𝜔 ]
𝐈𝟑 α
3

(1-11)

where F is the total force, 𝜏 is the total torque, m is the mass, I3 is the moment of inertia, a
is the linear acceleration, α is the angular acceleration, ω is the angular velocity and v is
the liner velocity of the quadcopter.
Based on Newton-Euler equation, all forces and moments acting on the quadcopter are
combined and result in a complete model of the drone dynamics. This physical model is
useful to control the desired motion of the quadcopter.
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1.3. Role of Excavators in the Construction Industry
As demand for new structures rises, the construction industry has evolved tremendously in
recent years, but continued growth demands a mastery of high-tech technology [4]. A
hydraulic excavator is a large machine that can dig up dirt and rocks, crush concrete, and
cut steel. Due to its size, it possesses a wide range of qualities. Consequently, investing in
a hydraulic excavator might reduce expenditures on other equipment. Previously, hydraulic
excavators were only used for landscape modification, but they can now easily lift 20,000
pounds. Without this equipment, numerous construction projects would have been years
behind schedule or never completed. A conventional hydraulic design excavator has a
bucket, cab, and boom as standard equipment. There are two types of base attachment
wheel and track used for rolling the excavator which is its greatest quality because they
support such a large load and make the excavator stable in different load conditions [6].
Digging, lifting, and hauling are the primary functions of this device, which can be found
in a wide range of industries. Hydraulic breakers, cutters, shears, grapples, couplers, and
other attachments at the ends of various boom and arm configurations allow excavators to
perform a broader range of tasks. The operator determines the goals of applications like
productivity, fuel efficiency, or multifunctionality [8].

1.4. Automated Excavation and Benefits
In autonomous excavation, the ground can be dug by providing the soil surface profile
obtained from sensors to the excavator's onboard Windows computer [9]. When the
operator starts excavating inside a predetermined "working window" or depth range, the
autonomous excavator can take control. There is no need to constantly flip between the
joysticks and a computer monitor while using the system's adjustable joysticks. Cycle times
should be faster and more precise. The boom, bucket, and arm are all automated to follow
the predetermined slope when using an excavator automation system. Unlike the operation
with the boom and bucket, the other activities like proper positioning of the excavator
before the operations are not entirely automated and would be controlled by the operator.
Auto-excavator technology has several appealing features, including greater productivity
and efficiency. According to several companies, excavator automation has increased
production by 30% while preserving significant amounts of material [11]. Operator
6

productivity is another advantage that is difficult to measure but essential to highlight.
Technological advancements in excavators have lessened the mental and physical
requirements imposed on the operator. Many operators report feeling more attentive and
productive throughout the day. Beginner operators can work at a higher level, which
benefits companies that employ auto-excavator technology. Operators do not need to be
experts in excavator operations or the corresponding electronics to learn and utilize the
equipment efficiently. Excavator automation is a growing market in the construction
industry [12].

1.5. Drone Technology Utilization in Construction Industry
In recent years, drone technology has been utilized extensively in a variety of construction
activities, including mapping and site surveys. By utilizing this technology, builders can
monitor the progress of their projects and plan accordingly for future advancements.
1.5.1. Building Surveys
To evaluate the building's technical condition and identify any potential breakdowns, roof
inspections are almost always a standard component of building surveys. Typically,
accessing the roof requires scaffolding, ladders, or other auxiliary structures, which may
pose a risk and consume a great deal of time and resources. Surveying through small drones
can save time and money, reach tough or complicated roof regions, and eliminate health
and safety risks associated with roof surveying and. [13].
1.5.2. Land Surveys and Topographic Mapping
Consultation of topographic maps is vital when planning large-scale and complex building
projects. Errors in the construction design shown by topographic maps include
improperness for the terrain [14]. Construction projects benefit significantly from
topographic maps but creating them may be expensive and time-intensive. In these
situations, drones are extremely useful. To save money and time, the capacity to collect a
significant amount of data in a short period is a substantial benefit of using this technology
[15]. Aerial vehicles like drones can help keep projects on schedule, and within budget
while providing highly precise mapping data. It is possible to construct 3D models of the
surface or the landscape from high-quality aerial photographs produced by drones [16].
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1.5.3. Inspection of Construction Site
Drone technology enables construction companies to better manage their time and
resources, allowing them to monitor the progress of construction sites more frequently [17].
Project teams may find drone inspection of construction sites a valuable asset. Any
construction or technical flaws can be discovered by humans and fixed with drones. They
can also ensure that the project's goals are reached by inspecting the construction site.
Drones can save tens of thousands of dollars for reconstruction and design revisions.
Drones can also be safer because humans do not have to traverse risky construction site
regions to inspect the damage. Drones can help create 3D models for new construction
projects to see how closely they resemble the plans or models used for construction
reference [18]. Drones can do visual inspections of high-risk places on construction sites
or in new structures, saving time and reducing health and safety concerns. HD-quality
photos taken from the site cabin and promptly shared with the project team can be sent to
them in real time. It is possible to conduct more frequent and comprehensive site
inspections [19]. Drone inspections on building sites have three key advantages: saving
time, reducing work, and increasing data quality.

1.6. Smart Construction
1.6.1. 3D Construction Topographic Modelling
Construction sites' 3D topographic models are constructed utilizing conventional methods
and traditional field survey tools, including total stations and global navigation satellite
systems (GNSS). In many construction and infrastructure monitoring fields, this surveying
equipment is still in use due to its ability to produce precise global coordinates of observed
areas [20]. It is, however, challenging to create a dense 3D model using this surveying
technique because it only provides coordinates for one place at a time. Several researchers
used dense point clouds generated by terrestrial laser scanning (TLS) to overcome these
issues. The TLS-based technique is used to calculate road construction earthwork volumes.
which can produce high-density 3D point clouds of earthwork fields. It's easier to create
3D topographic models of huge construction sites using UAS than it is to use TLS.
Numerous investigations into 3D mapping for building projects with unmanned aerial
systems (UASs) have been conducted. UASs can be used to manage building projects.
8

Photogrammetric methods for creating 3D topographic models of big construction sites
using photos captured by (UAS) have become the most popular method [23].
1.6.2. Earthwork Progress Digitalization Using UAS
Several researchers have used UAS applications to monitor and document the progress of
earthwork projects. Using TLS, MMS, and UAS, researchers in [24] compared the
efficiency of various road earthwork survey and volume estimation technologies. They
found that UAS is the fastest and most cost-effective way to create dense 3D point clouds
for 3D grade control and volume estimation in highway construction. UAS-generated 3D
topographic models have been used to calculate the volume, and UAS-generated 3D reality
mesh models have been used to estimate the quantity of earthwork [25]. The studies
mentioned earlier highlighted using UASs for large-scale earthwork progress monitoring
and volume estimation. However, most studies have used only one model to compare the
current amount of earthwork to the design model. Studies that compare multiple models
generated over an extended period to determine how many earthworks were done have
been few and far between in the past few years. Slope maps for the safe operation of ground
vehicles on construction sites can be created using UAS photos. Still, research on drawing
geo-fences from UAS data for heavy equipment safety is lacking. In [26] an actual UASbased earthwork progress digitalization practices using time-generated sequential models
of an operational construction site has been presented. The procedures cover every step of
the process, from the collection of UAS data to its subsequent documentation. Drone
technology has been used for many intelligent construction operations but developing
excavating drones has been a challenge. Stability, control, and sensing are the
comprehensive issues that need to be resolved to achieve autonomous operations. In this
study, the challenges have been addressed by working on the navigation and controlling of
the excavation process.

1.7. Objectives of the Research
The objective of this research is to design and build a fully autonomous excavating drone
prototype. The objective of the research is as follows:
● The primary objective of the study is to develop a prototype of an excavating drone
mounted with the excavating tool over the drone body.
9

● The excavation drone will be designed in such a way to execute the excavation
process autonomously. The goal of this study is to develop a sensing algorithm for
detecting the surface of the ground that collects 3D point cloud data from
excavation sites. The gathered sensory data will be refined using voxel grid filtering
and cropping techniques to select the most appropriate points from the region of
interest for excavation.
● The drone needs to fly autonomously to a construction site, land, senses the
ground's surface, and then excavate it. After collecting the soil, it needs to fly back
into the air and dump the excavated soil at a mission-specific location. As another
required function to achieve, the platform flight is to operate completely
autonomously and dig the soil during the flight operation. During this whole
operation, it requires to maintain its stability in terms of height and position. Our
aim is only to touch the soil after sensing it in the air to show the functional
feasibility of fully autonomous operations in flight mode.
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Chapter 2. Literature Review
2.1. Introduction
This chapter provides a review of the literature for each of the study areas covered in the
remainder of this thesis. We will first discuss the design and development of drone
technology that corresponds to various types of aerial manipulators in the construction
industry. In addition, different navigation control techniques will be investigated, focusing
on the system's primary components, i.e., the drone's positioning in a specific environment.
Finally, different mapping strategies for collecting environmental data using drones will be
discussed. Finally, this chapter indicates a research gap in the existing design of drone used
for construction work based on the literature view.

2.2. Uses of Unmanned Aerial Manipulators (UAM)
In terms of the design of aerial manipulators, some of them have a gripper mechanism,
while others are equipped with a manipulator's arm. They differ mechanically in terms of
modeling and control based on their suitability for different applications. Multiple
quadrotors with grippers have been able to assemble a simple cube-shaped structure with
magnetic components using a system in which the grippers enable the collection,
transportation, and assembly of the components. It demonstrates that such systems are
capable of building SCS (special cubic structures), which can be replicated in real-world
structures such as towers, scaffolding, trusses, etc. [5]. In a similar study, two UAMs grab,
transport, and release a 4.23-meter-long bar as part of a cooperative transportation system
involving UAMs [7]. In the first phase of their experiment, a single UAM first assembled
a set of simple structural components by grabbing and placing vertical and horizontal
special bars. The six degrees of freedom arm enabled the UAM to work with both
horizontal and vertical bars. In the second part of the experiment, two UAMs grab a long
bar, transport it through an obstacle-filled environment, and place it in the designated
location. In a separate study [10], a team of researchers conducted an experimental
investigation into the use of UAV systems capable of assembling a 20-foot-tall foam brick
tower. The UAVs are equipped with pins, transforming them into a UAM system capable
of grasping bricks by puncturing them with the pins. The UAMs then flew autonomously
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and were guided by motion-capture cameras installed in the ceiling. Multiple charging
stations were used in conjunction with four quadrotors to accomplish the task. The research
was conducted in a highly controlled environment using foam bricks, which are lighter than
conventional concrete blocks. The research demonstrates that UAMs have the potential to
be utilized in the construction industry for such manipulations. In [45], the authors
investigate the feasibility of fully automating a construction task with a distributed robotic
system, comprised of a drone and mobile robotic crane. The drone's purpose is to survey
the surrounding area and generate a desired trajectory for the crane’s boom and arm so that
pergola blades can be installed. This study focuses on the layers of the dispersed cyberphysical in which by using the two-dimensional Chebyshev-Gauss collocation method, the
trajectory of the crane’s boom and arm is optimised to have the least amount of jerk. Using
drone technology to automate construction has grown in favor in recent years due to its
promise of improved building efficiency, sustainability, and safety [41]. As a result, new
design concepts may be used, unique architectural structures can be created with
unprecedented levels of complexity, and functional features can be created. It can
significantly increase adaptability and enable construction in potentially hazardous or
difficult-to-access regions [42]. Drone systems face different multiple obstacles in smallscale architectural constructions because of the confined workspace and stability
challenges [43]. To work precisely in a dedicated space, these systems need to be able to
locate themselves in the working environment. During the operation, it is also necessary to
have a reliable perception algorithm capable of detecting object instances without prior
knowledge of their geometry that have entered the flying region. [44]. Even though the
developed UAMs can perform tasks such as installation, retrieval, tool operations, pick up
and drop, peg in the hole, etc., there is a lack of research on the applications and capabilities
of UAMs in construction and the advancement of construction activities. In addition, there
has never been a method for attaching the manipulator to the drone for excavating
activities. This motivates us to develop an excavator drone platform that would be a
significant innovation for the construction and drone industries.
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2.3. Drones used for Construction Site Imagery and Mapping
Drones take crisp, detailed photographs that are more accurate than plans or partial data,
allowing site managers to monitor progress and make decisions based on the most recent
data and most comprehensive site maps more effectively. This enables site managers to
make informed decisions and monitor progress. When searching with a swarm of
unmanned aerial vehicles, researchers found that the approach used to plan the course of
the swarm affected the results. It is best to use distributed formation in conjunction with
the P map and the path planning method to get the best results [49]. The same data gathered
by a drone in a single trip delivers a complete map of the place with GPS coordinates in
2D and 3D and has detailed aerial photos. This is possible because of the drone's ability to
fly in three dimensions [50]. Using these maps, one can make accurate calculations
regarding distances, surfaces, elevations, and volumetric capacities. After that, digital
terrain models, also known as DTMs, and digital surface models, also known as DSMs,
can be produced by employing photogrammetry software [51]. The amount of time and
labor costs connected with data collection in the field are drastically reduced when drones
are used. If the surveying process is kept straightforward and performed regularly, the site
will have superior documentation over its lifetime [52]. All nearby objects, regardless of
type, must be recognized by the UAV's perception system, which includes information
such as position and velocity. Additionally, a probability-based representation of the
sensor's noise is necessary along with a software design that considers the limits of the
UAV's technology is needed. This work presents an approach for creating a 3D Local
Dynamic Map (LDM) for use by unmanned aerial vehicles (UAVs). To assure minimal
memory consumption and rapid operation speed, the suggested LDM employs a circular
buffer as a data structure [53]. To determine the location and speed of each object, the
sensor data is used to construct a probability-based occupancy map, which is then used in
conjunction with a particle filter to estimate speed. Each object's position and velocity are
used to anticipate its presence on the occupancy map. The flying environment of the UAV
can be defined in a three-dimensional grid map and the condition of each object [54]. In
another research by [55], the researchers developed an algorithm for creating a map
automatically using a drone through computer vision called the Drone Map Creator
(DMC). By stitching together images taken by a drone's HD camera, DMC can
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automatically produce a map of the area being flown. SURF (Speeded up robust features)
is used to find the critical spots in each image frame, and then the determinants of a Hessian
matrix are maximized to find the transitional sites between the frames. The final step is to
stitch together the two photos using the points that were previously detected [56]. There
are multiple mapping techniques used in different construction applications according to
their use and requirements.
2.3.1. Occupancy Map Generation
Data from various sources can help in the search and rescue operation; therefore, it is
essential to take advantage of this technique. Furthermore, such data can be used to plan
UAV flight patterns over a particular area to locate persons in danger [57]. Because of this,
the first stage is to estimate and define the search area, which includes determining the
required area coverage level and all available data, to produce the map that will be used to
plan the discrete UAVs' course. The surface where the search will take place will be
analyzed, and some attributes will be quantified as part of this area's characterization. There
is an area map provided as input [58]. This map's cells are organized into a grid. A risk and
occupancy rating will be assigned to each of these cells, which will be utilized to determine
the UAV's route. To divide the grid, it is having been mentioned in the study [59], [60] that
the UAV will be able to monitor the entire cell if it is placed at its geometric center. The
cells will not be larger than the region the camera covers on the UAV's onboard computer
[61], [62].
2.3.2. Visual Simultaneous Localization and Mapping (vSLAM)
For autonomous drone flight, a comprehensive depth map is required to detect accessible
space, which is an essential component of autonomous navigation [63], [64]. The problem
of recreating dense depth while a drone hovers (minimal camera motion) in indoor
environments is tackled by researchers using previously estimated cameras and a sparse
point cloud produced by vSLAM [65], [66]. Beginning with segmenting the image based
on rapid depth variation using sparse 3D points, a patch-based local plane fitting that uses
energy reduction to combine photometric consistency and co-planarity with neighboring
patches has been introduced [67]. This was accomplished by combining co-planarity with
adjacent patches and photometric consistency. When there are few or no sparse spots in the
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image, it also employs an approach known as plane sweep. This mapping technique
performs well for indoor mapping operations and restricts this algorithm from being used
for indoor drone operations [68].
2.3.3. Mosaic and Ortho-Mosaic Mapping
In most cases, mapping farmland has been accomplished using a quadcopter by deploying
a three-dimensional mosaic created with a multispectral camera. Most of the time, a UAV's
imagery is used to create maps that only exist in two dimensions [69]. When using photo
stitching software, the easiest way to create a mosaic from aerial imagery is to combine
many aerial photos into a single composite image. Without using a technique known as a
geometric correction, aerial photos cannot be relied upon to provide precise distance
readings. On the other hand, images that have just been stitched together do not have any
perspective distortion corrected across the boundaries [70]. Making geometric changes is
only one step in creating a map useable; many more phases are involved. Modern drone
operations require knowing the precise latitude and longitude coordinates that correlate to
each spot on the map. To reliably determine geographic references, it is necessary to have
ground control points, which are locations that have been precisely surveyed and can be
seen in the picture [71].
2.3.4. 3D Point cloud Mapping
Mapping of mines of both abandoned and operational is a very challenging and sometimes
too risky from past years but recent advancements in active and passive consumer-grade
sensors, as well as quadcopter drones, make it possible to automate these complex jobs,
resulting in cost- and safety-savings. A 3D point cloud mapping technique has been
discussed to explore and make vision-based maps of mine tunnels [72]. In this application,
the developed platform consists of lightweight depth cameras mounted on a quadcopter
that employs a modified version of Microsoft's Kinect Fusion technology to generate 3D
point clouds in real time. The system works fully autonomously and has been used with
inexpensive 3D depth cameras rather than traditional expensive laser scanners.
Among the above mapping methods, point cloud mapping can effectively produce the
ground’s 3D profile after each dig using point cloud data from a depth camera or Lidar.
Also, the voxel grid filtering technique can be applied to this 3D profile to restrict the
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region of interest, which can help in reducing computational loads of processing heavy
point cloud data. Therefore, this study proposed a sensing algorithm using a 3D depth
camera to create a map of an excavation site where a drone conducts autonomous
operations during airborne as well as landing.

2.4 Autonomous Navigation of Drones
Mobile platforms require three components for autonomous navigation: Mapping,
localization, and navigation. Once a map is successfully made, the robot must first be able
to locate itself on the given map [73]. To begin path planning, Different approaches and
methodologies were developed in many recent research papers to achieve autonomous
aerial navigation maneuvers [75]. For example, [76] developed a framework for a Micro
Aerial Vehicle (MAV) with autonomous capabilities operating in unknown interior and
outdoor areas employing one monocular camera as an exteroceptive sensor, paired with an
onboard Inertial Measurement Unit (IMU). [77] likewise extended the prior research study
to adopt a new technique for automatic navigation systems using two cameras that do not
overlap in their respective fields of view (FOVs). Aerial vehicle navigation can also be
performed utilizing multisensor data fusion as shown in Fig. 7, according to [78]. This
technology can provide real-time pose parameters for the vehicle. An automated flight
control system was developed using data from an RGB-D camera in a separate study [79].
Small-scale unmanned aerial vehicles (UAVs) can navigate independently in dense foliage
using a 2D laser range finder, as proposed by [80]. Real-time onboard motion estimation
and trajectory smoothing are included in the framework.
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Figure 5. Autonomous Navigation Approach Used for Drone [78]
The final step is navigation, in which an aerial vehicle has to overcome all obstacles in its
path to reach its intended destination. According to their respective applications, numerous
path-planning algorithms have been introduced in recent works. In [81], a novel method
for autonomous aerial drone navigation used visual inputs from an onboard camera, a deep
CNN, and a regressor to produce drone steering commands of predetermined paths. By
using the GNSS (Global Navigation Satellite System) and compass, a delivery navigation
algorithm was developed to transport medical aid using drone service [82]. The proposed
navigation algorithm makes use of course-over-ground data to facilitate autonomous
navigation and operations. Using GPS, the drone can detect objects, navigate to the target
location, and return safely. In [83], a novel mission-oriented path planning algorithm for a
team of Unmanned Aerial Vehicles (UAVs) was proposed, in which each UAV makes
autonomous decisions to determine its flight path toward a designated mission area while
avoiding collisions with stationary and mobile obstacles. This algorithm could be used to
deploy a team of autonomous drones to collectively cover an evolving forest fire and
provide virtual reality to firefighters. Various studies have developed multiple algorithms
for autonomous navigation of drones in different environments but none of them have a
specific focus on navigating a drone excavator autonomously to excavate a construction
site. This motivates us to develop a navigation technique for drones in the construction
industry, which is one of the research objectives of this study.

17

2.5. Software used in Construction Industry
Construction, land surveying, real estate, and agriculture are some of the most common
uses of aerial photogrammetry [93], [94]. Photo-realistic 3D models of land and buildings
are generated using Pix4D in real estate and remodeling businesses [95], [96].
2.5.1. True View EVO by Geo Cue
This Drone mapping program takes the power of 3D point clouds to the user's desktop
while enabling complete control over the deliverables. This allows rapid visualization and
the development of derivative products, both of which are made feasible by the software
[97]. EVO simplifies the workflow by allowing users to process data from a TrueView
sensor without requiring extra software. This cuts down on the amount of time spent
processing the data as well as the complexity of the workflow [98].
2.5.2. Maps Made Easy
Maps Made Easy is a service that creates maps and uses Map Pilot Pro to construct and fly
the optimal flying path for their customers. Maps Made Easy web service to build the
result if you do not have access to photogrammetry tools [99]. The technology known as
Flight Sync, which is offered by Maps Made Easy, can synchronize all flight records and
mission planning. [100].
2.5.3. Bentley Context Capture
With the help of Context Capture, even the most complex 3D models of actual conditions
may be quickly generated from simple pictures and point clouds for use in any form of an
infrastructure project [102]. Drones in construction can be used for various mapping tasks,
including re-planning, identifying safety concerns, tracking progress, and seeing possible
issues or delays, and creating 3D and Orth mosaic maps [103].
The aforementioned software is utilized by different construction industries, however, in
this study, an open-source Ardupilot platform has been used for the entire system which
enables us to modify the required parameters in each design change. Its ability to fuse the
RTK data with the GPS in real-time contributes to achieving good positional accuracy for
autonomous excavation. Each flight data log can be saved in the flight controller and can
be accessed and analyzed through Ardupilot to troubleshoot flight-related issues.
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2.6. Prototype of Drone for Digging Purpose
It would seem easy to construct a drone that can bore holes and embed sensors in the
ground, but it is challenging. The NIMBUS Lab is currently developing this method for
drones to drill holes at the University of Nebraska. The drone will fly to the designated
location, use the digging equipment already installed onboard to create a spot, and then
take off again [104]. Previously, the NIMBUS Lab at IROS described a quadcopter that
could carry a drill with a sensor already built into it and plant it into the ground. During
their second presentation at The International Society for Engineers and Researchers
(ISER), which took place a few weeks after the first one, they revealed how they utilized
the drone to determine whether the landing spot was an appropriate location to drill [104].
A much larger UAV currently carries our very compact UAV across a considerable
distance inside a capsule. Once the smaller unmanned aerial vehicle (UAV) detects that it
is getting close to its goal, it immediately drops to a lower height. A parachute is used so
that the capsule will fall safely no matter what height it is dropped from. After the capsule
has been released, the UAV's arms can extend from the parachute and then fly to the target
location. The occupants ride with folded arms against their chests to maximize the space
available in the aircraft. The Pixhawk flying controller, which is affixed to a DJI S1000
that has undergone extensive alterations, is responsible for providing the drone with
autonomy [105]. The next step is for an unmanned aerial system (UAS) to fly to the
designated landing point and then drill a hole to place a sensor. The drone is only developed
for drilling; no excavation tool has been attached to pick the drilled material to a suitable
location. Furthermore, this design's energy consumption is very high due to its weight and
body. The drone created by NIMBUS Lab cannot execute the drilling operation by
hovering in the air, which is one of the primary drawbacks of the system [106]. After the
drones have gotten somewhat close to the site to be targeted, a minor unmanned aerial
system (UAS) will be released from the larger drones and land on the ground via parachute.
The smaller UAS needed to hitch a ride somewhere for them to overcome this obstacle and
get to more remote locations [107]. One possible use for autonomous drones is to fly across
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marshes, which are notoriously difficult to explore on foot and even more challenging to
equip with sensors due to their flexibility.

2.7. Intelligent Drone Used by Skycatch
On construction sites all around Japan, there's a revolution afoot. Drones fly while keeping
an eye on the land below. There are enormous diggers digging trenches and leveling the
soil on the surface. Over the last three years, Skycatch, a California-based company, has
sent its quadcopter drones to more than 5000 construction sites in Japan. Komatsu, the
world's second-largest building corporation, is in charge of the Smart Construction project,
including several locations in and around Tokyo. Automating the process even further,
Skycatch is now incorporating artificial intelligence almost to eliminate the need for human
intervention. Smart, self-driving machines will take over construction sites shortly.
Machine learning algorithms are being trained on various parts of the job at Skycatch [108].
Drones will eventually fly over the whole construction site and all vehicles, constantly
monitoring and updating plans as needed. Rather than being reprogrammed each time,
drones will know what they should be doing daily. If all goes as planned, the program will
soon be able to update the intended building timetable and let other machines know about
it without human intervention. This system can detect and remedy delivery delays and spills
[109].

2.8. Research Gap and Motivation
In the construction industry, drone technology has gained popularity as a result of its
usefulness in completing dangerous, labor-intensive tasks. The relevant literature has
been reviewed to comprehend the significance of drones in smart and contemporary
construction. It has been observed that drones can perform a variety of tasks in the
construction industry, but no research has been done yet to perform excavation work using
drones. In addition, different localization, mapping, and navigation methods have been
mentioned in the numerous studies that are essential for autonomous drone operation, but
none of these studies have addressed the excavation task. To address this research gap, a
prototype of a fully autonomous excavator drone has been developed, which will be
discussed in the subsequent sections.
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Chapter 3. Autonomous Flying Excavator Platform using Drone
3.1. Introduction
This chapter provides an in-depth analysis of the physical design and electrical systems of
the proof-of-concept flying excavator platform. In this study, three different designs have
been undergone to overcome the challenges before selecting the final version. This chapter
explains the prototype system's physical and functional design alterations and the hardware
components used to create it.
The following requirements have been considered before designing and developing the
prototype of an excavator drone.
● A stable flight operation of the drone is required, which is fundamental in designing
and developing any drone.
● The excavator's arm is to be designed in such a manner that does not disrupt the
primary flight operation and control of the drone.
● Developing a sensing algorithm that can be able to sense the soil information during
the landing and in-flight operation, which would be used to locate the tip of the
bucket for the excavation process.
● The whole system should work fully autonomously, including the flight operation
and the excavator's arm, so that it can be able to operate without human interaction.

3.2. Challenges faced in Designing the Platform
During the development of the platform, there have been several challenges to overcome
for the operation of a completely autonomous flying excavator. Due to the limited space
on the platform, there was a complex mechatronic system in which every electrical
connection was carefully soldered. For mechanical components, each one was rigidly
attached to the platform with nylock nuts so that it could withstand vibrations during flight
and would not come loose easily. All the electrical wires which generate some magnetic
fields should be properly isolated from the compass of the copter as it disturbs the sensor
reading. The voltage from the battery to several components should go through a stepdown regulator so that each component can receive the power according to its respective
ratings. The GPS should be mounted on some stand to prevent any type of magnetic
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interference and all the ESCs were finely tuned so that they can deliver the proper amount
of PWM signals to the motors. After assembling all the components, the combined center
of mass of the system should be in the center of the whole platform so that it can properly
lift vertically. The legs were designed in such a way that the drone has an optimum distance
from the ground during the resting position to excavate properly without creating a large
moment arm that may cause the platform to topple during the lift.
The second challenge is the heavy weight of all the combined components which makes it
difficult to control the pinpoint position. A battery has a significant portion of the platform's
weight, so choosing the right battery based on its weight distribution and power rating is
important, which guarantees sufficient run time to complete the required task without
instability issues. As for control, it is hard for a drone to remain in the exact location during
the whole excavation process which requires high-precision ESC calibration and tuning of
copters so that all motors are synchronized and aligned together at every instant. The copter
was Autotune through the Ardupilot in which the flight controller self-adjusts the PID gains
during flight and saves them for smooth flight operation. For aerial manipulators, the most
challenging part is severe coupling interference with the UAV. To deal with this issue, all
parts were designed in Solidworks first to ensure that none of them make contact with the
rotor blades of the copter. After this, through simulation and inverse kinematics analysis,
it has been confirmed that each joint works properly without creating interference. Then,
the parts were 3D printed and assembled.

3.3. Design Changes of the Platform
During the study, the platform has gone through several design changes in terms of the
selection of copter type, and manipulator parts, and positioning of each component. In the
first design, we took the base F450 frame of the quadcopter along with all three excavator
parts which are the boom, arm, and bucket. It is the basic version of the quad in which the
manipulator was mounted on top of the drone while other components fixed at the bottom
plate of the platform as shown in Fig. 6. The design failed due to its instability during flight,
as the excavator's operation significantly shifted the platform's center of mass, resulting
unequal weight distributions and its toppling. We conducted multiple experiments, but we
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could not achieve the research objective of performing autonomous excavation in the flight
mode.

Figure 6. The first design of the developed platform.
After several attempts, we changed the quadcopter to the Tarot Ocatacopter which is much
larger than the previous design. The octocopter was equipped with eight Emax Grand
Turbo motors which can be able to lift heavy weight and counter the back toppling force.
The second design change (Fig. 7) resulted in a successful stabilization of the copter during
the excavation process, and it enabled the copter to lift the whole manipulator

Figure 7. The second design of the developed platform.
However, the heavy weight of the second design platform, around 20 kg made it difficult
to control and maintain the same position during the whole excavation process, which led
to continuous deviations from the desired location. Moreover, the sensor mounted on this
platform was unable to detect the target ground to begin excavation due to errors in position
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accuracy. After several crashes from experiments as shown in Fig. 8, we have again
changed the design to resolve the above issues.

Figure 8. Crashed Octocopter.
In the final successful design alteration, we have changed the copter components as well
as the excavator components. The boom was replaced with a bracket, reducing the total
manipulator length from 410 mm to 374 mm, which allows the platform to use only two
actuators for the arm and bucket, and thus helps it balance. In addition, the existing motors
were replaced with higher trust-rated motors to withstand the load and cancel out the
counterforces acting during the autonomous excavation process. In the final design, the
onboard computer, Nvidia Jetson Naano along with the 4S Lipo battery was placed at the
center bottom of the platform that helped lower the center of gravity over the platform.
Furthermore, some modifications were needed to change the length of the legs and place
the components. Specifically, the legs were shortened from 300 mm to 100 mm to prevent
the copter from toppling over, and the sensor was placed on the back platform (Fig. 9) so
that it should be 300 mm away from the excavation soil to meet the minimum depth
distance for correction detection.
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Figure 9. The final design of the developed platform.
However, after changing some parameters such as depth height, width, and fps, we were
able to detect it even at a distance of 0.6 m, and thus the sensor was placed at the front of
the platform closer to its center that can make the system more stable. The assembled final
design platform is shown in Figs. 10 and 11.

Fig. 10 Top view of the final design platform

25

Fig. 11 Isometric view of the final design platform

3.4. Overview of Excavator Drone
SolidWorks is the name of the CAD software that was used in the modeling of the final
design. The computer-aided design (CAD) model of the system contains three degrees of
freedom. The excavation manipulator has motions along x, z, and pitch motions, which
enable its end effector, which is a bucket, to reach the point that is being targeted. It
contains two linear actuators, and with the expansion of those actuators, a circular motion
has been accomplished, which has allowed the bucket tip to be placed at the digging point.
Calculations using forward kinematics, which are described in the following section of this
paper, are being used to determine where the tip of the bucket will be positioned.

3.5. Description of Components
3.5.1. Flight Controller
When it comes to regulating the motor of a model boat or plane, the pilot typically has
complete and precise control over the motor. The amount of throttle utilized is directly
related to the RPM speed gain of the motors. The user may also alter the system's reaction
time using the radio control's settings. The input received by the rudders, ailerons, flaps,
and other aircraft components that modify speed and direction is handled identically [110].
It is difficult for a single person to manage the rotational speeds of three or more motors at
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the same time to maintain the aircraft's stability in the air, so flight controllers are involved
in this situation. There is a wide variety of flight controllers, each of which has a distinct
level of technological sophistication. The controller regulates each motor's number of
revolutions per minute (RPM). The multirotor pilot gives a forward command to the flight
controller, which in turn gives instructions to the motors to proceed in the desired direction
[111]. This is how the multirotor is flown. When it comes to flight, the only necessary thing
is thrust. A quadcopter can perform the same function. It is possible to generate thrust with
relative ease using a motor and propeller combination. This indicates that the quadcopter
can navigate the air without using any sensors. If one desires a reliable flight and is willing
to fly it multiple times, sensors must be installed [112]. On-board sensors measure the
angles of tilt and turn, and flight controllers are tasked with adjusting for these angles by
delivering control signals to the relevant motors.
3.5.2. Pixhawk Controller

Figure 12. Pixhawk Special Interest Group [112]
When it comes to the operation of a drone, it is equipped with a Pixhawk controller, which
controls not only all the drone's activities but also its stability in various load situations.
The Pixhawk controller uses open-source Ardupilot firmware to ensure that its all-equipped
sensors are properly calibrated for smooth flight operation. In Ardupilot mission planner,
the first step is to configure the flight controller in which proper calibration of GPS and
IMU modules is crucial. IMU sensors are responsible for measuring roll, pitch, and yaw
and feeding that information to the GPS module [113]. The GPS module then uses that
information to compute the drone's latitude and longitude in space. In this project an orange
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cube Pixhawk controller has been used within the Cubepilot ecosystem, this is the most
up-to-date and capable version of the Cube Orange autopilot. Cube orange is equipped with
the most advanced sensors including a magnetometer, barometer, GPS, etc. The Pixhawk
Cube Orange has been integrated into the new ADS-B carrier board (ADS-B Carrier
Board). The autopilot of the new unmanned system can obtain information about the
whereabouts of surrounding manned aircraft using the new unmanned system [113].

Figure 13. Cube Orange Pixhawk Controller [113]

Figure 14. Installed Pixhawk Controller
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Fig 15. Pixhawk Cube Orange Specification [114]
It is also compatible with the most up-to-date version of the Ardupilot Mission Planner
which allows for the position, altitude, speed, and identification number of an aircraft,
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along with other data, to be displayed. It provides the option of configuring your cube such
that it will automatically steer clear of any aircraft that is detected within an exclusion zone
that you have specified. The use of a carrier board designed for a particular domain cuts
down on wiring, boosts dependability, and makes the controller's installation much easier.
It is also possible to have a carrier board equipped with the same features as a vehicle used
for racing. A third fixed IMU has been incorporated into Cube's vibration isolation system
to serve as a backup or reference [115]. Through the mission planner platform firmware
can be uploaded to the board according to the usage which means that it can be used for
rovers, planes, or different types of unmanned vehicles.

Figure 16. Ardupilot Firmware installation Window [115]
3.5.3. ArduPilot Mission Planner
Mission Planner is a ground station application for the open-source autopilot project
ArduPilot. It is a ground control station for Plane, Copter, and Rover that can be used as a
configuration utility or as an autonomous vehicle dynamic control supplement. In this study
Ardupilot Mission Planner platform is being used to program the flight controller [116].
For setting up the ardupilot firmware on the Pixhawk a series of steps have been taken
before the initial flight. Using the Mission Planner, conservation drones can be directed to
fly over certain places on a Google map or another map layer (Bing, Yahoo,
OpenStreetMap, Ovimap, etc.). In addition to being able to take off and land by themselves,
drones can be programmed to perform other tasks such as flying in circles while taking
aerial photos or videos, taking off, and landing by themselves. Users can program
additional flying parameters, such as ground/air speed and altitude over each waypoint,
using the system's interface [117]. The unmanned aerial vehicle (UAV) can be pre30

programmed to complete a certain mission before it is sent into flight. Even if the drone is
already in the air, a new mission can still be conceived of and transmitted to it by data
telemetry to complete it. This can provide the drone with real-time instructions for where
to fly by navigating to the next waypoint on the map within the Mission Planner
application.

Figure 17. ArduPilot Mission Planner Interface [117]
In the process of setting up the Pixhawk for the flight, we flashed the firmware and then
have to calibrate the accelerometer, magnetometer, and GPS module. Then for the ESC’s
calibration which is one of the most important steps all the motors have been mounted on
the frame and all electrical connections are properly fixed. Through ESC’s calibration, all
the motors have been synchronized with the amount of PWM signal sent by the controller.
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Figure 18. ESC’s calibration window in the mission planner [117]
3.5.4. Motors used in the platform
In this project, various motors have been analyzed by different brands, and performing
different trials Emax GT 2826 brushless motors have been selected. These motors are more
reliable, and economical and are constructed out of silicon steel, making them lighter, and
the bearings are higher quality, making them more efficient than the standard Blue-Sky
series, which is manufactured out of aluminum [118].

Figure 19. EMAX 2826 Brushless Motor [118]
Because of the innovative design, mounting on either the front or the back is feasible. Either
the included tapered collet adaptor or the accompanying bolt-on prop adaptor can be used
to attach the propeller directly to the motor shaft. The bullet connections on the motor leadout wires already have gold plating and are pre-installed, making them flexible and easy to
handle. The motor that has been used for this prototype is equipped with 4S battery cells
with a high RPM of 13200, which is ideal for drone flight and its stability. Each motor has
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the capability of lifting 3.1Kg of weight by using 10x5 propellers and draws around 47
Amps of current as mentioned in the last row of table 1 below [118].
Table 1: Specification of Motor [118]
No. of Cells

3-5xLi-Poly

Model

GT2826

Stator Dimensions

28x26mm

Cell

4S

Count
Shaft Diameter

Weight

5mm

175g/6.17 oz

RPM/V

1090

RPM

13200

Prop

10x5

(APC)
Recommended Weight

800-3000g

Max

47A

Current
Recommended Prop without 10x5

Thrust

gearbox

3100g
6.83lb

3.5.5. Propellers in Drone
Rotational motion is converted to linear thrust using propellers. Lift is provided by the
drone's propellers, which spin and create airflow, resulting in a pressure difference between
the propeller's top and bottom surfaces. A mass of air provides a lift accelerated in a specific
direction, counteracting the gravitational pull. It is common practice for propellers on
multirotor drones to be placed in pairs and rotate in either the clockwise or anti-clockwise
direction to maintain balance. These propellers may be sped up or slowed down to alter the
drone's yaw, pitch, and roll [119]. An Electronic Speed Controller regulates the voltage
provided to the propeller motor, which alters the speed of the propeller. Electronic Speed
Controllers (ESC) get the right signal from the drone's flight controller, which uses inputs
from either the human pilot's controller or an autopilot, as well as information from an
IMU, GPS, and other sensors. In this project, a pair of 10x45 propellers has been used
because it is recommended by the catalog of the motor vendor which enables the system to
get smooth stable flight during the excavation process. Compared to plastic, carbon fiber
is significantly lighter. According to the information provided in the motor spec sheet, two
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propellers should rotate in a clockwise direction. In contrast, the other two should rotate in
an anticlockwise direction.

Figure 20. Drone Propellers Used in Project [120]

Figure 21. Roll, Pitch, and Yaw direction of the drone according to the thrust provided by
the propellers.
3.5.6. Actuonix Actuator
A gearing option of 1:100 may be used for the actuator, and our platform uses this option.
The length when it is completely extended is 152mm, while the length when it is retracted
is 102mm. It has a powerful lifting capacity of 42 Newtons and only 40 grams. This
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actuator was selected because of its convenient size and high level of command and control.
It has four different modes of operation, the first of which is the 0-5V interface mode. This
mode enables the actuator to be used with just the battery and the potentiometer by itself.
The device's 4-20 mA Interface mode can be utilized to control PLC devices, typically used
in industrial control application settings. The RC-servo interface mode is a CMOS logic
remote-control digital servo interface compatible with servos and receivers. The PulseWidth-Modulation (PWM) mode is ultimately chosen for this application because it
enables signals to be transmitted using only a single digital out pin on any microcontroller
[121].

Figure 22. Actuonix Actuator

Figure 23. Actuonix Actuator Drawing [121]
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Table 2: Actuonix Actuator Specifications [121]
Gearing Option
Peak Power Point
Peak Efficiency Point
Maximum Speed (no load)
Maximum Force (lifted)
Back Drive Force (static)
Stroke Option
Mass
Repeatability
Max Side Load
Closed Length
Potentiometer
Voltage
Maximum Input Voltage
Stall Current
Standby Current
Operating Temperature
Potentiometer Linearity
Max Duty Cycle
Audible Noise
Ingress Protection
Mechanical Backlash
Limit Switches
Maximum Static Force

100:1
31N @ 7mm/s
17N @10mm/s
13mm/s
42N
22N
100mm
56g
± 0.5mm
15N
152mm
11KΩ ± 50%
12V DC
13.5V
246mA
3.3mA
-10°C to +50°C
Less than 2.00 %
20 %
55 DB @ 45cm
IP-54
0.2mm
Max Current Leakage: 8µA
200N
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3.5.7. Master Controller
The master controller for the entirety of the platform is the Nvidia Jetson Nano. It was
necessary to have a lightweight controller that could be attached to the drone, drew less
power from the battery, and provided much more computational capability. Because it can
link to a 3D depth camera and a Pixhawk controller, both of which can communicate via
commands, using a Jetson Nano as an alternative to an Arduino is an excellent option. The
Jetson Nano has a processor with four cores and 4 gigabytes of RAM. For storage, an
additional 128 GB SD card has been used as recommended by the manufacturer.
Table 3: Specification Nvidia Jetson Nano [122]
Nvidia Jetson Nano
CPU

64 -bit Quad-core ARM® A57 @ 1.43
GHz

GPU

128-core NVIDIA Maxwell™
architecture-based GPU @ 921 MHz

Memory

4 GB 64-bit LPDDR4; 25.6
gigabytes/second

Video Encoder

4kp30 |4x (1080p30) | 2x (1080p60)

Video Decoder

4kp60 | (2x) 4kp30 | 8x (1080p30) | 4x
(1080p60)

USB

4x USB 3.0A (Host) | USB 2.0 Micro B
(Device)

Camera

MIPI CSI-2 x 2 (15-position Flex
Connector)

Display

HDMI | DisplayPort

Networking

GB Ethernet (RJ45)

Wireless

M.2 Key-E with PCIex1

Storage

MicroSD card (16GB UHS-1
recommended minimum)

Other I/O

(3x) 12C | (2x) SPI | UART | I2S | GPIOs
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Figure 24. Nvidia Jetson Nano Master Controller [122]
3.5.8. Intel RealSense D415 Depth Camera
In this study an Intel RealSense D415 depth camera has been used which can publish and
transport point cloud data to the central controller for processing; the Intel real sense D415
3D depth camera was utilized for the sensing part. The output of the three-dimensional
depth image may be used to determine the surface area and volume of the terrain. Based
on this data, the actuators can be instructed to conduct the digging operation. Because it
has an inbuilt three-dimensional RGB sensor, it is ideally suited for use in facial
authentication and three-dimensional scanning. This feature requires a high-resolution
rolling shutter sensor, which this camera utilizes to achieve. Smaller objects or more
accurate measurements require this capability [123]. The D415 makes use of rolling shutter
sensors and has a field of vision that is conventional. When taking measurements of small
objects or when a greater degree of precision is required, the increased depth resolution
afforded by this field of view is a beneficial tool. The depth camera with mentioned
features was found to be the best for taking the in-depth data of soil for identification
purposes to execute excavation operations [124].
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Figure 25. Intel RealSense D415

Table 4. D415 Specifications [124]
Depth Camera
Depth Technology

Stereoscopic

Depth FOV

65° x 40°

Minimum Depth

45 cm

Depth Output

Up to 1280 x 720

Distance
Depth Accuracy

Resolution
< 2% @ 2m

Depth Frame rate

Up to 90 fps

1920 x 1080

RGB Sensor FOV

69° x 42°

RGB
RGB Frame
Resolution
RGB Frame Rate

(H x V)
30 fps

RGB Sensor
Resolution

RGB Sensor

Rolling Shutter

Technology
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2MP

3.6. Excavator CAD Model
The main body of the manipulator can be secured in place with the help of the plate and
the two side mounts. The structure was designed to withstand the weight of the back force
and the pressures of excavation. By shifting its center of gravity down, we can make sure
that it will remain upright during any excavation work that may be performed.

Figure 26. Drone Excavator CAD Model
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3.6.1. Parts Development
In the very first stage, every single part of the drone was designed separately in the CAD
tool. Each part that was designed was according to the requirements and measurements that
were considered specifically in designing these parts.

Figure 27. Bracket Designed in CAD Tool

The leg is an essential component of the drone, and the design of the legs depends on the
requirements and objectives of the operation for which the drone was designed. In this
particular research project, a drone has been designed to perform excavation work, and the
body's equilibrium is an essential requirement. To make the landing of the drone more
comfortable and balanced, the CAD model includes cylindrical legs. The drone's
cylindrical legs provide greater stability, balance, and rigidity than other designs. Figure
28 shows the leg of the drone designed in the CAD model.
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Figure 28. Leg Designed in CAD Tool
The arm is a vital component of the drone's body, as it is the component that makes
excavation possible. The arm's design and strength are capable of lifting the weight of the
excavator tool as well as the soil for which the drone was designed. The arm is also essential
because it transports the excavator’s bucket to the designated location based on signals sent
by the Arduino microcontroller board. The arm is shown in Figure 29.
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Figure 29. Arm Designed in CAD Tool
The excavation bucket is the primary tool used in the excavation process, and it has been
designed with special care because it plays the most important role during the experimental
phase, and the success of the excavation process depends solely on the excavation bucket.
The design of the bucket incorporates links on one side to connect it to the arm, and the
bucket's tip aids in digging and lifting the soil in the bucket. Figure 30 shows the CAD
model of the bucket.

Figure 30. Bucket Designed in CAD Tool
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3.7. Physical Structure of Manipulator Part
In this, the excavator end effector has been used for digging. Initially, the manipulator
platform was mounted on the drone's main body and found that the air resistance and
movement of the excavator had imbalanced the drone body. The final physical structure of
the drone, along with all its components that have been developed mechanically, is shown
in Figure 32. All the corresponding components that have been designed, developed, and
discussed in previous sections are assembled to develop a complete structure of an
excavator drone. Each leg, as shown in the figure, has been mounted with the Emax motor
that has been discussed in detail and has the capability of lifting the 3100g of weight.
Propellors have been attached to the shaft of the motor to produce the thrust for lifting the
drone to make it fly from one place to other. Jetson Nano and Arduino boards have also
been placed on the body of the drone to electrically connect all the electrically operated
components like motors and excavating arm. For navigation purposes, a GPS module has
also been placed on the drone to provide the drone with the coordinates for reaching the
dedicated place, and this GPS will also provide the coordinates to the Jetson board for the
excavating operation that will be transmitted through the Arduino board in the form of
PMW signals to the excavating tool. The physical structure of the drone has been shown
in Figure 31.

Figure 31. Physical Structure of Drone
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When we tried to direct our drone to excavate the soil after attaching the manipulator, it
was found that it became unstable and could not be adequately controlled. When the arm
length was lengthened, the two motors in the back could not keep up with the increased
resistance force. To achieve this goal, it was decided to upgrade the flying of the drone and
its balancing, which is a fundamental requirement of any process like excavation.
Considering these facts, the balance of the drone has been improved, and the final version
of the drone body has been integrated with four propellers. It has been decided to position
the excavator close to the legs at the lower end of this platform because it was required to
keep the platform's center of gravity low and decrease the risk that it would topple over.
The previous frame has been replaced with the octocopter frame, which features eight
motors and a 70-amp electronic speed controller (ESC).

a
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3D Depth camera (Sensor)
Arduino Due (Micro
controller

b

Figure 32: Upgraded drone mechanical structure (front)(a) and upgraded drone
mechanical structure (back)(b)

3.8. Navigation System of the Platform
An RTK drone can record its real-time location in space and time and take photos. A drone
with RTK or PPK technology can correct camera locations to within 2 to 3 cm horizontally
and vertically [125]. According to our tests, RTK can achieve the same accuracy as setting
ground control points without these extra preparations. Having fewer ground control sites
reduces field time. RTK accuracy is 1cm, 2ppm horizontally and 2cm, 2ppm vertically
[126]. Real-time kinematic positioning uses surveying to compensate for GPS errors
(GNSS). A single reference station or an interpolated virtual station can provide real-time
corrections. This method is centimeter-accurate. CPGPS stands for carrier-phase
enhancement when used for GPS. Hydrographic surveying, aerial vehicle navigation, and
land surveying are some applications. The distance between a satellite and a satellite
navigation receiver can be determined by timing the signal's journey. The receiver must
align a pseudorandom binary sequence in the signal with one it generates internally to
calculate the delay. Because the satellite signal takes time to reach the receiver, the
sequence is late [127]. The receiver must lag his or her sequence to sync them. RTK uses
the satellite signal's carrier wave as its signal, ignoring the information it contains. RTK
has fixed and mobile parts. Base stations correct rovers' data. RTK improves the excavator
drone's accuracy [128]. The navigation control of the excavator drone prototype is based
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on three components. These three components are GPS, RTK, and Mission planner. The
mission planner has the primary role in the navigation control of the drone, and it provides
the software interface to select the starting and ending mission location from the GPS map
provided on the mission planner interface that has been shown in Figure 33. The location
that has been provided by the user will be converted to the longitude and latitude
coordinates for the GPS module mounted on the drone body, which has been further
improved by using the RTK system.

Figure 33. Mission Planner Interface for Inserting Coordinates
In this study, pinpoint accuracy is of the utmost significance because the platform needs to
be moved to a particular construction site to perform excavation work. With the assistance
of an RTK setup, the level of precision that can be achieved when flying the drone can be
increased up to the centimeter range. The RTK system is configured by first connecting the
base of the system to the mission planner on the user laptop, as demonstrated in Figure 34,
and then establishing a mavlink connection through telemetry with the Pixhawk controller
which gives the GPS data from the drone controller. To achieve high accuracy, the RTK
system first receives satellite signals in the manner depicted in Figure 35 and then fuses
this information with data from the onboard GPS. The Here 3 GPS that was used in this
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study is one of the most cutting-edge models currently available and can arrive at the
destination with a high degree of precision [129].

Figure 34. RTK System Setup

Figure 35. Satellite signals detection using RTK
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Chapter 4. Working Methodology
In the last section, all the physical components that have been used in the project were
discussed in detail. This section will describe the integration and working methodology of
the excavator drone and its control strategy. Also, this section will be based on three parts,
electrical integration, control of the manipulator, and software integration.

4.1. Electrical Integration
A drone consists of several parts that join to make a structure. All the components like
motors, control boards, and actuators need electrical power input to operate and, in this
project, a 4S lipo battery was used along with 2 step-down regulators. While the battery
provides 16.8 volts, the master controller (Nvidia Jetson Nano) requires only 5 volts to
operate and the actuators require a maximum of 12 volts. A step-down transformer was
used with each component to provide the required voltage. The Nvidia Jetson Nano board
with high processing power and memory was used as the master controller and decisionmaker in drone architecture. All the data obtained from various processes and sensors
coming to this board was used to process the data for making decisions accordingly. The
decision-making is based on processing data required to be transmitted to a particular drone
section and adjusting the flight or other physical parameters for smooth operation. For the
flight control of the excavator drone, the Pixhawk controller was used that can handle the
flight operation of the drone effectively. To operate the actuators based on the decision
taken by the master controller, an Arduino board has been utilized with the capabilities of
PWM to transmit the signals to actuators according to the situation that the master
controller judged. The electronic boards were integrated and tested in the first step, as
shown in Figure 36.
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Figure 36. Electrical Integration in Project

4.2. Block Diagram
The block diagram representing the operation of the drone is shown in Figure 37. This
diagram provides an overview of the drone's process, working, and decision-making.

Figure 37. Block Diagram of Excavator Drone Project
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There were two components, GPS and a 3D depth camera from which data was collected.
GPS was to take the drone's positional data and help identify the drone's position with
coordinates while the in-depth camera was used to take the data from ground level and
detect a suitable place for excavating tasks. As depicted in the block diagram, the 3D depth
camera sent data to the master controller via ROS. The data was then processed to form a
point cloud, which was one of the techniques used to capture the environment. Point cloud
data is based on the 3D coordinates, and these coordinates can be used to create the 3D
environment through computation tools. Various decisive actions can be taken from this
point cloud data [130]. Another input data that the master controller have is the flight
control data. The data is processed and executed by the master controller and based on the
logical structure developed through ROS programming, an output got generated. First, the
3D depth camera scans the excavation site through the sensing algorithm and sends it to
the master controller. The controller processes the point cloud data and decides the point
to place the tip of the bucket to start the excavation. It then sends this data to the forward
kinematics portion of the program to determine the length of each of the actuators required
to place the bucket in the correct orientation and start the operation.

4.3. Detection Technique (Sensing Algorithm)
A depth camera D415 camera was used to detect the point cloud data of an excavation soil,
a cropping technique was used to filter out the unnecessary points, and only the points
within the region of interest were sent to the controller for processing. This occurs
whenever the camera scans the excavation site. In this particular filtering method for voxel
grids, the number of points was reduced along the x and z axes. The points that come
between -0.1397 to +0.1397, and points that come between the range +0.16 to +0.2 meters
are only being accepted as shown in the coding Fig. 38. As a result, the only points that
were sent to be processed were those that came from the excavation area. It is also
important to filter out the points because the data from the point cloud is very heavy for the
controller's onboard computer, the Jetson Nano, to process. Since the onboard computer
already has filtered data, it is easier for the controller to process the information more
quickly if the points are filtered out.
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Figure 38. Filtering technique
ROS packages such as Intel real sense depth camera, PCL ros, moveit, and mavros are
some of the most important ones that our program makes use of [131]. To communicate
with the flying controller Pixhawk, Mavros was used, and to communicate with the board,
Arduino ros was utilized. Because it is open-source software and can modify the output to
better suit our requirements. RViz allows us to recognize the terrain using Intel's Real Sense
and the PCL ros package and then submit point cloud data that can be seen using RViz
[132].
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Figure 39. Example Point Cloud of Box
In the sensing part the only data which was in the region of interest was taken and the
remainder of the surroundings was cropped out of the image, and the rviz only displayed
the box profile. Firstly, the point cloud was trimmed, and then the voxels' sizes were used
to compute the point cloud's volume. We can interact with the ROS master and the flight
controller using the Mavros package. This allows us to instruct the drone on which mode
to fly and where to execute the excavation work. Arduino and the mavros package were
used to control the excavation process, with the ability to precisely monitor the excavation's
progress in any given region. Fig. 39 shows the point cloud detection of sand in which the
background is being filtered out through the voxel grid filtering technique. Fig. 40 shows
the data being covered with several voxels having 0.005m cube lengths.
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Figure 40. Processed Point Cloud of a Box
A depth camera, as mentioned previously, has a definite role in sensing the soil. The depth
camera was taken an in-depth image of the ground. After processing through ROS and
RViz visualization, the final image was taken after cropping the unnecessary surrounding
environment. The sensing of soil through the in-depth camera was received on the ROS
nodes; this is shown in Figure 41.

Figure 41. Detected Sand Point Cloud Data
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The RViz tool is the built-in support in the ROS architecture that provides the simulation
opportunity to sense, crop, and process the point cloud taken from the in-depth camera. In
Rviz the fixed frame is the camera link and the profile selected to portray the point cloud
are Flat Squares have a size of 0.01m in length. The topic name is /Filtered_two as shown
in Fig. 42 which publishes the points after cropping it along two axes. The topic
/camera/depth/color/points display all the points in the field of view but as the only region
of interest was to be taken into consideration so /Filtered_two was selected.

Figure 42. Rviz Visualization
The soil data finally was extracted from this algorithm, and then got processed through the
CPP code to provide the coordinates of the soil to the Arduino board. The default parameter
settings of the camera were changed according to the platform requirements just like
“depth_width”, “depth_height” and “depth_fps”. The “depth_width” has been set up to 424
while “depth_height” is set to 240, as shown in Fig. 43. And the frame per second of the
depth image is being changed to “6” as shown in Fig. 44.
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Figure 43. Camera parameter (Depth width, Depth height)

Figure 44. Camera parameter (Depth_fps)
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4.4. Control of End Effector or Excavating Tool through Inverse
Kinematics
One of the significant challenges for excavator drones is to control the excavator part of
the drone and its flight operation. The tool for digging and excavation operations was
controlled through inverse kinematics. Kinematics is a branch of mathematics, physics,
and mechanical engineering that studies the motion of objects in space and time. In this
study, an inverse kinematics approach was applied for the control of the system. The
manipulator was given the control commands based on the data generated through a depth
camera and GPS. This data was transmitted to the master controller. The controller
processed the data and decided according to the surrounding environment, the suitability
for the excavation process, and the ground level depth. This decision was transmitted to
the excavator's arm to get each actuator's length so that the bucket got reached its selected
point for excavation. This inverse kinematics equation will be explained in 4.4.1 along with
the CAD model in Fig. 46, 47, and 48.

Bucket

Bracket
Arm

Figure 45. Excavator Manipulator with Excavator Tool
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4.4.1 Kinematic Equations:
The following equations are inverse kinematics which was used to get each actuator’s
length to place the tip of the bucket at the targeted point.
𝜃 = 𝑞1 + 𝑞2

(4-1)

𝑥 = 𝐿1 𝑐𝑜𝑠 𝑐𝑜𝑠 (𝑞1) + 𝐿2 𝑐𝑜𝑠 𝑐𝑜𝑠 (𝑞1 + 𝑞2)
𝑥 − 𝐿2 𝑐𝑜𝑠 𝑐𝑜𝑠 𝜃
)
𝑞1 = (
𝐿1

(4-2)

𝑆1 = √𝐿42 + 𝐿32 − 2𝐿4𝐿3 𝑐𝑜𝑠 𝑐𝑜𝑠 (𝑞1 − 𝛼)

(4-4)

𝛾 = 180 − 𝛽 + 𝑞2
𝐿7 = √𝐿52 + 𝐿62 − 2𝐿5𝐿6 𝑐𝑜𝑠 𝑐𝑜𝑠 𝛾
−𝐿52 + 𝐿62 + 𝐿72
𝛾2 = (
)
2𝐿6𝐿7

(4-5)
(4-6)

(4-3)

(4-7)

𝐿92 + 𝐿72 − 𝐿82
𝛾3 = (
)
2𝐿9𝐿7

(4-8)

𝛾4 = 180 − 𝛾2 − 𝛾3

(4-9)

𝑆2 = √𝐿102 + 𝐿92 − 2𝐿10𝐿9 𝑐𝑜𝑠 𝑐𝑜𝑠 (𝛾4 − 𝛽2)

(4-10)

where x is the detected point from the camera, 𝜃 is the bucket final angle, 150 degrees, S1
is the stroke length of the arm actuator, and S2 is the stroke length of the bucket actuator.

Figure 46. Arm
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Figure 47. Bucket (Length)

Figure 48. Bucket (Angles)

4.5. Flight Control
Both the radio transmitter and the motor electronic speed controllers (ESCs) were
calibrated by the system through the use of the mission planner platform to ensure that
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there is no lag or disturbances in the way that they communicate with one another. The
flying modes should be configured first, then each channel should be allotted to the drone,
and finally, each channel should be assigned to each a flight mode, channel configuration,
or model setup. In this arrangement, the only thing that can save the drone from crashing
is to activate the failsafe option while it is going through the calibration process. When the
drone flies out of range of the transmitter, it automatically turns around and heads back to
the place from where it takes off.
Using the transmitter, which includes a variety of controllers, we could program the drone
to fly in several different configurations. Because the stabilization mode gives the pilot a
complete command of the aircraft, it can be in that state while it is being launched. As part
of configuring the controller, all electronic speed controllers (ESCs) and motors must be
synchronized to ensure that the correct amount of pulse-width modulation (PWM) signals
are transmitted to the motors via ESCs. Afterward, the autotune flight mode was used to
make any additional necessary adjustments. During this mode, the drone could
automatically play yaw, pitch, and roll moves in sequence to get the correct PID values
according to the current specification of the system.
Additionally, Pixhawk Controller could save new PID settings based on the payload so that
it can retain its stability while in the air. EMAX 2826 motors were employed, and the
electronic speed controller (ESC) was a 40-amp model manufactured by Hobby King. Each
of the motors provides a thrust capacity of approximately 3.1 Kg. According to the manual
that came with the motors, the diameter of the propellers should be ten inches, so 10x45
inches of ABS material propellers were used in the system.

4.6. Software Architecture
Robot Operating System (ROS) became available to the public in 2007 as an open-source
framework for researchers and enthusiasts to use in building whole robotic systems.
Several updates have been made to the operating system since then, including additional
functionality and improved stability [32]. Currently, ROS provides a wide range of helpful
tools and libraries for handling hardware abstraction and low-level device control. Its nodebased network is one of its most important tools, allowing hardware and software to
communicate. RViz, a bundle of simulation and data visualization apps, and a frame
60

manipulation package round out the arsenal [33]. Various ROS plugins can be used with
RViz, making it possible to visualize data.
4.6.1. ROS Communication
In ROS architecture, there are typically several components for its communication to work
as seen in the example in Figure 5. The first one is the rocore which is a collection of prerequisite nodes and programs for a ROS-based system. ROS nodes require a running
roscore for communication. Roscore will start a ROS master, ROS parameter server, and a
rosout logging node. A roscore node is shown in Fig. 49 which acts like a bridge to convey
the information between two other nodes that are talker and listener. A node is a
computation-performing process that is arranged in a graph and communicates using
streaming topics, RPC services, and the Parameter Server. These nodes are intended to
operate on a fine-grained scale, and a typical robot control system will consist of numerous
nodes. For instance, one node controls a laser rangefinder, one node controls the robot's
wheel motors, one node performs localization, one node performs path planning, and so
on. The talker node is a publisher node publishing the data on the topic name /chat. The
listener node is a subscriber node that receives the information that is published on the
topic. Nodes exchange information by publishing messages on topics. A message is a
straightforward data structure with typed fields. Standard primitive types (integer, float,
boolean, etc.) and arrays of primitive types are supported. Messages can contain structures
and arrays with arbitrary nesting levels. In addition to exchanging a request and responding
to a message as part of a ROS service call. Nodes can also do the same work. These
messages are being defined in SRV file formats. Messages are communicated on the topic
names just like the whiteboard in which many publisher nodes can publish the data at once.
It’s upon the subscriber node to select the required data information. Topics are named
buses that nodes use to exchange messages. The publish/subscribe semantics of topics are
anonymous, and nodes do not know with whom they are communicating. A topic may have
multiple publishers and subscribers. The purpose of topics is unidirectional and streaming
communication. Nodes that require remote procedure calls, i.e., receiving a response to a
request, should use services instead of messages.
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Figure 49. ROS Communication Strategy [34]

4.6.2. RViz
RViz is software that can present data in a graphical format. RViz creates within this
application a graphical depiction of the various issues that follow by subscribing to a wide
range of publications [36], [37], [38]. One can examine the many different transformation
frames and range sensor data by using the image that is provided below in Fig. 50. Because
of this, researchers and operators can observe what the robot perceives in both the
simulated environment and the real world at the same time [39], [40].
Advantages of RViz
● RViz is useful for troubleshooting visual processing problems. There is a checkbox
to the right of each item in the left-hand list.
● RViz allows users to see data in a 3D environment using just a mouse. The initial
control layout used had elements of Microsoft's Robotics Studio or Counter-Strike
in it. However, for navigation, it is convenient [40].
● RViz's best feature is its interactive marker which makes selecting a specific region
in 3D very easy [40]. As a result, one may instruct your vision system to ignore
some areas while it is in use and focus on others as needed.
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● Many vision processes can share a single RViz to provide vision data. If one wants
to share a point cloud or shape with the world, all you have to do is publish it using
the ROS publishing system [40].

Figure 50. RViz Working Environment

In this study, ROS melodic was used as Nvidia Jetson Nano is compatible with the melodic
version only. ROS master and slave connections were established in which the laptop was
the Master running the roscore and the on-board computer was the slave which was
mounted on the Drone. The whole ROS architecture worked in a way that all the camera
nodes were opened first and /camera/depth/color/points topic was used for this study. For
the cropping of the point cloud, /Filtered_two topic was used to get the points which were
selected for the excavation. /xz_camera is the topic name that was being used for sending
the detected points to the main controller for processing. Finally, the kinematics node
opened to perform the overall excavation process. All of the information is shown through
the rqt graph in Figs. 51 and 52.
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Figure 51. Rqt_graph
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Figure 52. Rqt_graph
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4.7. Major Components of the Platform

Figure 53. Platforms major components
Three main major themes of this study include ‘design’, ‘control’, and ‘sensing’. In the
platform design, the most important aspect is to select the proper frame size for a drone by
considering the manipulator’s mounting position, which prevents it from toppling during
flight operation and ensures successful operation. The next design consideration is the
selection of appropriate motors to maintain an optimal thrust-to-weight during the flight
operation. The battery is the primary power source for the overall platform, so a suitable
amount of battery weight and power ratings should be considered to maximize flight time
while minimizing platform weight. Next, the leg size of the platform should be small to
reduce the moment arm and prevent it from toppling during the lift, and all four legs should
be mounted on the corners to ensure balance during the lift. Multiple changes have been
made to the sensor's position to detect the ground surface prior to excavation. As
recommended by the manufacturer, it was initially installed on the back but after adjusting
camera parameters such as depth width, height, and fps, the detection was possible in the
range of 0.6 m and thus, the camera was mounted at the front of the platform. The
interference of manipulator components with the rotors of the drone was cross-checked
through the CAD model and simulations to avoid it during flight operation.
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For the control part, we have achieved the centimeter level positional accuracy by using
the GPS data along with Real Time Kinematics (RTK) base. All the ESCs were first tuned
manually, and then done through the Ardupilot platform to have robust control on the
platform during the flight. Magnetometers, barometers, gyroscope and accelerometer were
calibrated in an isolated environment to reduce the noise error in-flight data. For excavator
control, Autonix actuators were used with a built-in PID controller which facilitates the
control for the bucket tip’s position based on inverse kinematics.
For the sensing part, an algorithm has been developed to detect the ground profile for
autonomous excavation. Using the developed algorithm, a 3D point cloud map of the
environment is created, and the voxel grid filtering method is applied to reduce the number
of points so that limited computation power can be efficiently utilized. In addition, only
the point clouds within the region of interest have been selected by cropping out those that
represent the outside environment.
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Chapter 5. Experiments and Results
In this section of the thesis, the experiments will be discussed that have been done with the
final prototype of the excavator drone. The project's purpose was to develop a drone for
construction work and must have the capability of excavation operation. Several drones are
in operation in the construction industry for different tasks, but there was very little work
found on excavator drones in the published literature. The finally selected design went
through various challenging stages of development, the prototype of the excavator drone
was developed, and it was tested. The experimentation justified the effectiveness of the
excavating process of the drone. The test and experimentation of the drone show that the
purpose of the research project that has been mentioned at the very start of the thesis has
been achieved efficiently, and the prototype of the excavator drone worked according to
the expected specifications, measurements, and limitations. The final version of the
excavator drone that was tested and developed is shown in Figure 54.

Figure 54. Prototype of Excavator Drone

5.1. Testing Scenario – 1
In the first case, the drone was tested for flying autonomously from its home position to
another by giving it the coordinates through the mission planner. Here the main task for
the drone was to fly from one place and land at the coordinates marked on the mission
planning interface. After landing, the drone must detect the soil for excavation and then
pick it into a bucket to dump it at some place and return to its position.
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Figure 55. Drone taking off from initial location (a), drone approaching the targeted
landmark (b), drone doing excavation autonomously (c), drone dumping the excavated
soil as per instructions (d) and the drone landed back after the excavation operation (e).

At first, the drone took the lift from the initial position Fig. 55 (a) to approach the targeted
location that was set at some distance from the initial location through the mission planner
Fig. 55 (b). After landing, the soil was detected autonomously and excavated by the drone,
as shown in Fig. 55 (c). After the excavation operation, the drone lifted back from the
location to dump the soil it had taken in the bucket Fig. 55 (d). The mission of the excavator
drone was completed with the landing of the prototype at the decided position after
dumping. Fig. 55 (e) shows its safe landing after completing the excavation task.

69

Figure 56. Navigation trajectory for Scenario 1

The graph in Fig. 56 explains the whole flight of Scenario 1 in which the blue line
represents the desired path to be followed and the red line represents the actual trajectory
followed by the drone flight. The green one represents the path to be followed after taking
the soil and the black one is the actual path followed by the drone for the dumping of soil
and coming to its location. The developed platform has accomplished autonomous
excavation by managing positional accuracy and stability in the given scenario. The
platform's position is determined with centimeter-level precision using the RTK system
and GPS. The target landing point and actual landing point for excavation during the
experiment are (0.000, 3.000) m and (0.004, 2.992) m, respectively. Throughout the flight
to reach this destination, the RMSE value between the desired trajectory (blue line in Fig.
6) and the actual flight path (red line) is 0.00894 m. The platform then completed the
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airborne dumping process and landed at the final destination, whose desired and landed
points are (1.500, 2.992) m and (1.492, 2.995) m. The RMSE value between the desired
path (green line) and the actual path (black line) to the destination is 0.00854 m. The
maximum allowable lean angle for the loiter mode in which the excavation was conducted
is 30 degrees for stability, and the average lean angle of our helicopter throughout the entire
experiment was 20 degrees. Consequently, throughout the operation, a stable flight was
maintained.

5.2. Testing Scenario – 2
In this scenario, the drone was tested for its excavation process during the flight or in the
air. This experiment involved multiple factors, including height, stability, wind pressure,
etc. In this test, the sand was kept at some height, and the drone was given the mission to
reach the dedicated location and do excavating without landing at some area. The
experimental setup is shown in Figure 56 (a to d).

Figure 57 Drone taking off from initial location (a), drone approaching the targeted
landmark (b), drone doing excavation autonomously (c) and drone landed back to the
ground (d)
The drone took its flight to reach the top of the box, and it had to excavate the sand without
landing Fig. 57 (a). In this scenario, there were found some stability challenges. The drone
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successfully achieved its navigation goals through RTK and GPS, given to it as a mission,
and it touched the landmark set for excavation Fig. 57 (b). Still, the stability challenges
restrained it from performing the excavation operation with complete balance. It is evident
from Fig. 57 (c) that the drone achieved its goal of reaching the dedicated landmark and
then got landed safely Fig. 57 (d).

Figure 58. Navigation trajectory of Scenario 2
The graph of Scenario 2 in Figure 58 shows that the altitude of the soil placed is around
0.75 m for which the drone flew autonomously to that location and then tried to perform
the excavation task. The blue line represents the desired path while the red line shows the
actual trajectory followed by the drone flight.

5.3. Lessons learned in Testing Scenario – 2
Scenario 2 experiments led to the following learning outcomes.
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• The first trial failed due to instability issues caused by changing the center of mass
during the flight operation. To solve this issue, the drone size was increased, and the
manipulator was placed at the bottom of the platform which contributed to lowering the
center of mass of the overall system. However, the heavy weight resulting from the size
increase degraded the positioning accuracy, so it was difficult to locate the drone at an
exact location.
• Positional accuracy was enhanced by installing the RTK system, which uses the Global
Navigation Satellite System (GNSS) to remove errors in position and send corrected
data to the platform's GPS.
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Chapter 6. Conclusion and Recommendations
6.1. Conclusion
Drone technology has revolutionized life and solved the challenge of gaining access to
hazardous or inaccessible regions for humans. Multiple fields have utilized drones for
surveillance, transportation, and monitoring. Construction is one of the largest industries
that contribute to the economy of any nation. Drones are utilized in this industry for a
variety of purposes but still excavation which is one of the most important operations has
not seen significant in terms of excavator drones. According to the objectives of the study,
a prototype was developed and the implementation of drone technology in the excavation
process was accomplished. During various stages of development, the design was subjected
to testing. By utilizing four motors for the drone's flight operation, the drone's body was
subsequently balanced. The operation of the entire drone project was depicted in a block
diagram that helped to clarify the direction of data flow and the integration of the drone's
various components. Inverse kinematics was utilized in the design of the excavator
manipulator and the placement of the end effector, which is the excavator digging tool. It
has an onboard computer that runs the purpose-built sensing algorithm to detect the area
for the operation. The algorithm used a 3D depth camera to make a 3D point cloud map for
getting information about the environment after that filtering technique had been applied
to filter out the area for the excavation. The data was processed under ROS architecture
and then signals the actuators to place the excavation tool at the required location to begin
excavation during flight.
The drone was evaluated in two scenarios to demonstrate its competence, precision, and
utility in achieving the research objectives. First, the flight operation of the drone was
tested, and the balanced flight was validated because the flight is the primary operation of
any drone. Pixhawk Flight Controller was used for drone flight and mapping control
processes, and the Mission Planner Software was utilized. One feature that has been
prominent in the drone is that in any case, if it loses contact with its flight controller, it will
return to its initial position, which has provided it with a competitive benefit.
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The drone was tested first at the ground level, and the excavation process was experimented
with by placing the box of sand at the ground level, where the balancing of the drone had
no prominent role. In the other scenario, a more challenging task was given to the excavator
drone just according to the objectives of the project. In this case, the sand was placed above
the ground, and the drone had to justify multiple operations. First, it flew to its desired
location, keeping itself balanced while reaching the landing zone, and then detected the
sand level to do excavation operation. It has been mentioned and justified in the results that
the excavator arm detected the level of sand and made it reach the level. With the
experimentation results, the objectives of the research have been achieved, and the purpose
of the study has been fulfilled by designing, developing, and testing the excavator drone.

6.2. Contribution
In the past various aspects of drone technology have been targeted from surveillance to the
security and the delivery of items but literature there have been found a gap regarding the
use of drone technology for excavating purposes. In this prototype, autonomous excavation
has been achieved which is a novel contribution to the research field of drone technology.
Autonomous Navigation is an essential part of this study that makes it possible to fly from
one place to the other without human interaction. This is the first trial in making the drone
excavator platform which is fully autonomous in which the main challenge is to have a
stable flight operation during the excavation process. A sensing algorithm has also been
developed to detect the soil information at the construction site and according to the
scanned area, the tip of the bucket is being placed to start the operation. Each component
has been designed in such a way that none should have interference during the whole
process and the whole system should work fully autonomously including the flight and
excavation operations.

6.3. Limitations of Project
Achieving the excavation operation autonomously without landing and hovering in the air
was the biggest challenge due to the stability issues. Multiple factors were needed to
resolve this challenge to achieve the excavation by hovering in the air. The main important
one is to solve the stability issue when the drone tries to dig the soil in the air. During the
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digging operation, there was a reaction force that makes the system unstable, and
sometimes it got crashed. Sensor placement is also a limitation of this project as the drone
always has a few millimeters of disturbance from its exact location so the sensor has also
a very much noise in its data and sometimes it won’t able to detect properly.

6.4. Recommendations for Future Work
Balancing the drone during excavation while hovering in the air is a challenge. It is
recommended that the excavator drone be further improved by working on its balance,
which is the biggest challenge in the accuracy of the excavation process. A six-axis Gyro
Stabilization technique can be incorporated to have a better stabilization result as it is a
combination of a 3D Gyro and 3D accelerometer making a six-axis gyro system that can
precisely measure the static and dynamic acceleration and make the flight operation more
stable. Installation of 1D Lidar at the base of the copter help to have a precise hovering
height as the lidar sensor data can be fused with a barometer of the flight controller and by
combining both data sets a high precision of height accuracy can be achieved. By training
the datasets in various weather circumstances, such as windy, dusty and foggy conditions.
Machine learning algorithms can also be used to improve the drone’s hovering over the
excavation target in airborne. The sensing algorithm can also become more reliable by
introducing some artificial intelligence techniques to scan the area of excavation.
Techniques like neural networks can be trained on different textures of the soil and
installing additional sensors like 3D Lidar make the mapping results more acceptable. The
sensor fusion technique can also be used in which a combination of data sets from different
sensors is used to create the map of the environment. To make the results more refined all
the suggested methods can be tested in different weather environments and different types
of soil grains so that they can perform correctly in all conditions. Also, the parts of the
excavator can be made with more reliable material than PLA so that its structure would be
more durable.
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