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Abstract

The recent integration of Unmanned Ground Vehicles (UGVs) into human activities repre-
sents a significant scientific advancement and technological development, with substantial
impacts across various fields, not limited to mechanical engineering, including agricul-
ture, defense, and civil construction. Therefore, this study aims to provide a practical
methodological framework, developed through a historical and systematic literature re-
view, to emphasize the general criteria and the main interactions that an engineer should
consider in the initial design phase of a UGV, thereby subsequently proceeding with its
computer-aided modeling and simulation. To this end, a systematic literature review is
conducted to identify current research interests in this field and pinpoint potential research
gaps. Following the systematic literature review presented in this study, the focus of the
present investigation shifts to classifying UGVs by analyzing their characteristics based
on specific criteria, including weight, type of steering system, and wheel and track config-
urations. Additionally, the differences between wheels and tracks are further examined
by comparing these two solutions and highlighting their advantages and limitations. This
review paper also addresses power systems, hardware components, and navigation chal-
lenges. Subsequently, the primary sectors and applications where these vehicles are widely
utilized are thoroughly analyzed. Finally, a specific section of the manuscript is dedicated
to illustrating the preliminary mechanical design of a typical unmanned ground vehicle,
thereby highlighting its functional requirements and selecting the most suitable locomotion
system. For this purpose, preliminary evaluations and simple calculations are introduced to
determine the motor performance required for the proposed design example. In conclusion,
the literature survey on UGVs presented in this paper, rooted in the common perspective
of kinematic and dynamic analysis of multibody mechanical systems, clearly highlights the
importance of this topic in modern engineering applications.

Keywords: theoretical and applied mechanics; mechanics of machines; autonomous
unmanned ground vehicles; locomotion mechanisms; powertrain and gearbox design;
navigation and path planning

Machines 2025, 13, 1071 https://doi.org/10.3390/machines13121071

https://doi.org/10.3390/machines13121071
https://doi.org/10.3390/machines13121071
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/machines
https://www.mdpi.com
https://orcid.org/0000-0003-4934-5678
https://orcid.org/0000-0003-2574-5036
https://orcid.org/0000-0003-3763-7104
https://orcid.org/0000-0002-2870-9199
https://doi.org/10.3390/machines13121071
https://www.mdpi.com/article/10.3390/machines13121071?type=check_update&version=2


Machines 2025, 13, 1071 2 of 50

1. Introduction
1.1. General Background and Main Motivations

The Integration of Computer-Aided Design and Analysis (I-CAD-A) marks a signifi-
cant advancement in engineering workflows, allowing professionals to switch seamlessly
between design and simulation phases [1,2]. By connecting three-dimensional (3D) drawing
and analysis tools, mechanical engineers can enhance their models while simultaneously
assessing critical performance aspects such as stress distribution, thermal behavior, and
fluid dynamics. This integration streamlines the development process by minimizing
redundant tasks, improving data consistency, and speeding up simulations. Artificial
Intelligence (AI)-driven automation is crucial in I-CAD-A, enabling iterative design opti-
mization without requiring manual intervention [3,4]. Furthermore, the ability to analyze
multiple interacting physical phenomena, including structural integrity, thermal perfor-
mance, and electromagnetic interactions, ensures a comprehensive understanding of the
behavior of a given product. Industries such as aerospace, automotive, biomedical en-
gineering, civil engineering, and manufacturing greatly benefit from I-CAD-A [5,6]. For
instance, in aerospace and automotive applications, it facilitates aerodynamic and structural
evaluations. In biomedical engineering, on the other hand, it aids in the development
of prosthetic designs and medical devices. Civil engineers use it to assess the stability
of buildings and bridges, while manufacturers optimize tooling and mold design using
its capabilities.

This paper primarily aims to review the current literature on Unmanned Ground
Vehicles (UGVs), providing an overview of existing technologies in this field. In other
words, this survey can be seen as a preliminary step in researching and developing new
UGV platforms [7,8]. Creating a new machine through Computer-Aided Design (CAD)
and Engineering (CAE) tools requires several critical steps, including virtual prototyping
and dynamic modeling of the mechanical system in question. Before manufacturing and
utilizing a new automated system, it is crucial to evaluate its performance in detail using
advanced virtual models developed with modern design tools. This process is particularly
relevant to UGVs, where advanced simulations based on Multibody System Dynamics
(MSD) and Finite Element Analysis (FEA) are essential for their operation. These tools
enable the integration of computer-aided design and analysis, facilitating performance
optimization and risk reduction associated with critical system failures.

Crewless vehicles are self-propelled mobile devices that can operate without a driver
inside, whether in aerial, terrestrial, or aquatic environments [9–11]. In particular, UGVs
have been increasingly developed as an important subgroup in recent years. These ve-
hicles are specifically designed to function in terrestrial environments without a human
onboard and can be categorized into different types based on their control modes. Fol-
lowing Sheridan’s classification, control actions can be divided into three modes: manual
control, supervisory control, and fully automatic control [12]. Furthermore, manual and
supervisory modes can be subdivided according to the degree of computer involvement
in the control cycle. In this study, when discussing autonomous unmanned ground vehi-
cles, those operated in fully automatic mode will be primarily referred to as unmanned
ground vehicles [13]. Initially, UGVs were adopted in locations inaccessible to humans or
employed to carry out operations in hazardous areas. Nowadays, their use has expanded
to other fields to meet various needs [14], such as precision agriculture [15–18], inspection
and maintenance of industrial plants [19], military [20,21] and medical sectors [22], and
construction [23], among others.
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1.2. Definition of the Fundamental Problems of Interest for This Investigation

The content and scope of this subsection revolve around the use of the Integration
of Computer-Aided Design and Analysis (I-CAD-A) for facilitating the development of
Unmanned Ground Vehicles (UGVs) [24,25]. Below is an overview of this complex problem,
which encompasses all the main facets of engineering mechanics.

Product design has always been a lengthy and complex process, often involving
multiple stakeholders, each with specific tasks. Typically, during product engineering,
there is collaboration and information exchange between designers and analysts. The
analyst’s work aims to validate the correctness and efficiency of the designer’s work and
to provide them with guidelines for reworking the design. In past years, experimental
tests were used for design verification, and rework was carried out by making expensive
prototypes. The I-CAD-A approach is widely used in the development of new mechanical
systems. For instance, Shabana et al. [24] successfully integrated CAD-FEM-MBD for
vehicle applications. Zhou et al., on the other hand, addressed parametric modeling in
their article, which helps optimize the design workflow [26]. These approaches can help
simplify the development of a new UGV model. Today, however, efforts are being made to
minimize the costs and time associated with the experimental phase, instead focusing on
performing increasingly complex computational analyses. As the complexity and variety of
analyses required at the design stage (structural, fluid dynamic, acoustic, electromagnetic,
thermal, kinematic, and dynamic analyses) grow, so does the complexity of the systems
being designed. For instance, an automobile consists of about 3000 components, a warplane
of more than 30,000 components, a Boeing 777 of more than 100,000 components, and
a modern nuclear submarine of more than a million components [27]. It is understood,
then, that to minimize time and cost and optimize each part, it is critical to have efficient
communication between designers and analysts.

In years past, in the absence of the powerful calculators of today, designers would
draw on paper. Today, designers employ CAD software that utilizes NURBS (Non-Uniform
Rational B-splines). NURBS allow for smooth and elegant curves and surfaces, ensuring
optimal representation of parts. Analysts, on the other hand, are forced to transform
these elegant but computationally nonfunctional representations into finite elements to
perform FEM (Finite Element Method) analyses [2]. Finite element analysis and CAD
are billion-dollar industries, but do not interact with each other. In 1999, the National
Institute of Standards and Technology found that the absence of integration between CAD
modeling and analysis costs the U.S. automotive industry more than 600 million dollars
annually [28,29]. It has been estimated that 60% of the total time required to perform
the analysis is spent transforming the CAD model into a model that can be used for FEA
analyses [27]. This transformation involves simplifying the entire CAD model to eliminate
all unnecessary parts and identifying and correcting any geometric issues. The simplified
model must, then, be transferred appropriately to the analysis software, within which all
connections between the various parts must be defined. The ’pre-processing’ phase repre-
sents the real bottleneck of the whole chain, but it is essential to limit, as much as possible,
the calculation time. Automating these steps would lead to significant time savings. In
this way, more analysis can be performed, and we can move toward creating increasingly
complex and secure products. Another 20% of the total analysis time is spent on mesh
generation and the subsequent manipulation and refinement phase. This step is critical
because the size of the elements must be chosen appropriately. In particular, the choice
must be such that it does not make the model too computationally onerous. At the same
time, it is essential to ensure that the results do not deviate significantly from reality for a
proper finite element model. Finally, the remaining 20% of the total time is used for the
fundamental analysis, which includes defining the boundary and loading conditions and
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solving the mathematical model. The ratio of preparation time to analysis run time (4:1)
is a widespread industrial issue. There is a strong desire to reverse this trend, but despite
considerable efforts, little progress has been made.

The main issue is the lack of integration between CAD and FEA, which is being re-
solved through the implementation of I-CAD-A environments [1]. Due to these difficulties,
new components are often less well-designed. To bridge the gaps between engineering
design and analysis, it is necessary to reconstruct the entire process while maintaining
compatibility with existing techniques. A key step is to focus on a geometric model that can
be used directly as an analysis model. This will require an evolution of the finite element
method, utilizing the same mathematical model for both the geometric representation of
bodies and their analysis. This will help resolve the issue related to the existing discrepancy
between the geometric model and the model used for analysis. This difference often makes
simulations difficult and inefficient, especially when the design parameters and associated
geometry have to be repeatedly changed and updated [30]. In particular, durability anal-
ysis of a dynamic mechanical system and virtual design involves three basic steps. The
first stage consists of the development of CAD solid models for the system components
using computational geometry, such as B-splines and Non-Uniform Rational B-Splines
(NURBS) [31]. The second phase involves using the solid models to develop the mesh for
FEA analysis. The third phase consists of utilizing the mesh data in the simulation of an
assembled Multi-Body System (MBS) to determine stresses, thereby enhancing durability
and strength investigations of components. Analysis in the third stage is performed using
flexible MBS computer programs that automatically construct and numerically solve the
nonlinear Differential-Algebraic Equations (DAEs) of the system. These three phases are
integral to the design and virtual prototyping process adopted by the industry.

In effect, I-CAD-A plays a crucial role in developing UGVs, enabling engineers to
streamline the design process while ensuring optimal performance and reliability [32,33].
By merging advanced CAD modeling with simulation-driven analysis, designers can
develop highly efficient UGVs tailored for various applications, including military recon-
naissance, disaster response, and autonomous logistics. One of the primary advantages of
I-CAD-A in UGV development is the capacity to perform real-time structural and dynamic
analysis [34,35]. In particular, mechanical engineers can model the chassis, suspension,
and drivetrain of a given vehicle using CAD tools, then seamlessly transition to Finite
Element Analysis (FEA) and Multibody Dynamic Simulations (MDS) to assess mechanical
stress, vibration resistance, and terrain adaptability [36–38]. This integration ensures that
the UGV can withstand harsh environmental conditions while maintaining stability and
maneuverability. Additionally, I-CAD-A facilitates the optimization of propulsion and
control systems of UGVs [39,40]. By utilizing Computational Fluid Dynamics (CFD) and
thermal analysis, designers can refine cooling mechanisms for onboard electronics and
enhance aerodynamics to lower energy consumption.

Integrating kinematic modeling and trajectory simulations facilitates the develop-
ment of precise control algorithms suitable for UGVs, ensuring smooth navigation and
obstacle avoidance in complex terrains. The application of I-CAD-A also extends to ma-
terial selection and manufacturing processes. Engineers can simulate different material
compositions to enhance durability while minimizing weight, resulting in improved fuel
efficiency and extended operational longevity. Additive manufacturing techniques, such as
3D printing, benefit from CAD-driven design iterations, facilitating rapid prototyping and
cost-effective production of UGV components. Moreover, the integration of sensor fusion
and autonomous navigation algorithms within the I-CAD-A framework enhances the intel-
ligence of UGVs. Engineers can simulate real-world scenarios to test sensor accuracy, data
processing efficiency, and machine learning-based decision-making. This approach enables
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UGVs to operate autonomously with high precision, adapting to dynamic environments
without requiring human intervention. Overall, the application of I-CAD-A in UGV design
and analysis significantly accelerates development cycles, reduces costs, and enhances
vehicle performance. By leveraging advanced simulation and optimization techniques,
engineers can design robust, efficient, and intelligent UGVs that are capable of performing
complex tasks in diverse operational settings.

1.3. Scope, Methodology, and Contributions of This Work

This work employs systematic literature review tools to conduct a comprehensive
and impartial examination of the theoretical advances, practical developments, and con-
temporary challenges faced in the computer-aided design, modeling, and simulation of
autonomous unmanned ground vehicles. A description of the scope and contributions of
this investigation, along with a summary of the methodology used throughout this study,
is presented herein.

Systematic literature review tools are crucial for developing review papers on specific
engineering topics, as they enforce a rigorous, transparent, and replicable methodology
that reduces researcher bias and enhances objectivity. These tools streamline the identifi-
cation and extraction of relevant literature from various databases by using standardized
search protocols, ensuring that every study meeting the predetermined inclusion criteria is
included in the review process. By automating data retrieval and screening, researchers
can effectively manage large volumes of information, significantly reducing the time and
effort typically required for manual reviews. This computational support not only accel-
erates the literature aggregation process but also enhances the comprehensiveness of the
evaluation, as systematic tools are less likely to overlook critical studies that traditional
methods might miss.

The structured approach inherent in systematic literature review tools facilitates the in-
tegration of quantitative techniques, such as meta-analysis, enabling researchers to uncover
nuanced trends and statistical correlations among studies that may be obscured when using
conventional review methods. The comprehensive documentation of search strategies and
selection criteria enhances reproducibility, making future updates or validations of the
review simple and reliable. In addition to these advantages, systematic literature review
tools offer opportunities to incorporate advanced analytical techniques, such as machine
learning and natural language processing, thereby enhancing data synthesis and high-
lighting emerging themes within the literature. This added capability not only enhances
the analytical depth of the review but also situates the research within a contemporary
framework that responds to the fast pace of innovation in engineering disciplines.

Today, the interest in unmanned ground vehicles is increasing. Figure 1 shows the
variation of Google search interest for the keyword ”unmanned ground vehicle” in the last
five years. As can be seen, public interest in the unmanned ground vehicle concept has
increased significantly in recent years.

It should be noted that this interest is also valid in the field of academic and industrial
research. To the best of the author’s knowledge, the methodological approach discussed
before, which integrates both a theoretical review and practical experimentation, has not
been previously used to analyze the works done in the scientific community and develop
an autonomous UGV.

One of the novel aspects of this study is that it reviews studies on unmanned ground
vehicles using a combination of historical narrative and systematic literature review meth-
ods. In this context, the historical development process of these vehicles up to 2005 was
examined using the traditional narrative method. The process from 2005 to the end of 2024
was reviewed through scientific metrics using the systematic literature review method. By
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doing so, a scientific, and objective examination of studies on unmanned ground vehicles,
engineering systems that are unique combinations of mechanics, electronics, software,
control engineering, and AI, each of which has become a research in its own right in today’s
engineering, could be made. Thus, given the abundance of related literature, a scientific
review is necessary to synthesize the content by evaluating, classifying, and systematizing
existing research. For this purpose, identifying trends and patterns enables readers to find
the most relevant and valuable information on the present topic, which is the primary
objective of this research work.
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Figure 1. Google search interest over year for the keyword ”unmanned ground vehicle”.

1.4. Organization of the Manuscript

The organization of the content of this manuscript follows a logical and well-defined
structure, designed to guide the reader through a concise and clear path. Apart from
Section 1, this work is structured as follows. The timeline of technological development
for Unmanned Ground Vehicles (UGVs) is described in Section 2. Section 3 outlines
the methodology adopted for the systematic literature review process, the subsequent
bibliometric analysis performed in the paper, and the results obtained from the papers
selected for the present study. Section 4, on the other hand, describes and differentiates
UGVs according to various aspects, including locomotion systems, power supply, hardware
systems, and navigation and control systems. Additionally, the main application fields in
which these UGVs are used are depicted in Section 5. In Section 6, in this vein, the problem
of choosing the type of UGV to be used in terms of locomotion system is addressed,
followed by the choice of engine power, as this section can be instrumental at both the
design stage and during the purchasing stage. Section 7 concludes with a summary of the
work done and possible future developments.

2. Historical Perspective
In this section, a historical perspective on the evolution of Unmanned Ground Vehicles

(UGVs) over the years is provided for the sake of clarity and the reader’s benefit, utilizing
a narrative approach in the literature survey.

The development and use of UGVs began in the late 19th and early 20th centuries. One
of the earliest records of autonomous unmanned ground vehicles dates back to 1912, that
is, Hammond and Miessner’s ”Electric Dog” [41], which is a tricycle capable of following a
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light source, as shown in Figure 2. The UGV mentioned before was designed in 1912, but
the article shown in Figure 2 was written in 1919.

Figure 2. Electric Dog [42].

The first comprehensive adopter of these vehicles was the military industry. Heverett
documented the use of these systems during the two world wars in his book “Unmanned
Systems of World Wars I and II” [43]. At the time, the attention of various governments
was drawn to the development of these systems due to their potential applications. In
particular, these vehicles were used to carry explosive charges, which were then detonated
upon reaching the target. For example, the French Army developed the Aubriot-Gabet
Torpille Electrique, an electric vehicle controlled by acting on the track clutch, in 1916 [44].
In 1918, Elmer Wickersham developed the Wickersham Land Torpedo [45]. In 1940, Ger-
many focused on further developing these systems for military purposes. The purpose
was to design a vehicle for detonating explosive charges in the enemy camp. The vehicle
developed was named Goliath [46] and was controlled by a joystick connected to the
vehicle via three cables: two for movement control and one for triggering the device. In the
same years, the Soviet Union also developed tanks controlled at distances between 500 and
1500 m [47].

Starting from the 1950s, UGVs began to find applications outside the military. The
agricultural field was one of the first to develop in this respect. In particular, remote control
systems for operating a tractor were developed. Two significant milestones were achieved
between 1955 and 1958 in England [48]. In 1955, a hydraulically operated tractor was
controlled remotely via radio. There was also a safety device on that system consisting of
a spring-loaded mechanism that cut off the fuel in the event of a malfunction. In 1957, a
British farmer extended this approach by using a transmitter to control a second identical
radio-controlled tractor. This tractor, equipped with a receiver and a relay-controlled hy-
draulic system, replicated the operations of the first, allowing a single operator to operate
both vehicles simultaneously. In 1958, another prototype was designed to track an electric
pilot wire placed on the ground automatically. Two coils detected the signal, activating a
hydraulic system that acted on the steering wheel to keep the tractor aligned with the cable.

Apart from advancements in agricultural fields, unmanned ground vehicles have
become the subject of study in numerous university laboratories and are used in various
application areas [49–51]. The Shakey, developed in 1960, was one of the first autonomous
vehicles presented in the scientific literature [52–54]. Moreover, it was the first robot to
demonstrate good autonomous handling and manipulation capabilities. In 1969, Nilsson
published an article entitled ”A Mobius Automation: An Application of Artificial Intelli-
gence Techniques” which describes the application of artificial intelligence techniques for



Machines 2025, 13, 1071 8 of 50

developing mobile robotic systems [55]. The purpose was to create programs for process-
ing sensor data and planning the implementation actions necessary to move the UGV. In
1970, the Wheelbarrow was developed for use in explosive ordnance disposal operations
and was adopted by the British Army [56]. Yerazunis published a paper that discusses
the problem of controlling a UGV in 1978 [57,58]. The purpose was to develop a vehicle
intended for space exploration that could select the most direct route and conserve energy.
In the early 1980s, the topic of mobile robots was explored in a new DARPA Autonomous
Land Vehicle (ALV) project. The project aimed to develop autonomous land vehicles ca-
pable of moving in complex environments. Great emphasis was placed on technological
development to improve the performance of UGVs [59–61]. Between 1990 and 2000, sev-
eral prototypes emerged for applications in different agricultural areas [62–64], logistics,
and transportation.

In the 2000s, the iRobot company developed a robot named PackBot, shown in Figure 3.
In 2001, it was used to search through rubble at the World Trade Center. Also, in the 2000s,
Foster-Miller developed a UGV (TALON) designed primarily for explosive ordnance clear-
ance. Until 2004, more than three thousand units were deployed worldwide, participating
in more than twenty thousand missions, including entering trapped caves, searching for
improvised explosive devices (IEDs), and reconnaissance in combat zones [65].

Figure 3. Packbot510 [66].

It is observed that there has been a significant increase in UGVs since 2000. In par-
ticular, the miniaturization of electronic components, improved sensors, and increased
computational power have significantly accelerated the development of UGVs in recent
decades. An example of the miniaturization of electronic components is the mobile robot
developed by the Jet Propulsion Lab. In 2004, NASA sent two rovers to Mars to explore
the planet. In [67], one of these designs for the rovers is shown with particular detail on
the suspension system and wheels. The architecture of the rover is called a rocker-bogie
because the six wheels with which the rover is equipped are connected to the central body.
Figure 4 shows the Opportunity rover sent to Mars.
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Figure 4. Mars Exploration Rover Opportunity [68].

In this vein, the paper ”Exploration Rover Concepts and Development Challenges”
is of considerable interest, published in 2005 [69]. The authors provided an overview of
technological obstacles and solutions for rover development. Another project of significant
interest was the TerraMax, a fully autonomous vehicle developed by the Oshkosh Truck
Corporation in collaboration with Rockwell Collins and the University of Parma [70]. The
purpose was to create a platform that enables military vehicles to become autonomous.
TerraMax-equipped cars participated in the 2004 and 2005 DARPA challenges and the
2007 DARPA Urban Challenge [71]. During this period, the UGV Ripsaw was also devel-
oped [72]. Developed by Howe & Howe Technologies, the Ripsaw MS1 was renowned
for its speed, agility, and versatility in military and security applications. One of the main
advantages of that UGV was its impressive speed of 80 km per hour, coupled with an
empty weight of approximately 4500 kg [73].

To conclude, between 2005 and 2024, Unmanned Ground Vehicles (UGVs) experi-
enced significant transformation, primarily driven by technological advancements. Inno-
vations in artificial intelligence and sensors have led to the development of increasingly
autonomous and versatile platforms that can operate effectively in complex, multi-sector
environments [74,75].

3. Systematic Literature Review of Modern UGVs
3.1. Methodology Overview

Literature reviews are among the most critical pieces of research needed at the begin-
ning of every scientific research process, as they compile previous scientific knowledge in
a specific field. These reviews can be carried out with two main approaches, namely the
narrative method and the systematic literature review method. The narrative method be-
comes an efficient approach when there are limited sources available, due to the narrowing
of the research topic or the limited number of documents that can be accessed. In this case,
these sources can be reviewed to reveal the historical development process of the subject of
interest. Thus, since it can effectively convey the historical development of a research field,
this method can be valuable when necessary. However, if numerous published studies
are available in a specific field of interest within a short period, the effectiveness of this
approach is debatable. Moreover, if this method is adopted, factors such as bias, subjectivity,
and personal experience have the potential to affect the objectivity of the study negatively.
In contrast to the limitations of the narrative method mentioned above, the systematic
literature review method has the advantage of being able to review a considerable number
of studies published within a specific period on a particular topic, employing scientific
analysis methods. Moreover, in virtue of the standardized and systematized approach
adopted in this type of literature review process, it can produce reproducible, objective,
and transparent results.

It was observed that the number of studies on unmanned ground vehicles up to 2005
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was sufficient for presenting the historical framework using the narrative method. For this
reason, in Section 2, studies on the development of unmanned ground vehicles until 2005
were presented using the narrative method. However, as can be seen from Figure 5, due to
the tremendous pace of development in various and ever-evolving engineering disciplines
such as mechanics, electronics, control, energy management, and artificial intelligence that
constitute unmanned ground vehicles, the number of scientific publications produced on
UGVs has increased rapidly since 2005.
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Figure 5. Scientific publications on unmanned ground vehicles between 2005 and 2024.

For this reason, the literature review on the development of unmanned ground ve-
hicles between 2005 and 2024 is carried out in this section using the systematic literature
review approach.

3.2. Implementation of the Systematic Literature Review Method

The PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses)
standard procedure is used in the systematic literature review procedure employed in this
investigation [76]. As shown in Figure 6, the first step of the systematic literature review is
to identify the English-written studies on the topic of interest in the relevant time period.

In this context, an advanced search equation was created to perform an objective
database search in the Web of Science and Scopus databases. In addition, a complementary
search was also conducted in Google Scholar. The following advanced search equation was
used in the database search:

(( ugv OR ’unmanned ground vehicle’ ) AND ( ( ’terrain interaction’
OR ( ’traction system’ ) OR ( ’path planning’ ) OR ( ’control system’ ) )))

The keywords used in this investigation for the advanced search prompt mentioned
above were identified through a historical review. Afterward, the duplicates in the found
sources were eliminated. In the next step, screening, the target source set was narrowed
down by examining the contents of the identified studies. Then, the narrowed-down source
set was filtered again in terms of eligibility, and the final source set to be added to the
literature review was obtained. As a result of these steps, 581 studies were included in the
bibliographic analysis.
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Figure 6. Systematic literature review methodology: PRISMA flow diagram.

3.3. Bibliographic Analysis

The Bibliometrix tool developed in R software was used for the bibliometric analysis
carried out in this study [77]. Table 1 presents the main information about the reviewed
documents.

Table 1. Main information about the reviewed documents.

Main Information About Data Results

Timespan 2005:2024

Sources (Journals, Books, etc.) 375

Documents 581

Average years from publication 8

Average citations per documents 13.56

Table 2 also shows the general information on the document types and their content.
As can be seen from Table 2, in addition to articles, there are also many studies presented at
conferences on this subject.

Table 3 presents the general information on the authors and authors’ collaborations.
As can be seen from Table 3, the majority of the studies presented on this subject are the
result of collaborations between authors.

In addition, the first ten most cited sources are listed in Table 4.
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Table 2. General information on document types and their content.

Document Types Results

article 230

article; early access 1

article; proceedings paper 2

conference paper 184

editorial material 1

proceedings paper 157

review 6

Document contents Results

Keywords Plus (ID) 2593

Authors Keywords (DE) 1623

Table 3. General information on authors and their collaborations.

Author Results

Total authors 1998

Authors of single-authored documents 6

Authors collaborations Results

Single-authored documents 6

Average number of Co-Authors per document 4.08

Table 4. The top 10 most cited documents in the dataset.

Most Cited Document Total Citations Total Citations per Year

TOKEKAR P, 2016, IEEE TRANS
ROBOT [78] 324 32.40

LI J, 2016, IEEE TRANS VEH
TECHNOL [79] 197 19.70

LATTANZI D, 2017, J INFRAS-
TRUCT SYST [80] 186 20.67

CARLSON J, 2005, IEEE TRANS
ROBOT [81] 178 8.48

YOON Y, 2009, CONTROL ENG
PRACT [82] 177 10.41

LINDEMANN R, 2005, CONF
PROC IEEE INT CONF SYST
MAN CYBERN [67]

173 8.24

YU H, 2015, IEEE-ASME TRANS
MECHATRON [83] 168 15.27

TOROK M, 2014, J COMPUT CIV
ENG [84] 162 13.50

WONG J, 2006, J TER-
RAMECH [85] 147 7.35

QIN H, 2019, IEEE TRANS VEH
TECHNOL [86] 143 20.43
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The research output of the top 10 authors between 2005 and 2024 is illustrated in
Figure 7. In Figure 7, the size of the bubble refers to the number of articles published. The
color intensity also indicates the total number of citations per year. The order of authors is
established from top to bottom according to relevance. The number of publications is taken
as the basis for determining the author’s relevance.
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Figure 7. Production of the top 10 authors over time. TC: Total Citations.

Additionally, a conceptual map indicating the main concepts of unmanned ground
vehicles is presented in Figure 8. For this purpose, a factorial analysis is performed by
utilizing the Multiple Correspondence Analysis (MCA) method with the authors’ keywords
of the collection of selected articles.

Figure 8. The conceptual structure map was created with the MCA algorithm and the K-
Means clustering algorithm. The abscissa and ordinate are named as “Dim 1 (35.4%)” and
“Dim 2 (17.01%)”, respectively.

In Figure 8, the origin of the axis indicates the center of the research field [77,87,88].
The variation of the data obtained from dimensional reduction is respectively 35.4% and
17.01% for the Dim 1 and Dim 2 axes. As can be seen, three clusters, colored in blue, red,
and green, are identified by the K-means algorithm. The blue cluster encompasses topics
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related to the fundamental design principles of unmanned ground vehicles, including soil-
wheel interaction and kinematics, as well as collaboration with unmanned aerial vehicles
for path planning, obstacle avoidance, and machine learning. The red cluster focuses on
autonomous navigation and mapping, which is closely related to Simultaneous Localization
and Mapping (SLAM) and Laser Imaging Detection and Ranging (LIDAR) applications.
The green cluster encompasses control subjects for trajectory tracking, teleoperation, and
agricultural applications.

Figure 9 illustrates the author collaboration network. In generating this network, the
Kamada-Kawai network layout was used with the Salton normalization index. Additionally,
the Louvain algorithm was used for clustering. It should be noted that the edge sizes are
proportional to the number of standard works between the connecting authors. Moreover,
the co-authorships are illustrated using colors.

Figure 9. Authors’ collaboration network.

Finally, Figure 9 demonstrates that Jun Ni, Paramsothy Jayakumar, Huiyan Chen, and
Mo-Yuen Chow are the most influential authors in the present research field between 2005
and 2024.

4. Components of Modern Autonomous UGVs
4.1. Comparative Analysis of Tracked and Wheeled UGV Locomotion Mechanisms

This section complements the aforementioned classification by analyzing all the other
features that give the single UGV its identity, making it a unique vehicle suitable for moving
into specific areas often unreachable by humans. UGVs are used in various applications and
can be equipped with either wheels or tracks. The choice between the two depends on the
specific application. Another way to classify UGVs is based on their steering configuration.
In particular, the literature distinguishes between steered and fixed systems. Several types
of market-available UGVs can be classified based on their weight, locomotion, power
supply system, hardware, navigation, and control systems. In terms of weight, UGVs can
be distinguished into four groups: Featherweight Robotic Vehicles (vehicles that weigh less
than 5 kg), Man Portable UGVs (vehicles that weigh between 5 and 50 kg), Medium Weight
UGVs (vehicles that weigh between 50 and 500 kg), and Heavy Weight UGVs (vehicles
that weigh above 500 kg) [89]. A comparative analysis of tracked and wheeled locomotion
systems for UGVs is presented below.

In fixed-wheel systems, the wheels are mounted in a fixed orientation and cannot
rotate around a vertical axis to steer. Changes in direction are achieved by varying the
rotational speed of the wheels on either side of the vehicle. This approach is commonly
used in tracked vehicles or UGVs with fixed wheels, which offer high maneuverability,
especially in unstructured environments. Steered wheel systems, on the other hand, feature
wheels that can be rotated around a vertical axis to change the direction of the vehicle
actively. These systems can utilize Ackermann steering, four-wheel steering, or other
configurations that enable smoother and more efficient directional control, particularly
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at high speeds or on even terrain. In [90], a comparison is made between two steering
geometries: Ackermann and skid-steering. The comparison evaluates the steering tension
between the two designs.

Skid-steer UGVs are vehicles where opposite wheels rotate at different speeds while
the wheels on the same side rotate at the same angular velocity [91]. This technique is used
for wheeled and tracked vehicles and is primarily employed in the military. For example, an
eight-wheeled UGV exploiting the skid-steer strategy is described in [92]. From the control
point of view, the skid-steering system is more straightforward, as it only requires wheel
speed control, while the steer wheels need control of both speed and steering angle. In [93],
the dynamics and control of skid-steered vehicles are analyzed, showing that on high-
friction terrain, maneuvering becomes difficult. Generally, four-wheel skid-steer vehicles
are suitable for light vehicles, while tracked or multi-wheel coaxial systems are used for
heavier applications. In [94], a heavy-weight (590 kg) skid-steered UGV was examined on
different surfaces, such as concrete and snowy ground, to analyze the odometry patterns
employed in motion control and path planning. On concrete, the robot operated on a dry
surface with a high coefficient of friction and stiffness, where skid-steering motion was
mainly caused by wheel deformation, influenced by the stick-slip phenomenon, which
introduced unmodeled noise. On the snowy ground, on the other hand, with a low
coefficient of friction and low stiffness, the motion was induced by ground deformation,
with the unevenness of the surface introducing additional noise, especially at high speeds.
Zhang et al. [95] compared Ackermann steering and skid-steer. In the first configuration,
the turning radius is constrained by the wheelbase and steering angle. With the skid-steer
strategy, the vehicle can perform zero-radius turns.

The choice of wheel type has a significant impact on the vehicle’s performance in terms
of mobility, grip, and its ability to adapt to various types of terrain. In the literature and
over the years, various kinds of wheels have been developed for use in different scenarios.
At its simplest, a UGV can be designed using conventional wheels. Figure 10 is a synthetic
graphical representation of all the different types of wheels analyzed in this study.

(a) (b) (c)

(d) (e) (f)

Figure 10. Different types of wheels analyzed in this study. (a) Standard wheel. (b) Wheel caster.
(c) Solid tires. (d) Airless tire. (e) Mecanum wheel. (f) Morphing wheel [96].

More specifically, a traditional wheel is defined as one such as shown in Figure 10a.
This wheel type may have a different tread shape. For example, it could be notched for
off-road applications. Generally, these are used to have high traction in muddy, sandy,
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or snowy environments [97]. A particular type of wheel used in mobile robots is the free
caster wheel shown in Figure 10b. This is a passive wheel, in that it has no motor for
either traction or steering. It is free to rotate around a pivot and adapts to the direction of
movement imposed by the driving wheels. Usually, these wheels are suitable for movement
on flat surfaces and are not ideal for rough terrain [98]. On agricultural land, the active
caster wheel is used. In these cases, there are two motors: one controls steering and the
other provides traction. An example is the 4WD eXplorer robot shown in Figure 11.

Figure 11. Robot explorer [99].

Solid tire wheels are wheels in which the tire does not contain compressed air. They
require low maintenance and high strength. They are suitable for use in hostile environ-
ments with high shear risk. Steel wires on the inside are used to provide a better grip on
the rim. They are often made of more than one material so that their mechanical properties
are changed. Figure 10c shows a tire consisting of two different materials and four steel
wires. This type of wheel is used for vehicles that must carry high loads.

The airless tire, also called non-pneumatic tire, is a new mechanical system that re-
places the classic tire [100]. An example is shown in Figure 10d. It consists of a rigid hub
and a tread band connected to the hub by flexible spokes. It is a system that is able to
function even if it is punctured [101]. Airless tires can have complex geometry, including
structural discontinuities, and are designed to experience large deformations to be able
to traverse uneven terrains [100,102]. Therefore, the design and analysis of this kind of
locomotion system requires advanced tools capable of correctly handling finite rotations
and large deformations at the same time, like the multibody system approach to vehicle
dynamics and the use of the Floating Frame of Reference Formulation (FFRF) combined
with the Absolute Nodal Coordinate Formulation (ANCF) [100,103–107].

Another type of wheel used in mobile robots is the Mecanum wheel shown in
Figure 10e. The wheel consists of rigid rollers inclined at a 45-degree angle to the wheel
axis. This particular design allows the wheel to generate forces both along the direction of
rotation and laterally. Depending on the rotations of the vehicle wheels, different types of
handling are possible. Typically, these wheels are suitable on smooth surfaces with no high
friction [108,109].

A wheel of considerable interest developed recently is the morphing wheel with vari-
able stiffness [96], shown in Figure 10f. The need to create such a wheel arises from the
fact that the standard wheel cannot overcome significant obstacles. By using an adjustable
stiffness wheel, this vehicle can take a stiff shape on flat terrain and a soft shape to overcome
obstacles. The system is controlled through spokes that connect the chain structure of the
wheel to the central hub. The wheel has the characteristics of a standard wheel when the
spoke tension increases, while it becomes deformable when the spoke tension decreases. A
similar morphing concept has been recently developed in the work of Park et al. [110], who
proposed an optimized shape-shifting wheel to maintain consistent performance across
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different ground conditions and driving speeds.
In challenging contexts, tracked UGVs are generally employed. The ability of these

vehicles to operate in rough terrain is due to the large contact area between the track and the
surface, providing better traction and stability during maneuvers [111]. Tracked systems
are widely used in uneven environments. They feature good stability, a simple control and
handling system, and exert low pressure on the ground.

There are different types of crawler systems, which can be classified according to
the track type (flexible, rigid, and omnidirectional) [112]. Omnidirectional systems are
widely used in robotics. These systems allow the robot to move with high maneuverability
but can only be used on smooth, clean surfaces. In [113], a crawler system based on the
operation of the Mecanum wheel is presented [114]. It is possible to move in any direction
using this system and rotating the tracks differently. Figure 12 shows an example of an
omnidirectional robot.

Figure 12. Omnidirectional tracks [115].

The most popular solution for tracked vehicles is to use a flexible or rigid track system.
Flexible tracks are characterized by metal inserts, reinforcing cables, and the continuous
rubber tread [116,117]. The metal inserts, which are placed at regular intervals defined by
the pitch, are essential to ensure contact between the track and the undercarriage wheels.
Steel or fabric cables improve tensile strength. These cables are sized according to diameter
and number of windings. Figure 13 shows an example of a flexible track.

Reinforcement Cable

Tread

Metal inserts

Figure 13. Continuous tracks.
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In addition to their materials, track systems can also be grouped based on rack con-
figuration and wheel positioning. A typical horizontal track has good terrain adaptability
but has high friction resistance. This results in high energy consumption. To overcome this
issue, triangular tracks have been developed and mounted in place of wheels. Triangular
tracks, such as those in Figure 14, have the advantages of wheel traction and the stability
typical of the track. It allows the vehicle to move with agility over different types of terrain.

Figure 14. Triangular track.

Liu et al. studied in detail the advantages of adopting triangular tracks in a combine
harvester [118]. The triangular design enables more even load distribution, enhancing
stability on uneven or muddy terrain. It also provides a smaller turning radius, which is
helpful in fields with limited space. An integrated reassemblable wheel-track mechanism
is presented in [26]. The mechanism allows the vehicle to switch between wheel and
triangular track modes by the movement of a deformation mechanism. In this way, the
system can choose the best traction according to the terrain characteristics.

Selecting a different traction system is mainly influenced by the type of soil [119].
These are classified according to several aspects such as composition, cohesiveness, and
grain size. Soils can be classified into cohesive, frictional, semi-cohesive, rocky, organic,
and mixed soils [120]. Cohesive soils are defined as soils characterized by the presence
of very fine particles. They are characterized by high deformability and exhibit plastic
behavior under load. On the other hand, frictional soils are composed of larger particles,
such as sand or gravel. They exhibit low deformability because the particles that make up
the soil tend to slip rather than deform plastically. Semi-cohesive soils lie between cohesive
and frictional soils. Organic soils, on the other hand, are characterized by very low tensile
strength and can lead to localized sinking and uneven deformation.

In this paper, it is not possible to thoroughly examine all terra-mechanical models,
but some key parameters are provided below to best interpret the treatment [121]. A key
parameter in the equations describing soil behavior under load is the shear stress-strain
relationship, which is identified by the parameter k. It measures the resistance of the soil
to deformation under shear forces, such as those generated by contact between a wheel
or track and the ground. It represents a key parameter in the design and simulation of
off-road vehicle performance, influencing the choice between wheels and tracks for specific
types of terrain. A high value of k indicates that the soil can resist larger deformations
before reaching the maximum stress [122]. This is observed, for example, in more compact
or cohesive soils. A low value of k suggests that maximum stress is reached quickly with
minor deformation, which is typical of less cohesive soils such as sand or gravel.

Having finished the overview of the different wheel and track configurations, it is
essential in this subsection to provide the reader with a comparison of the standard wheel
and horizontal track, representative of the most commonly used solutions. The goal is to
highlight the main trade-offs and distinctive performance characteristics of each system. To
fully understand the performance and differences between the two traction systems, it is
necessary to study the vehicle-ground interaction [123].
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Wong et al. made a comparison of a multiaxial wheeled vehicle versus a tracked
vehicle [85]. The traction of wheeled vehicles is lower than that of tracked vehicles. This is
related to the ground contact area, which is less in the case of wheeled vehicles. Wheeled
vehicles approach the performance of tracked vehicles on sandy and rocky soils. In experi-
ments, it has been observed that the pressure is distributed similarly to wheeled vehicles in
hard soils. Using this logic, it is also possible to use a model for tires for tracked vehicles as
done by Zhang et al. [124]. From a computational point of view, it is possible to study the
interaction with the terrain with different approaches. The terrain can be represented with
a set of particles according to the discrete element method [125,126]. Furthermore, a finite
element model can be utilized by partitioning the soil into distinct volumes, each with its
unique mechanical properties.

In [127], a comparison was made between a wheeled cart and a tracked cart. Ground
contact is studied using an Integrated Soil Contact Model [128–130]. The main difference
that emerged from the simulations is the load distribution. Tracked trucks are better suited
for traversing soft and uneven terrain due to the larger contact area. This reduces sinking.
Wheeled trolleys are more efficient on hard, flat terrain. In soft terrain, on the other hand,
they are more prone to sinking. To clearly explain the difference between wheel and track,
a summary image of the discussed and researched points is proposed in Figure 15.

More 

Compaction

Less Weight Distribution

Larger
Rut to
Climb

Pushes Wave
of Dirt in Front

(a) Ground penetration with wheels.

Better Weight Distribution

Less 

Compaction
No Wave 
of Dirt in Front

Smaller Rut 
To Climb

(b) Ground penetration with tracks.

Figure 15. Terrain interaction of wheeled and tracked mobility systems.

By closely observing Figure 15a,b, it is possible to have a visual comparison between
tracks and wheels. In tracked systems, there is better weight distribution, and the pressure
exerted on the ground is also reduced, thereby reducing soil compaction [131]. In the case
of wheels, the contact surface is smaller, so the wheel exerts more pressure on the soil. In
this case, the problem of soil compaction is greater. In addition, the wheels tend to push
waves of soil in the forward direction. Additionally, these accumulations can impede the
progress of the vehicle. The greater pressure exerted by the wheels leaves more pronounced
ruts, making progression more difficult, especially on soils that deform plastically.
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4.2. Power Supply Systems for UGVs

Power supply is a crucial aspect of the operation of unmanned ground vehicles, di-
rectly affecting range, performance, and operational capabilities. The most common power
sources for UGVs are batteries combined with electric motors, particularly in small and
medium-sized platforms.

Several hybrid solutions have been proposed in the literature to improve the energy
efficiency of these vehicles. For example, a system was presented in [132], in which an
internal combustion engine drives an electric generator, while electric motors provide
the vehicle motion. This configuration reduces power losses associated with mechanical
transmission, as each wheel is individually driven by In-Wheel Motors (IWM), thereby
improving the overall efficiency of the system.

Using IWM in off-road vehicles poses significant challenges. One of the main problems
is managing power distribution between the drive wheels, which are no longer connected
by a conventional transmission system. Without an appropriate control strategy, there is
a risk of increasing power losses due to slip, reducing the overall energy efficiency of the
vehicle [133]. An alternative, cutting-edge hybrid solution is the electric motor coupled
with fuel cells [134,135].

Another interesting hybrid power solution is described in [136], where a system based
on a polymer membrane fuel cell (PEMFC) serves as the primary power source. The system
also includes batteries and supercapacitors to store energy reversibly. The goal of this
configuration is to optimize real-time power distribution between the fuel cell and storage
devices, minimizing hydrogen consumption and maximizing energy efficiency during
dynamic driving cycle loads.

A practical example of this technology is provided in [137], which presents a system
consisting of six lithium-ion polymer (LiPo) cells connected in series and a 200-watt proton-
exchange membrane (PEM) fuel cell. In this case, the fuel cell is connected in parallel with
the batteries without any restriction on charging, allowing for longer system lifetime and
improved operational reliability.

Barreras et al. developed an all-wheel-drive (AWD) multipurpose electric vehicle with
a hybrid powertrain based on PEM fuel cells and lead-acid batteries [138]. This vehicle
uses two chassis connected by a universal joint and a propulsion system that combines fuel
cells and batteries, offering good versatility and performance in complex environments.

The efficiency of a series hybrid UGV, consisting of electric motors, batteries, and a
diesel generator, was analyzed in [139]. In this system, the battery serves as an energy
buffer, while the diesel generator acts as a backup power supply, providing a greater range
in high-load situations. In [140], combining eco-driving optimization with efficient energy
management, a co-optimization strategy for hybrid unmanned electric crawler vehicles
(HETVs) was proposed. Based on a hierarchical control framework, the plan aims to ensure
accurate path tracking and optimal energy management simultaneously.

Finally, an advanced energy management strategy based on Deep Reinforcement
Learning was proposed in [141]. This approach enables the optimization of power distribu-
tion according to road characteristics, thereby further improving vehicle efficiency under
varying driving conditions.

In summary, Table 5 presents an overview of the power supply systems used in the
unmanned ground vehicles reviewed in this study.
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Table 5. Power supply systems used in UGVs. Each system is evaluated based on its configuration,
applications, advantages, and limitations.

Power Supply System Characteristics Applications Advantages Limitations

Internal combustion en-
gine (ICE) + electric mo-
tor (EM)

ICE drives an electric gen-
erator, while electric motors
generate the vehicle motion.

Military and security op-
erations.

Reduces power loss asso-
ciated with mechanical
transmission.

Environmental issues, sys-
tem complexity, and addi-
tional weight.

In-Wheel Motors (IWM)
Each wheel is individually
driven by an integrated mo-
tor.

Military and security op-
erations.

Improved overall sys-
tem efficiency and mod-
ularity.

Low energy storage capacity;
difficult power distribution
among wheels; requires ad-
vanced control strategies.

Fuel cell + battery hy-
brid system

Fuel cell serves as the pri-
mary power source, with bat-
teries providing supplemen-
tary energy.

Military and security op-
erations.

No restriction on charg-
ing, leading to longer
system lifetime and im-
proved reliability.

High complexity, elevated
cost, and hydrogen storage
issues.

4.3. Hardware Systems

In recent years, advancements in hardware have played a crucial role in the develop-
ment and deployment of unmanned ground vehicles. These autonomous systems, used
in a wide range of applications, depend on a combination of highly specialized hardware
components to ensure optimal performance in dynamic and complex environments. This
subsection provides an overview of the major hardware components that comprise UGVs.

A robotic platform for teaching and research purposes is presented in [142]. The sys-
tem has two configurations: a minimal configuration and a more extensive configuration.
The two systems share the same central controller. The primary difference between the
two configurations lies in the use of different NVIDIA-embedded computers: the mini-
mal configuration utilizes the Jetson Nano, while the extended configuration employs the
Jetson TX2. The NVIDIA Jetson Nano and NVIDIA Jetson TX2 modules are designed for
applications in the fields of artificial intelligence and robotics. Still, they have substantial
differences in their capabilities and technical specifications. The Jetson Nano represents
a more affordable solution suitable for low-power projects. Equipped with a 128-core
NVIDIA Maxwell graphical processing unit (GPU) and 4 gigabytes (GB) of DDR4 random
access memory (RAM), it offers adequate performance for entry-level visual processing
and machine learning applications. Its power efficiency makes it ideal for scenarios where
power resources are limited. On the other hand, the Jetson TX2 is designed to handle more
demanding applications. With a 256-core NVIDIA Pascal GPU and 8 GB of DDR4 RAM,
the Jetson TX2 provides significantly more computing power, enabling the execution of
complex algorithms and real-time data analysis. This configuration is particularly suitable
for advanced robotics, drones, and machine vision applications that require high process-
ing capabilities. In summary, while the Jetson Nano is perfect for low-power, low-budget
projects, the Jetson TX2 is the ideal choice for applications requiring high performance and
sophisticated computing capabilities.

The other components present are the Pixhawk central controller, the motor driver,
and sensors such as the LIDAR and Intel Realsense D435 depth camera. The main controller
board utilizes Pixhawk, equipped with a 32-bit ARM Cortex-M4 processor operating at
168 megahertz (MHz), 256 kilobytes (KB) of RAM, and 2 megabytes (MB) of Flash memory.
This board interfaces with peripheral devices, the motor driver, the Inertial Measurement
Unit (IMU), the Global Positioning System (GPS) module, the radio controller, and the
battery indicator. Additionally, the motor driver allows four Direct-Current (DC) motors to
be controlled by a speed command. It requires two power supplies: 12 volts for the DC
motors and 5 volts for the electronic components. It receives the speed command via a
pulse-width modulation (PWM) signal from the main board, which controls the DC motors
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in Brushed BiPolar mode. The schematization of the above is shown in Figure 16. A similar
Hardware structure is presented in [143].
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Figure 16. Hardware architecture 1.

A small-scale, low-cost autonomous rover is presented in [144]. The vehicle is
equipped with a skid-steer system and consists of a chassis with a width of 30 cm and a
length of 34 cm, equipped with four wheels driven by four 12-volt DC motors. An Nvidia
Jetson TX2 is installed on the rover as the on-board computer, along with an Arduino Uno
microcontroller that serves as middleware between the on-board computer and the motor
driver, as shown in Figure 17. For motor control, a Sabertooth Motor Driver TX2 driver
has been implemented. In addition, the system is equipped with a sensor, the RP LIDAR
A2M6, a two-dimensional (2D) laser scanner connected directly to the onboard computer
as shown in Figure 17.

Embedded
Computer

Lidar

Arduino Motor 
Driver

Motor

Figure 17. Hardware architecture 2.

Middleware facilitates communication and interaction between the onboard computer,
which can handle data processing and control logic, and the motor driver, which physically
controls the motors of the rover. It can process incoming data from the onboard computer
and translate it into commands that the motor driver can understand. This is particularly
useful when the two systems operate on different protocols or data formats. Middleware
provides a layer of abstraction that simplifies development and integration, enabling
developers to focus on specific functionalities without worrying about the details of how
the various components communicate with one another.

The use of high-performance GPUs to perform complex tasks significantly increases
costs in the design of UGVs. In [145], to address this problem, a hybrid controller combining
the Raspberry Pi model 3B board with the Arduino Uno board was proposed to control the
UGV, as shown in Figure 18. Different tests showed that only 80% of the central processing
unit (CPU) resources were used. In contrast, the remaining resources (along with the board
pins) are available to integrate and manage other sensors for more complex applications.
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Figure 18. Hardware architecture 3.

In [146], a Jetson Nano was used for motor control, a camera for video capture and
image data acquisition, and a Wi-Fi card for communication with a personal computer
(PC) equipped with an i7-9700 CPU, 16 GB RAM, and an RTX 2070 GPU as shown in
Figure 19. The goal is to analyze the path, reprocess the data on the PC, and determine the
configuration with the best performance.

Remote PC

WiFi card

CSI camera
Jetson Nano

Motor

Motor Driver

Figure 19. Hardware architecture 4.

The hardware design of the UGV system presented in [147] uses the NVIDIA Jetson
Nano as the central processor, connected to various peripheral sensors to provide advanced
functionality. These include a microphone for real-time audio streaming, a smoke sensor
to detect fires outside the field of view, and a GPS module with an accuracy of 1-3 m for
global localization. A 2D LIDAR is used for mapping, localization, and obstacle avoidance,
while the IMU manages the robot’s orientation. In addition, an encoder provides odometry
data, and a fourth-generation wireless (4G) modem provides connectivity for streaming
and sending alerts. The system also features a stabilizing gyroscope to enhance mechanical
stability and brushless direct current (BLDC) motors for improved locomotion. The added
rear camera serves security purposes, while the Intel RealSense D435i provides depth data
for facial recognition, object tracking, and obstacle avoidance.

In the software implementation, the Arduino Uno is programmed using the embedded
C language to perform specific tasks. The Arduino Integrated Development Environment
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(IDE) is used for this purpose [145]. For the Raspberry Pi (https://www.raspberrypi.com/),
the Python (https://www.python.org/) programming language is utilized, leveraging its
powerful features and numerous useful predefined libraries. The code is written using
Python 3 IDLE and executed within the Raspberry Pi operating system (OS).

In summary, Table 6 presents an overview of hardware systems used in unmanned
ground vehicles reviewed in this study.

Table 6. Hardware systems used in UGVs. Each system is described by its characteristics, applications,
advantages, and limitations.

Hardware System Characteristics Applications Advantages Limitations

NVIDIA Jetson Nano Compact and powerful em-
bedded computer.

Robotics, image classifi-
cation, speech process-
ing.

Low cost and energy ef-
ficient.

Limited computational
power for high-end AI tasks.

NVIDIA Jetson TX2
High-performance and
power-efficient computing
module.

Manufacturing robots,
drones, biomedical
systems.

Greater computing
power and speed;
suitable for complex
algorithms.

Higher cost compared to
entry-level boards.

Pixhawk
Central flight controller with
multiple peripheral inter-
faces.

Unmanned Aerial Ve-
hicles (UAVs) and au-
tonomous systems.

Includes IMU, GPS, ra-
dio controller, and bat-
tery monitor.

Limited CPU and memory;
reduced processing capabil-
ity.

Raspberry Pi
Single-board computer with
CPU, RAM, HDMI, USB,
and wireless LAN.

Automation, robotics,
home servers, computer
vision, and education.

Low power consump-
tion, affordable, com-
pact design.

Limited speed, I/O band-
width, and networking per-
formance in some models.

Arduino
Microcontroller-based board
with digital and analog I/O
ports.

Robotics, IoT, automa-
tion, and education.

Low power consump-
tion, cost-effective, easy
to program.

Limited memory, low com-
putational capability, lacks
real-time performance.

4.4. Navigation and Control

Addressing autonomous navigation and control is essential for the proper functioning
of UGVs. However, route planning, an important step underlying effective control that is
typically performed offline, should not be overlooked. Planning a path enables optimal
path selection and simplifies the controller’s activities. In effect, the goal of planning is to
define the path of the UGV. It receives as input a map and the start and end positions [148].
The planning is related to a discussion of system kinematics and does not account for robot
dynamics. The trajectory and related measurements must be defined as input depending
on the variables that need to be controlled. The control algorithm must allow the UGV to
operate efficiently in any environment. This concept is schematized in Figure 20.

Sensor Data

Maps Path planner

Controller

Optimal path

Control Action

End

Figure 20. Flow chart of the path planning and control process.

Due to space limitations, this section presents only a selection of the most widely used
algorithms for path planning, autonomous navigation, and motion control. In [149], a path
planning system is proposed that uses the adaptability of Partially Observable Markov
Decision Processes (POMDP) [150,151]. The Artificial Potential Field (APF) method to

https://www.raspberrypi.com/
https://www.python.org/
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realize a system capable of avoiding obstacles in an environment described through a
TR-MAP (Topological Road Map) is analyzed in [152,153]. TR-MAPs are maps used for the
navigation of autonomous robots. These maps represent spaces in terms of connections
between significant places or nodes. In the article, several tests are conducted to determine
the efficiency of the proposed method through comparisons with conventional algorithms
such as Rapidly Exploring Random Tree (RRT) [154]. It is a probabilistic planning algo-
rithm widely used in autonomous navigation [155], which builds a tree of configurations
at each iteration. Specifically, at each step, a random node is generated. The algorithm
searches for an existing node in the tree as close as possible to the node generated in the
previous step, and, finally, the new node is inserted into the tree [156]. Another variant is
the RRT-Star (RRT*) algorithm, which, unlike RRT, performs an optimization process to
choose an optimal path.

Other known path planning algorithms are the D and D* [157,158]. The D-star (D*)
algorithm was developed by Anthony Stentz [159]. It is adopted for autonomous robots
moving in dynamic environments. Compared to other algorithms, it exhibits good adapt-
ability to various scenarios and high efficiency in path computation. Some nonlinear
controllers do not employ separate planning algorithms; instead, the planning and con-
trol parts are integrated. An example is the Nonlinear Model Predictive Control (NMPC)
presented in [160]. This algorithm is implemented on Husky by Clearpath Robotics. The
purpose is to enable the UGV to move crushed materials using a vehicle-mounted shovel
safely. A hybrid control approach, Hybrid Model Predictive Control (HMPC), is reported
in [161]. The developed controller can handle static and dynamic obstacles. The various
tests conducted demonstrate that the HMPC is superior to a D* algorithm, both in terms of
path length, travel time, and its ability to handle disturbances.

In [162], an autonomous control algorithm applied to a UGV that aims to move within
crops organized in rows is proposed. The system has as input in the initial phase a map
of the field from which to calculate the path coordinates. Then, an appropriate planner
evaluates the trajectory to be followed. Navigation is guided by a signal based on GNSS
(Global Navigation Satellite System) and AI (Artificial Intelligence). Specifically, when
the system has a strong satellite signal, the vehicle utilizes only GNSS and inertial data,
implementing Real-Time Kinematic corrections (RTK). On the other hand, when there is
a poor satellite signal, a photo camera or a neural network is used. After analyzing the
different types of handling, such as skid-steer and tracks, in the context of autonomous
ground vehicles and their interaction with the terrain, it becomes essential to consider how
advanced control systems can improve the adaptability and performance of the vehicle on
various types of terrain.

Recent studies have explored precisely these control techniques and terra-mechanical
modeling to address the challenges posed by complex and variable operating conditions.
In particular, the survey provided in [163] combines the Extended Kalman Filter (EKF) with
Model Predictive Control (MPC) to increase the adaptability and accuracy of the control
system. By doing so, the MPC, utilizing a dynamic model of the vehicle, enables the gener-
ation of driving torque with faster responses than a speed-based controller. Meanwhile, the
EKF estimates terrain drag coefficients in real-time, thereby enhancing the effectiveness of
the MPC. Barrero et al. [164] developed a tracking system for a skid-steering agricultural
vehicle based on predictive control. Because the vehicle operates in outdoor environments,
a high-precision geolocation solution was implemented using a Kalman filter to fuse data
from an IMU, wheel encoder, and GPS. Two controllers were implemented for autonomous
tracking: a proportional one for linear speed and a Model-Based Predictive Controller
(MBPC) for steering angle. The MBPC was developed through gray-box modeling and an
incremental state-space strategy. The literature shows that the use of the MPC controller is
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optimal both on and off-road [165,166].
From this perspective, it is crucial to define accurate models of tire-soil interaction.

For example, a model based on neural networks capable of adapting to deformable terrain
was proposed in [167]. It follows that it is not only essential to design a system that is both
structurally and energetically efficient, but also to design a navigation and control system
that can effectively adapt to operating conditions by accurately estimating the state of the
vehicle to optimize performance in variable terrain.

A key aspect in developing a control system is to keep in mind that UGVs interact
with the terrain. For this reason, integrating terramechanics concepts should not be under-
estimated. Terramechanics is concerned with studying the interaction between vehicles and
terrain. It allows the definition and identification of traction slip and stability. Integrating
terramechanical models into navigation and control algorithms is essential to ensure high
performance, especially on deformable terrain [168,169].

4.5. Path Planning and Energy Optimization

The interest in using UGVs across different scenarios has shifted the focus not only to
route planning for a specific task, but also to energy-optimization planning [170]. In [171],
an innovative approach is proposed that minimizes direction changes during navigation,
resulting in more efficient, lower-energy coverage paths. In addition, the cost function
to be minimized accounts for land characteristics and supports flexible, energy-efficient
planning. Debnath et al. [172] analyze the main route-planning algorithms available,
with a focus on energy efficiency. The use of genetic algorithms is helpful in this field for
optimizing the path based on energy consumption, while also accounting for potential
dynamic obstacles [173,174]. When evaluating hostile environments, such as off-road ter-
rain, the challenges become even more complex. One key issue in these situations is torque
saturation. To tackle this problem, a predictive controller is suggested in [175] to prevent
saturation and achieve significant energy savings. A* planning algorithms are used to
generate energy-efficient routes, and the effectiveness of the proposed method is validated
through both simulations and experimental studies [176]. However, optimizing energy
consumption is not the sole factor to consider in trajectory planning; potential obstacles,
both static and dynamic, must also be addressed. Therefore, it is necessary to develop
collision-avoidance algorithms that account for vehicle dynamics. Such methods generate
optimal motion commands by searching over the space of actuation variables, ensuring
robust navigation even in unstructured environments [177]. In more advanced contexts,
such as space robotics, motion planning takes on an even more crucial role due to energy
constraints and the operating environment. Optimal planning approaches that integrate the
management of kinematic and dynamic constraints of the system are developed in these
domains. A whole-body planner based on discrete dynamic programming and optimal
interpolation, implemented in the ROS system and employed in the context of ESA mis-
sions, is proposed in [178]. In summary, route planning takes into account several variables,
ranging from finding the shortest route to finding the trajectory with the lowest energy
consumption to maximizing coverage of the operational area, ensuring smooth and safe
movements even in the presence of static and dynamic obstacles.

5. Principal Applications
5.1. Precision Agriculture and Smart Farming

Integrating unmanned ground vehicles into digital agriculture is another significant
development in Smart Agriculture. UGVs, such as Agri.q of the PIC4SeR, act as versa-
tile platforms for acquiring data and performing field operations [179,180]. Through an
architecture that allows navigation over uneven terrain and the use of robotic arms for
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precise operations, UGVs enable the collection of samples from soil and plants, as well
as performing tasks such as fertilization [181,182]. Recent studies show the feasibility
of implementing these technologies even through inexpensive solutions, such as using
modified toy vehicles [183]. Additionally, artificial and swarm intelligence techniques can
optimize collaborative data collection, making unmanned ground vehicles a powerful tool
for precision agriculture [184]. These technologies enable more efficient management of
agricultural resources, improving yields and reducing revenue losses.

Special emphasis is given to the use of UGVs in food crops, including a discussion
of their environmental and economic impacts. Factors related to future developments,
management, and performance of UGVs are also analyzed, with strategies to demonstrate
to farmers the safety and profitability of implementing this technology [185]. UGVs are
commonly used to detect animal droppings, monitor crop growth, identify storm or flood
damage, and detect unwanted pests or molds. Navigation between the rows is done
through machine vision cameras and GPS systems, which enable the detection of crop
contours and edges, ensuring precise navigation without damage [186].

In [187], the Thorvald (Saga Robotics, Oslo, Norway) is presented. This UGV features
both four-wheel skid-steer motion and steering with Ackermann. Bettucci et al. com-
pared an autonomous tractor with a conventional one [188]. The comparison was made
between corn seeding using a conventional tractor (Lamborghini R4.95) equipped with a
4-row Monosem NG Plus seeder (the working width is 3 m) and an autonomous tractor
(Robotti 150d).

Another interesting example of applying UGVs in agriculture is the Bakus, shown in
Figure 21, developed by Vitibot [189].

Figure 21. UGV for precision viticulture [190].

This vehicle is designed for viticulture. It performs operations such as tilling the soil,
monitoring plant health, and crop management. All these operations are carried out in
total autonomy.

5.2. Military Scope and Defense Applications

In the military field, unmanned ground vehicles are mainly used to defuse bombs
and other explosive devices, operating via remote control to reduce the risk to person-
nel. An example of a more advanced UGV is the Mobile Detection Assessment Response
System (MDARS), which was developed to meet various security needs [191]. In partic-
ular, MDARS is a vehicle designed to conduct semi-autonomous patrols, assess barriers,
and respond to potential intrusions into military installations, thereby improving force
protection and reducing risks to soldiers and workforce requirements in surveillance and
security operations. The developed platform is smaller than a compact automobile and can
operate in a single lane. Software developed by the government (Navy SPAWAR Systems
Center, San Diego, CA, USA), called Multiple Resource Host Architecture (MRHA), is used
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for control planning and task execution. The use of UGVs for surveillance applications is
increasing [192].

During World War II, the German Army commissioned Borgward to design a remote-
controlled vehicle, which was later named Goliath (Gerät 67 or SdKfz.302), intended for
carrying explosives to enemy targets [193]. It was 1.5 m long, 370 kg in weight, and could
carry 80 kg of explosives for 800 m, with a maximum speed of 10 km per hour. A three-wire
electric cable controlled it for movement and the detonation of explosives.

An unmanned ground vehicle designed for military-oriented applications, capable of
autonomously tackling predefined tasks as much as possible, requiring operator support
only in complex and unexpected decision-making situations, was presented in [194]. In the
system, the electric actuators for remote vehicle control are designed to be disconnected for
manual driving while maintaining road legality. Additionally, a removable linear actuator
adjusts the transmission, while a DC motor drives the steering wheel via a toothed belt,
allowing for disconnection and manual driving. Additionally, the braking system utilizes
an actuator that pushes the brake pedal without physically attaching to it, allowing for
operator intervention at any time. Moreover, potentiometers and limit switches provide
feedback on movements, preventing overshooting. This design ensures the autonomy and
safe operation of the vehicle.

Several companies are experimenting with the use of UGVs in the military. In this
vein, MILREM ROBOTICS has developed two hybrid UGV configurations, THeMIS and
Type-X [195]. They are hybrid robotic platforms with a diesel engine, a current generator,
and an accumulator. More specifically, THeMIS is an unmanned ground vehicle deployed
in the counterinsurgency mission, Operation Barkhane, in Mali. It has been used for various
purposes such as transportation, arming, ordnance deactivation, and intelligence opera-
tions support, depending on the mission [196]. THeMIS has been acquired by 16 countries,
including eight NATO members: Estonia, France, Germany, the Netherlands, Norway,
Spain, the United Kingdom, and the United States [197].

The Type-X Combat is designed to support mechanized units and to serve as a com-
panion to main battle tanks. The Type-X Combat, shown in Figure 22a, is a UGV that can be
equipped with various payloads. The vehicle can be equipped with various autocannons
from 25 to 50 mm. The vehicle has dimensions of 600 × 290 × 220 cm and a total weight of
12000 kg, with a maximum load capacity of 4100 kg. It can reach a maximum road speed
of 80 km per hour and a maximum speed in rough terrain of 50 km per hour, while the
reverse speed is also 50 km per hour. The vehicle has a ground clearance of 50 cm and
can negotiate slopes of up to 45 degrees, with a fording capacity of up to 150 cm depth.
It has a turning radius of zero meters, providing exceptional maneuverability. In terms
of protection, the vehicle complies with STANAG 4569 standards for kinetic energy and
artillery protection of level 4, and it gives mine protection according to level 1.

The vehicle called THeMIS, shown in Figure 22b, is a UGV designed according to
STANAG 3542 regulations for air transportability. It is 247 cm in length, 204 cm in width,
and 117 cm in height. Its maximum speed reaches 20 km per hour. It has a mass of 1630 kg
and can carry a maximum load of 1200 kg. It is designed to cope with slopes of up to 60%
and side slopes of 30%, thus ensuring excellent mobility over rough terrain. Its ground
clearance of 60 cm allows it to overcome obstacles and operate in complex environments,
while its tractive force of 15,000 newtons enables it to haul heavy loads and bridge gaps
of up to 90 cm. The UGV has state-of-the-art sensors for optimal vision and monitoring,
including light detection and ranging (LIDAR), 1080p cameras, and Light-Emitting Diode
(LED) and Infra-Red (IR) lights.

Another vehicle used in the military is the PackBot by iRobot, shown in Figure 3. It is
a portable, combat-tested unmanned ground vehicle deployed in Afghanistan and Iraq.
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Yamauchi described several projects in which the PackBot has been used as the basis for
developing new missions [198]. It has been used in the CHARS project, in which a sensor
was designed to search for chemical and nuclear weapons; in the Griffon project, a hybrid
UGV/UAV vehicle was developed [199,200]; in the Valkyrie project for the extraction and
transportation of wounded; and in the Wayfarer project for the development of autonomous
urban navigation capabilities [201]. In the Wayfarer project, a system was developed that
enables the PackBot to perform reconnaissance operations autonomously. The system can
follow a trajectory while avoiding obstacles and create a map of the environment using
three-dimensional (3D) stereo vision, a planar LIDAR, GPS, and odometry.

(a) Type-X.

(b) THeMIS.

Figure 22. UGV producted by MILREM ROBOTICS [195].

5.3. Hazardous and Rescue Scenarios

Naranjo et al. presented an automation kit for converting military service vehicles into
surveillance UGVs [202,203]. The kit was installed in a Spanish Army URO VAMTAC S3
vehicle. The purpose was to design an autonomous vehicle capable of performing various
operations, including convoy movement, cyclic patrolling, and perimeter surveillance. The
control logic follows the structure shown in Figure 16. In the non-civilian domain, UGVs
are used for operations in hazardous environments [204]. During the Fukushima Daiichi
nuclear disaster, small UGVs were utilized for observation missions in radioactive zones.
In addition, the use of these robotic systems is critical in emergencies, where psychological
stress can lead to significant human errors, as presented in [205]. Through special sensors,
these robots can collect data from their surrounding environment, including temperature
and the concentration of hazardous substances. Other studies have focused instead on
developing methods to generate real-time 3D maps and evaluate optimal routes for rescue
operations [206]. UGVs are also used for autonomous crack detection in structures damaged
by natural disasters [207].

UGVs can also be utilized to perform missions in hazardous environments. The
use of these systems is highly advantageous, as they keep operators out of dangerous
environments. Additionally, through advanced systems, it is possible to assess risk and
predict disasters using specialized algorithms [208]. For example, in chemical, biological,
and nuclear disasters, robots are used to identify and locate radiation sources. The human



Machines 2025, 13, 1071 30 of 50

operator can, in this way, monitor the environment from a remote location without coming
into direct contact with the radiation present [209]. Unmanned ground vehicles have also
proven useful in disaster scenarios caused by natural events, such as volcanic eruptions,
seismic events, or hurricanes [210,211]. The use of such autonomous systems can also
bring significant improvements to the industrial environment. In confined spaces, such as
those in the oil and gas or hot metal industries, these systems can reduce the number of
accidents [212]. Another environment in which a UGV can be used is exploration in the
field of geographic exploration, such as that of volcanoes [213].

The primary threat to humans in these environments is the potential for sudden
eruptions. The ROVOVOLC project was created in this spirit, namely, the development of a
robotic system used for exploration. The platform is equipped with a SCARA manipulator
used for gas sampling and rock collection [214,215]. Another possible application is the
use of these systems to put out fires. An example is the Notre Dame de Paris cathedral fire,
where firefighters were forced to withdraw due to structural damage, and a UGV took their
place [216]. Additionally, small systems can be used for fire prevention inside houses and
apartments [217].

5.4. Building and Construction Sector

Using unmanned ground vehicles in the construction industry is an emerging technol-
ogy that is gaining traction for several innovative applications. UGVs are being utilized to
automate complex tasks, such as site preparation, monitoring, and interacting with chal-
lenging environments, thereby reducing risks to human workers and increasing efficiency.
Conventional snooper trucks and lifting platforms are applied to carry out inspection
activities. This equipment has limitations in terms of cost and equipment interruption. In
this field, robotic systems can minimize costs, risks, and downtime to carry out structural
inspection programs [80]. It is challenging for the construction industry to adopt new
technologies. Lat et al. presented a review of the literature regarding the adaptation of
the construction industry to new technologies, such as the use of drones and unmanned
vehicles for site monitoring operations [218].

One of the most significant applications of UGVs is their ability to autonomously
and accurately identify structural damage. For example, during inspections of reinforced
concrete structures, UGVs can be equipped with advanced sensors such as thermal cameras
and high-resolution imaging systems, enabling them to detect cracks, deformations, and
other anomalies. In [84], a system based on three-dimensional reconstruction and a crack
detection algorithm was proposed, highlighting the importance of data acquisition to assess
the structural health of damaged buildings. A practical example of such an application is
the condition assessment of the Arlington Memorial Bridge (AMB) [219], performed using
the RABIT Bridge Inspection Tool [220]. This instrument integrates three semi-automated,
non-destructive survey technologies. The RABIT is capable of collecting data at a speed of
1219.2 m per second, enabling it to cover 1.83 m wide on a lane in about three hours. In
recent times, advances in Europe have led to the implementation of non-destructive investi-
gation techniques and modular approaches for monitoring and data collection, particularly
for key materials in civil engineering, such as steel and concrete [221,222].

Lim et al. proposed a mobile robot to perform inspections on bridge pavements [223].
The system detects cracks using a high-resolution camera and a unique algorithm called
the Laplacian of Gaussian. The global crack map is obtained by calibrating the acquired
images and locating the robot. Additionally, manual visual inspection of structures is often
subject to subjective results, which can lead to prediction errors. Using an autonomous
mobile robot equipped with Charge-Coupled Device (CCD) cameras enables the collection
of objective data, providing accurate predictions of potential structural failure. Such a
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monitoring system was studied in [224], where its effectiveness was validated through both
laboratory experiments and field trials. In this context, it is crucial to adopt a multisensor
measurement approach with a high degree of automation, a role in which UGVs can play a
significant role in collecting data autonomously and safely in harsh environments.

The speed and accuracy of data collection underscore the potential of UGVs in the
construction industry, particularly in settings where worker safety is paramount and the
efficiency of structural inspections of buildings is crucial. In addition, integrating inno-
vative technologies, such as UGVs, can significantly improve the effectiveness and safety
of infrastructure monitoring operations, paving the way for future trends in structural
degradation monitoring.

6. Illustrative Example of the Powertrain Preliminary Design for a
Typical UGV System
6.1. Design Strategy of a Typical UGV System

The design process of a UGV, or any other innovative system, follows clearly defined
steps. The first step is a thorough, systematic review of existing literature, so that the work
of other engineers and researchers can be fully understood and examined in detail. This ap-
proach not only helps identify issues related to the studied system but also allows analysis
of other disciplinary areas to spot potential design constraints. For example, electrical or
control aspects may raise critical problems due to decisions made during the mechanical
design phase. Therefore, it is essential to assess and understand all possible challenges.

Additionally, a careful review helps to anticipate future trends and potential obstacles.
After completing the analysis, the identified functional requirements define the design
scope and facilitate the first development of a mockup. This stage is crucial for establishing
the functional requirements, thereby enabling the creation of a system that aligns closely
with the operational tasks it must perform. In this vein, the mockup plays a vital role in
the design process by providing a visual representation of the product idea before actual
implementation. It allows evaluation of the graphical appearance and element placement,
making it easier to identify corrections or improvements early in the project. Although the
mockup produced in this phase is quite different from an actual prototype, since it only
partially possesses the functionality of the desired system, its usefulness lies in enabling
extensive testing, as it serves as a design tool.

Once the system characteristics are defined, the implementation assessment is per-
formed through a simple evaluation. Naturally, results at this stage are not final but serve
as a foundation for subsequent phases and eventual optimization, taking into account
all design variables. Following this procedure, initial measurements of the system are
established, followed by the kinematic definition of its mechanical components. Next, a
CAD model of the entire system can be developed, resulting in an multibody model. Within
this multibody environment, various analyses can be conducted: from assessing constraint
reactions at mechanical joints to creating control systems, evaluating the forces needed for
locomotion, and determining the most suitable propulsion system. Finally, FEM analyses
can be performed to assess the structural integrity of components and, if needed, optimize
the entire system. Using this integrated methodology, which combines multiple methods,
it is possible to design a model that considers all relevant design variables to achieve an
optimal solution.

6.2. Preliminary Design of a Typical UGV System

The design or purchase of a UGV intended to operate in complex environments
requires the analysis and definition of the functional requirements to choose or design the
most reliable system possible. This process is critical as it allows the most appropriate
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solution to achieve the goal to be selected scientifically. A comprehensive illustrative
example is, therefore, provided in this section, which leads to the proper preliminary design
for the most suitable motors and mechanical transmission mechanisms of a given UGV.

In recent decades, the development of decision-making methods has enabled more
effective handling of complex problems characterized by uncertainty, multiple criteria,
and decision variables. Several methods, such as the Analytic Hierarchy Process (AHP),
the Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS), the Fuzzy
Logic (FL), and the Scoring Method (SM), have been presented and evaluated in the
literature [225,226]. These tools are widely used in fields such as engineering, business
management, and other areas where integrating qualitative and quantitative judgments is
crucial [227,228]. In the analysis presented in this section, on the other hand, the authors
choose to use the SM to carry out the preliminary design of the locomotion system of the
UGV considered as an illustrative example. This preference is due to the limited number of
decision variables and options since this section is devoted to the preliminary dimensioning
of the system under study.

The SM involves assigning a numerical value to each alternative based on specific
criteria. Each criterion is evaluated based on its relative weight, which is determined by
the importance assigned in the context of the problem. The sum of the weighted scores
determines the final ranking of the alternatives. This method, while simple and easily
applicable, has limitations when the criteria are numerous or the relationships between
them are complex. Based on the information gathered from the literature and summarized
in Section 4.1, Table 7 is defined. The scoring of the various criteria reported in Table 7 is
based on the assumption that the system is intended to operate over non-cohesive and
uneven terrain.

Table 7. Comparison of tracked and wheeled configurations. In this table, 1 represents the lowest
rating, while 5 indicates the highest.

Criterion Tracked Wheels Comments

Traction 5 3 Tracks offer superior traction, especially on low-cohesion surfaces.

Terrain adaptability 5 2 Tracks adapt better to uneven terrain, allowing them to overcome
obstacles more easily.

Maneuverability 4 3 Both configurations are maneuverable, but the tracks can perform
pivot turning.

Energy efficiency 3 5 Wheels are generally more energy efficient.

Speed on flat land 3 5 Wheels provide higher speeds on flat and firm surfaces.

Stability on slopes 5 3 Tracks ensure greater stability on slopes and slippery surfaces.

Ground pressure 5 2 The larger contact area of the tracks reduces sinking on soft terrain.

Mechanical robustness 4 4 Both systems can be designed to be robust.

Maintenance costs 3 4 Tracked systems require more frequent maintenance compared to
wheels.

Initial cost 3 5 Wheeled configurations generally have lower production costs.

Total 38 36 Overall score

Subsequently, Table 8 summarizes the design data for evaluating the motor power. In
particular, Table 8 shows the power output of the single motor and the maximum speed at
which it can travel, varying the percentage slope i and thus the inclination angle α.
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Table 8. Main parameters used for the UGV sizing.

Symbol Description Value (Units)

m Mass of the UGV 600 (kg)
v Maximum speed 25 (km/h)

Cr Rolling friction coefficient 0.05 (−)
Cd Drag coefficient 0.8 (−)
A Frontal area 0.88 (m2)
ρ Air density 1.225 (kg/m3)
α Inclination angle 0–30.96 (deg)

i = tan(α) · 100 Percentage slope 0–60 (%)
η Efficiency of electric motor 0.91 (−)
n Number of motors 2 (−)

As shown in Figure 23, to estimate the power required by the motors to move the
system, the main forces acting on the UGV in the x direction during motion on an inclined
plane are taken into account. The forces considered in Figure 23 are the weight force Fg,
the rolling resistance Fr, and the aerodynamic drag Fd. The required power is estimated
by taking into account these forces and an appropriate safety coefficient that accounts for
mechanical losses and the efficiency of the propulsion system.
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Figure 23. Schematization of the forces acting on a tracked vehicle.

The velocity of the vehicle is considered constant, as reported in Table 8. The body
is subjected to the gravitational field of the Earth, with an acceleration g equal to 9.81 m
per second squared along the vertical Y-axis. Thus, as shown in Figure 23, the weight force
can be divided into a parallel force component F∥ and an orthogonal force component F⊥,
both evaluated with respect to the plane inclined of the angle α, which can be respectively
expressed as: 

F⊥ = Fg cos(α)

F∥ = Fg sin(α)
(1)
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where Fg = mg is the total weight force, m is the mass of the entire system, and α refers to
the slope of the inclined ground that is assumed as a variable parameter.

Having evaluated the force component denoted with F∥, it is possible to assess the
force due to the rolling resistance Fr by considering an appropriate coefficient Cr defined
in Table 8. In addition, an aerodynamic drag force Fd should also be considered in this
analysis, which can be readily derived by using a drag coefficient Cd. For simplicity, the
numerical value of Cd given in Table 8 is chosen by considering the front surface of the
UGV as a rectangular panel having a cross-sectional area equal to A. By doing so, one
can write:

Fr = CrF⊥ (2)

and
Fd =

1
2

CdρAv2 (3)

where ρ represents the mass density of the air. Thus, the numerical evaluation of the
rolling resistance force and the aerodynamic drag force can be easily performed employing
Equations (2) and (3), respectively. On the other hand, the total net force along the x
direction of the inclined plane denoted with Fn is the sum of all the resistive forces, thereby
representing the magnitude of the thrust force Ft that should be multiplied by the velocity
v to evaluate the total ideal motor power Pm,i, as shown below:

Fn = Fr + Fd + F∥ = Ft (4)

where Pm,i = Ftv. It follows that:

Pm,r =
Ftv
Nη

(5)

where Pm,i = NηPm,r is the total ideal motor power and Pm,r represents the real power that
a single motor must possess, which is evaluated by dividing the increased required power
by the product of the number of motors N and the motor efficiency η. In particular, Table 9
shows the power of the individual motor as the angle α changes.

Table 9. Required power at different road grades and corresponding velocities.

Percentage Slope (%) Required Power (W) Maximum Velocity (km/h)

0 1202.3 25
10 4431.4 25
20 4899.1 22
30 4839.4 16
40 4890.6 13
50 4868.0 11
60 4510.1 9

The values given in Table 9 represent the preliminary values necessary for designing
or selecting the type of tracked vehicle. For a more accurate assessment of the required
power, more thorough calculations are necessary, taking into account factors such as loss of
grip between the track and the ground, mechanical friction, and transmission losses.

In the preliminary design of the powertrain discussed in this section, a commercial
motor with a power rating of 5 kW and a rotational speed of 6000 rpm per minute is chosen
to meet the maximum power requirement. Considering the maximum speed of 25 km/h,
it is possible to estimate the angular speed required for traction by considering a crown
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gear meshing with the track of radius R equal to 0.10 m. Thus, the corresponding angular
velocity ωp can be evaluated using the following formula:

ωp =
vp

R
= 69.44 (rad

/
s) (6)

By knowing the input and output rotational speeds, it is possible to estimate the
effective transmission ratio, which is evaluated as the ratio of the motor rotational speed
ωa to the required rotational speed ωp as given below:

εe =
ωa

ωp
= 15.84 (−) (7)

To achieve the required output in terms of rotational speed, a reduction gear is nec-
essary. In particular, the chosen gear is a compound planetary gear because it has a high
reduction ratio, a compact size, and cannot be achieved with a single-stage gear. Compound
planetary gearing is a commonly used gear system in complex mechanical applications,
such as automatic transmissions, compact gearboxes, and transmission systems that require
high reduction ratios in small spaces. A compound planetary gear is made up of at least
two planetary stages that are interconnected in such a way as to achieve more articulated
behavior than the simple planetary gear [229,230]. It is composed of different components:
a central pinion (a), one or more satellites (c’–c”), a planet carrier (p), and a planet gear (b).
The schematization is shown in Figure 24. It is important to note that, in Figure 24, c’ is the
satellite gear belonging to the first stage and c” is that of the second stage.

Input Outputa

b

c'

c''

p

Figure 24. Example of a compound planetary gearing system serving as a mechanical reducer. The
fundamental mechanical components that form the mechanism are the connecting components
between the input and the output: a central pinion (a), a couple of first stage satellites (c’), a couple of
second stage satellites (c”), a planet carrier (p), and a fixed planet gear (b).

To use the mechanisms represented in Figure 24 as a gearbox, the system has the
planetary gear (b) locked, and the output speed corresponds to the rotation speed of the
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carrier (p). For the gear train thus built, it is possible to define the Willis gear ratio ε0 and
then estimate the actual gear ratio εe as made explicit in the following equation:

ε0 =
ωa−ωp
ωb−ωp

= − zc′
za

zb
zc′′

= −14.84 (−)

εe = 1 − ε0 = 1 (−) + 14.84 (−) = 15.84 (−)

 (8)

The value of ε0 is −14.86 (−), but, for simplicity of construction and size, it is rounded
to −15 (−). Subsequently, this compound ratio was decomposed into two stages, having
respectively mechanical transmission ratios given by ε1 and ε2. In particular, a value for
ε1 of −3 (−) and a value for ε2 of 5 (−) were defined for the first and second stages,
respectively. It is easy to observe that the initial condition is met, as evidenced by the
following equation:

ε0 = −15 (−)

ε0 = ε1ε2

 (9)

From a geometric point of view, a 3:1 reduction ratio is used for the first stage, making
the stage compact because the wheels are similar in diameter. A ratio of 5:1 requires a
noticeable difference in gearing for the second stage. This aspect does not pose a problem
because the outer gear is larger, allowing the inner satellites to fit within the gear case.
Additionally, there are structural advantages associated with the present design solution.
With a 3:1 ratio, the torque transmitted to the first stage is relatively small. On the other
hand, employing a 5:1 ratio at the first stage would already result in five times the input
torque, thereby worsening wear and bending strength on both the wheel tooth and the shaft.

After evaluating the reduction ratios in both stages, the minimum number of teeth can
be determined using the following formulation:

za = 2
1 +

√
1 + 1

ε1

(
1
ε1
+ 2

)
sin2(θ)(

1
ε1
+ 2

)
sin2(θ)

= 14.98 (−) ≃ 15 (−) (10)

being θ the pressure angle of the gear wheels, which is considered to be 20 degrees. This
value represents an international standard that facilitates the production of interchangeable
components, as defined by various ISO, DIN, and AGMA standards. From the gear ratio
of the first stage, it is easy to estimate the number of teeth of the satellite gear using the
following expression:

zc′ = zaε1 = 45 (−) (11)

To estimate the number of teeth of the second satellite gear, the same formula can be
used again, this time considering the sprocket-wheel pair. In this case, the wheel-wheel
contact involves internal toothing. Therefore, the formulation of the number of teeth has
the following expression:

zc′′ = 2
1+

√
1− 1

ε2

(
2− 1

ε2

)
sin2(θ)(

2− 1
ε2

)
sin2(θ)

= 18.79 (−) ≃ 19 (−)

zb′′ = zc′ ε1 = 95 (−)

 (12)

Considering, for simplicity, a modulus equal to 1 mm, it is possible to verify the
equality of the wheel spacings of the wheel pairs a − c′ and c′′ − b. Furthermore, taking
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into account the geometry of the gear thus designed and remembering that the diameter is
related to the number of teeth according to the relation D = zm, it is possible to write:

Da + Dc′ + Dc′′ = Db (13)

By substituting the previously calculated results in Equation (13), one can easily verify
that the equality reported in this equation is not satisfied. As a result, it is necessary to
modify the system design properly. Since the diameters are not equal, one option is to
consider using a different sprocket module for each stage. By enforcing the equality of
the gearbases and explicitly expressing all the variables involved in the calculations as a
function of the moduli of the two stages, one can formulate the following equations:

Da = zam1, Dc′ = zc′m1

Dc′′ = zc′′m2, Db = zbm2

 (14)

which leads to the following:

(za + zc′)m1 + zc′′m2 = zbm2 (15)

By using the equality reported in Equation (15) and employing the numbers of teeth
previously evaluated, it turns out that the ratio of the modulus of the first stage m1 to the
modulus of the second stage m2 is equal to 1.26 (−). This ratio does not allow the selection
of standard modules. It is, therefore, more appropriate to iterate the design process by
changing the number of teeth. In particular, since the number of teeth of the solar gear
wheel za and the number of teeth of the second stage satellite gear wheel zc′′ represent
minimum numbers, it is possible to increase them by choosing, for example, za = 16 (−)

and zc′′ = 20 (−). Because of what was extensively discussed within the present section, it
is immediate to estimate the number of teeth of the other gear wheels zc′ and zb as given in
the following equation:

zc′ = ε1za = 48 (−)

zb = ε2zc′′ = 100 (−)

 (16)

Based on the relation of equality of center distances, it is possible to estimate the ratio
between the moduli of the first and second stages, which for this tooth combination, turns
out to be 1.25 (−). Thus, it is possible to define a module m1 of 1.25 mm for the first stage,
while a module m2 of 1 mm is chosen for the second stage. Finally, the results of the gear
mechanism thus designed are shown in Table 10.

Table 10. Compound planetary gearing system parameters.

Gear Number of Teeth (-) Module (mm) Pitch Diameter (mm)

a 16 1.25 20
c’ 48 1.25 60
c” 20 1.00 20
b 100 1.00 100

The values represented in the Table 10 correspond to first-attempt values that satisfy
the kinematic conditions of the rotor system. Following this initial, approximate but
effective design, detailed structural verifications must be carried out to ensure and verify
the proper functioning of the system.
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7. Summary, Conclusions, and Future Work
7.1. Synopsis of the Review and Research Work

The authors’ research interests encompass the analysis of multibody mechanical
systems, nonlinear optimal control, and applied structural identification. Within this
framework, the study of Unmanned Ground Vehicles (UGVs) stands out as a particu-
larly pertinent area that aligns seamlessly with the authors’ expertise and research focus.
Consequently, this paper is dedicated to providing a thorough review of the theoretical ad-
vancements, practical developments, and contemporary challenges in the computer-aided
design, modeling, and simulation of autonomous UGVs that are transforming modern
mechanical engineering applications.

The present investigation can be divided into two main phases: a comprehensive
research phase and a preliminary design phase. The research followed a defined and
structured path, beginning with a historical background of the topic and then developing
through a detailed literature review. This initial phase is the true strength of the work, as it
provides a solid and well-documented foundation on which the entire analysis rests. All of
this enabled the authors to understand the problems associated with the world of UGVs.
The implementation of traction and control systems presents a challenge in both the design
and purchase phases of a vehicle. Additionally, this paper highlights the applicability of
these systems in various engineering fields.

In the first part of this review, the development of unmanned ground vehicles up
to 2005 was examined using the traditional narrative approach. The historical review in
this section highlights the evolution of these multidisciplinary engineering systems over
time, as well as the areas of application in which they emerged. Subsequently, a systematic
literature review approach was employed to derive an unbiased analysis of the main issues
and principal challenges in this new and promising field of research, with a particular focus
on mechanical engineering applications.

7.2. Current Trends, Performance Limitations, and Future Developments

In recent years, the field of UGV systems has made significant progress. In partic-
ular, the literature demonstrates a growing interest in the use of increasingly advanced
systems, both from a technological standpoint and in the application of advanced materi-
als [231,232]. The ability to utilize high computational power has enabled the development
of increasingly accurate virtual models. Additionally, the use of advanced sensors has
enabled the definition of what is known as the digital twin [233,234]. Recent research work
highlights that such systems enable real-time monitoring and reduced maintenance costs
by predicting failures [7,235]. In addition, the use of these systems, integrated with artificial
intelligence algorithms and optimal control, enables the optimal utilization of available
energy, achieving the goal of energy savings [171,236].

Unlike systems that operate in wide spaces, such as UAVs, UGV systems face sev-
eral challenges, including operating in rugged terrain, navigating dynamic obstacles, and
navigating confined spaces [237–239]. Achieving these goals is not only a technological
challenge but also a mechanical one. Indeed, the use of advanced sensing facilitates over-
coming possible obstacles, but the use of advanced and pioneering mechanical systems
is also of importance. The possibility of developing modular or hybrid platforms could
be of considerable interest. Possible solutions could be the combination of wheels and
tracks or wheels and legs (wheel-legged systems), thereby providing better operational
versatility [240]. Another innovative aspect could be the development of amphibious
platforms and those that are multi-domain, i.e., capable of operating both on land and
in water [241,242] or transforming into flying drones [243]. Prototypes of transformable
vehicles capable of combining land locomotion and vertical flight are being developed [244].
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These technologies are increasingly the subject of interest from both civilian and military
sectors. Future research on UGVs will be most likely primarily based on addressing and
solving these new technological challenges.

Despite the considerable progress made in recent years and analyzed in the previous
sections, some limitations need to be emphasized. Liu et al. [245] conducted a review of
path-planning methods for mobile robots and identified several critical issues. Most models
use a grid-based approach, which is poorly suited to three-dimensional environments,
leading the robot to lose accuracy in its movements. Another problem that has emerged is
that most of the research is developed in virtual environments and not tested experimen-
tally. In addition, most of the proposed planning algorithms assume static or little variable
environments [246]. This turns out to be a limitation, as UGVs may exhibit poor adaptabil-
ity in complex, unpredictable scenarios. Another limitation is the real-time detection of
obstacles. The literature highlights that fusion sensor systems are not sufficiently robust
for real environments characterized by varying weather conditions, particularly in the
presence of reflective surfaces [247]. In addition, there is evidence of poor generalization
and transfer of the proposed methods.

Some algorithms are valid only in simulation or on specific robotic platforms. In
light of these considerations and consistent with the discussion in the previous sections,
it is possible to converge on some future research directions. There is undoubtedly a
need to develop adaptive planning and control algorithms that can robustly handle dy-
namic, unexpected, real-time environments. It may be promising to integrate generative
artificial intelligence techniques and large language models into perception and control
systems [248,249]. Such models can help improve the semantic understanding of the scene
and enable the robot to interpret its surroundings. Such approaches can be a step toward
greater cognitive autonomy of UGVs. There is a need for greater integration among per-
ception, sensory fusion, and real-time obstacle-avoidance modules, with greater focus
on off-road and unstructured scenarios. Finally, there is a need to deepen safety aspects
and human-robot interaction [250]. The interaction must advance in a way that ensures
transparency in decision-making, trust, and predictability.

7.3. Conclusive Discussion and Final Remarks

Due to the rapid developments in the engineering and scientific fields of unmanned
ground vehicles, a substantial number of studies have been published on these vehicles
from 2005 to 2024. For this reason, conducting an unbiased and objective historical review
using the narrative method during this period has become quite challenging, if not im-
possible. Therefore, in the present investigation, a systematic literature review approach
was employed to conduct an impartial, objective, standardized, and systematic review of
studies published during this timeframe. Specifically, 581 studies were extracted from the
primary databases and underwent bibliographic analysis in this investigation. This process
revealed the most cited studies, the most productive authors, their social structure, and key
research areas. In this context, a first research cluster addressing the main topics of vehicle
design, cooperation with unmanned aerial vehicles, path planning, and obstacle avoidance
was identified; a second research cluster focusing on trajectory tracking, agricultural appli-
cations, and advanced control applications emerged; and a third and last research cluster
concentrating on autonomous driving, mapping, and sensor topics was found.

The work conducted in this research enabled the acquisition of in-depth knowledge
about the various subsystems that comprise a typical UGV. The knowledge gained through
the systematic review approach will allow the design and development of a UGV with
extreme detail, suitable for various application contexts. The purpose of this work is to lay
the foundation for designing a multitask platform that exhibits high stability and maneu-
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verability, even in unstructured terrain.
Future research will focus on developing the Computer-Aided Design (CAD) model of

the example of the UGV system described in the paper, as well as its subsequent multibody
modeling. Building on this mechanical modeling, several directions can be pursued in
future work. For instance, advanced control algorithms can be developed, and computer
codes based on the Finite Element Method (FEM) can be implemented for the structural
optimization of the system components under study. Furthermore, the theme of sustain-
ability can be explored by utilizing energy management controls to enhance autonomy and
incorporating sustainable materials into the system construction. All these fundamental
issues concerning the mechanical modeling of UGVs will be explored, addressed, and
solved in future investigations.
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