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1 Abstract 

One of the technology domains with the greatest growth rates nowadays is 

service robots. The extensive use of ground mobile robots in environments that are 

unstructured or structured for humans is a promising challenge for the coming 

years, even though Automated Guided Vehicles (AGV) moving on flat and compact 

grounds are already commercially available and widely utilized to move 

components and products inside indoor industrial buildings. Agriculture, 

planetary exploration, military operations, demining, intervention in case of 

terrorist attacks, surveillance, and reconnaissance in hazardous conditions are 

important application domains.  

Due to the fact that it integrates the disciplines of locomotion, vision, 

cognition, and navigation, the design of a ground mobile robot is extremely 

interdisciplinary. In terms of mechanics, ground mobile robots, with the exception 

of those designed for particular surroundings and surfaces (such as slithering or 

sticky robots), can move on wheels (W), legs (L), tracks (T), or hybrids of these 

concepts (LW, LT, WT, LWT). In terms of maximum speed, obstacle crossing 

ability, step/stair climbing ability, slope climbing ability, walking capability on 

soft terrain, walking capability on uneven terrain, energy efficiency, mechanical 

complexity, control complexity, and technology readiness, a systematic 

comparison of these locomotion systems is provided in [1]. 

Based on the above-mentioned classification, in this thesis, we first introduce 

a small-scale hybrid locomotion robot for surveillance and inspection, 

WheTLHLoc, with two tracks, two revolving legs, two active wheels, and two 

passive omni wheels. The robot can move in several different ways, including using 

wheels on the flat, compact ground,[1] tracks on soft, yielding terrain, and a 

combination of tracks, legs, and wheels to navigate obstacles. In particular, static 

stability and non-slipping characteristics are considered while analyzing the 

process of climbing steps and stairs. The experimental test on the first prototype 

has proven the planned climbing maneuver’s efficacy and the WheTLHLoc robot's 

operational flexibility. Later we present another development of WheTLHLoc and 

introduce WheTLHLoc 2.0 with newly designed legs, enabling the robot to deal 

with bigger obstacles. 

Subsequently, a single-track bio-inspired ground mobile robot's conceptual 

and embodiment designs are presented. This robot is called SnakeTrack. It is 

designed for surveillance and inspection activities in unstructured environments 

with constrained areas. The vertebral column has two end modules and a variable 

number of vertebrae linked by compliant joints, and the surrounding track is its 

essential component. Four motors drive the robot: two control the track motion 

and two regulate the lateral flexion of the vertebral column for steering. The 

compliant joints enable limited passive torsion and retroflection of the vertebral 

column, which the robot can use to adapt to uneven terrain and increase traction. 

Eventually, the new version of SnakeTrack, called 'Porcospino', is introduced with 

the aim of allowing the robot to move in a wider variety of terrains. 
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The novelty of this thesis lies in the development and presentation of three 

novel designs of small-scale mobile robots for surveillance and inspection in 

unstructured environments, and they employ hybrid locomotion systems that 

allow them to traverse a variety of terrains, including soft, yielding terrain and 

high obstacles. 

This thesis contributes to the field of mobile robotics by introducing new design 

concepts for hybrid locomotion systems that enable robots to navigate challenging 

environments. The robots presented in this thesis employ modular designs that 

allow their lengths to be adapted to suit specific tasks, and they are capable of 

restoring their correct position after falling over, making them highly adaptable 

and versatile. 

Furthermore, this thesis presents a detailed analysis of the robots' 

capabilities, including their step-climbing and motion planning abilities. In this 

thesis we also discuss possible refinements for the robots' designs to improve their 

performance and reliability. 

Overall, this thesis's contributions lie in the design and development of 

innovative mobile robots that address the challenges of surveillance and 

inspection in unstructured environments, and the analysis and evaluation of these 

robots' capabilities. The research presented in this thesis provides a foundation 

for further work in this field, and it may be of interest to researchers and 

practitioners in the areas of robotics, automation, and inspection. 

As a general note, the first robot, WheTLHLoc, is a hybrid locomotion robot 

capable of combining tracked locomotion on soft terrains, wheeled locomotion on 

flat and compact grounds, and high obstacle crossing capability. The second robot, 

SnakeTrack, is a small-size mono-track robot with a modular structure composed 

of a vertebral column and a single peripherical track revolving around it. The third 

robot, Porcospino, is an evolution of SnakeTrack and includes flexible spines on 

the track modules for improved traction on uneven but firm terrains, and 

refinements of the shape of the track guidance system. This thesis provides 

detailed descriptions of the design and prototyping of these robots and presents 

analytical and experimental results to verify their capabilities. 
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2 Introduction 

Currently, one of the technology domains which has the greatest growth is 

service robotics [2]. Even yet, the significant use of ground mobile robots in 

situations that are unstructured or structured for humans is a potential challenge 

in the upcoming years [3]. Automated Guided Vehicles (AGV) traveling on flat and 

compact grounds are now commercially available and widely utilized to transport 

components and products inside industrial structures. Agriculture [4], [5], 

planetary exploration[6][7], reconnaissance in hazardous conditions, such as 

radioactive or chemical contamination[8], homeland security and military 

operations [9], demining [10], intervention in the event of terrorist strikes [11], 

and surveillance [12] are also significant application sectors. 

Many kinds of calamities stem from natural and man-made causes: 

earthquakes, floods, hurricanes, fires, etc. They cause disruptions and rubles in 

disaster areas like collapsed buildings, landslides, or volcano eruptions. In many 

countries, natural disasters leading to casualties are frequently encountered as a 

result of geological structure and climate patterns. It is very important to reach 

the victims within the first 48 hours after the disaster to save their lives [13]. 

However, the difficult physical conditions after natural disasters usually make 

it hard, difficult, and dangerous to reach the victims. For the purpose of 

overcoming these difficulties, especially on the international scene, scientific and 

technological studies are concentrated on the development of search and rescue 

mobile robots. The biggest contribution of these robots will be keeping the search 

and rescue personnel out of the disaster region and gathering and processing more 

information from the site via various sensors and hence preventing further 

casualties and losses of lives. 

During these emergency situations, especially in urban disasters, many 

different people are deployed such as policemen, firefighters, and personnel of 

medical assistance. Search and rescue mobile robots need to cooperate to save lives 

and evacuate victims to safe areas. In such situations, they must act quickly and 

take abrupt decisions and actions to detection of victims. They must determine the 

location and status of victims and the stability of the structures as quickly as 

possible so that first-aid personnel such as medical personnel and firefighters can 

enter the disaster area and save victims. 

All of these tasks used to be performed by humans and trained dogs in very 

hazardous and risky situations are increasingly undertaken by Search and Rescue 

Mobile Robots. Three main types of mobile robots can be distinguished: 

1. Unmanned Aerial Vehicles (UAVs)- UAVs work without any contact 

with the ground surface and can help in transporting medical aid to 

victims and presenting a rough scenario of the accident site to the 

rescue team [14]. 
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2. Unmanned Underwater Vehicles (UUVs)- UUVs have the ability to 

search through water and identify fatalities, hazardous subjects, or 

materials [15]. 

3. Unmanned Ground Vehicles (UGVs)- UGVs work on the ground surface 

and can assist rescuers to find and interact with trapped victims, in 

areas where it is dangerous or difficult for rescue personnel to enter [1]. 
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2.1 Aerial Robots 

Over the past ten years, interest in unmanned aerial vehicles (UAVs) has 

steadily increased among scientific communities, commercial enterprises, and the 

general public. Consider the possibility that one of the world's most well-known e-

commerce platforms intends to use hexacopters to transport products to 

customers' hands in thirty minutes or less [16]. 

The National Science Foundation (NSF) has been given $35 million in research 

funding by the White House in 2016 to expedite the design and control of 

unmanned aerial vehicles (UAVs), particularly for civilian uses like the 

monitoring and inspection of physical infrastructures, quick disaster response, 

agricultural, and meteorological domains [17]. 

As a result, the number of applications for UAVs is constantly growing. In 

reality, UAVs are used to investigate seismic risks and earthquake-prone regions. 

[16] In a small town in southern Italy called Cerreto Sannita, archaeologists are 

also using UAVs to digitally restore the medieval portion of the town [18]. Some 

businesses have begun to consider creating a type of personal UAV with a camera 

to capture self-movies [19], particularly indicated for a sportsman. The 

information and examples shown above all point to the fact that aerial robotics is 

experiencing its golden age. UAVs must transition from passive duties, such as 

inspection, surveillance, monitoring, remote sensing, and so on, to active tasks, 

like grasping and manipulation This is exactly in line with what the European 

Robotics Strategic Research Agenda (eSRA), which was introduced in Brussels in 

2009 and renewed in 2014, specified [20]. 

The eSRA states that robotic employees and coworkers, logistic robots, and 

robots for exploration and inspection are all envisioned uses for aerial and space 

robotics. To carry out the necessary duties, UAVs must be equipped with 

manipulation capabilities. Therefore, from a broad perspective, aerial 

manipulation refers to the actions of using UAVs to grasp, carry, position, 

assemble, and disassemble mechanical components, measuring devices, and other 

items. Particularly in certain industrial and service applications that are thought 

to be extremely risky for a human operator, the introduction of aerial 

manipulation in the situations outlined by the eSRA can be useful. Aerial vehicles 

that can do simple manipulation tasks might in fact help humans with these tasks, 

or at the very least in the most dangerous and important circumstances. Mobile 

ground platforms [1], underwater [21], and space robots [22] can be taken as 

examples of this scenario. Consequently, a UAM might be a useful option for giving 

an aerial vehicle the capacity to carry out deft manipulation duties. 

First and foremost, UAVs need to be outfitted with the right equipment to 

perform aerial manipulation operations. The two approaches that are most 

frequently used are either mounting a gripper or a multi-fingered hand directly on 

the aerial vehicle, such as a flying hand (FH), or outfitting the UAV with one or 

more robotic arms, such as an unmanned aerial manipulator (UAM). In the first 

scenario, the item can be held and locally adjusted while in flight. However, a 
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single gripper is insufficient to achieve a full evolution of the UAVs from passive 

to active duties; mechanical structures attached to the UAVs are then required to 

carry out more complicated functions.  

Robots with the level of mobility provided by flying have a wide range of 

possible uses. The military applications of aerial robotics have been recognized 

ever since the beginnings of powered flight, and they have already been realized 

to have sometimes spectacular effects in surveillance, targeting, and even strike 

missions. Even more civilian applications exist, such as those for remote sensing, 

disaster relief, image capture, monitoring, and the delivery of products. 

The challenges faced by aerial robots span several distinct fields, including 

state regulations, man-machine interface design issues, navigation, 

safety/reliability, collision prevention, and take-off/landing techniques. The size of 

aerial robots can considerably influence their flight dynamics, and small aerial 

robots can end up looking considerably different from their larger counterparts. 

Comparable with their manned counterparts, aerial robots may enjoy diverse 

propulsion systems and operate over large speed ranges. 

Aerial robots must be equipped with reliable position and actuation equipment 

so as to be capable of controlled flight, and this constitutes a nontrivial 

requirement prior to doing research or development in this field. However, many 

universities, research centers, and industries have now met this requirement and 

are actively working on the challenges presented above. The largest obstacle to 

the commercial development of aerial robots is, however, the necessity to comply 

with and support a regulatory environment that is only beginning to address these 

rapidly developing systems. [16] 

There are many applications for Aerial robots; some of the most important are 

considered for civilian uses like monitoring and inspection of physical 

infrastructures, smart response to disasters, and agricultural and meteorological 

domains. [23] 

It is challenging to do an exact taxonomy of UAVs due to the variety of 

applications for aerial vehicles since there are many devices on the market with 

various dimensions, mechanical configurations, actuators, and other 

characteristics. The classification of aerial robotics is more complicated than that 

of manned aviation because the term currently covers a very diverse range of 

systems with various scales, mechanical configurations, and actuation principles. 

Aerial robots are essentially miniature reproductions of manned aircraft designs 

in the great majority of cases. [12] Following what was shown in [24], grouping the 

UAVs according to their low maneuverability and high endurance toward their 

high maneuverability yields: i) rotary wings unmanned aerial vehicles (RW-

UAVs), such as multirotor (including quadcopters and hexacopters), small-scale 

helicopter-based unmanned aerial vehicles (HUAVs), coaxial helicopters, and 

ducted fan unmanned aerial vehicles; ii) convertible unmanned aerial vehicles 

(UAVs), which have interchangeable designs such as tilting rotors or cruise-flight-

enabled ducted fans unmanned aerial vehicles, tail. The vertical take-off and 

landing (VToL) UAVs are one of the above-mentioned vehicles that can detach 
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from and land on the ground without using a runway. Multirotor UAVs are less 

expensive and easier to control than conventional aircraft. They are adept at 

hovering, but their best characteristic isn't endurance.[16]. 

 

Figure 2-1 Examples of five categories of UAVs. a): a rotary wings UAV, in particular, a hexacopter from; 

a convertible UAV, b) a quadrotor with tilting rotors from TILT Racing Drone [25]; c) a bio-inspired UAV, in 

particular, a robotic flying insect [26]; d) a fixed-wing UAV [14], in particular, an electric glider; e) a lighter-

than-air UAV, in particular a blimp [27], [16]. 
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2.2 Under-water Robots 

Underwater robotics has seen a lot of research and development over the past 

ten years, particularly in the area of autonomous underwater vehicles (AUVs). The 

necessity for the application of underwater robotic systems has grown as the ocean 

draws significant attention to environmental concerns, resources, and scientific 

and military endeavors. AUVs have undergone extensive development to solve 

difficult engineering and scientific issues brought on by the dangerous and 

unstructured ocean environment. Around 30 new AUVs were produced globally in 

the 1990s, and many more have been produced until this date. R&D activities in 

the AUV community have increased as a result of the creation of novel materials, 

cutting-edge computing, and sensory technologies, as well as theoretical 

developments. However, this is just the start of more sophisticated yet useful and 

dependable AUVs [21]. 

Oceans make up two-thirds of the surface of the planet and have historically 

had a significant role in determining human wellbeing. They make it possible to 

carry products across countries, much as in the past. The oceans are now 

important suppliers of food and other commodities like oil and gas. In the near 

future, it's possible that gas hydrate extraction and offshore metal mining may 

both become commonplace. On the other hand, natural events like hurricanes and 

tsunamis pose a danger to human safety and cause infrastructural damage due to 

the ocean. 

 

Figure 2-2 The ROV Jason 2 (courtesy of the Woods Hole Oceanographic Institute, 

http://www.whoi.edu) 

Using a range of tools, our scientific knowledge of deep water is quickly 

growing. Diverse additional technologies, including towed or lowered equipment, 

trawls, dredges, autonomous seabed instrumentation, and deep-sea drilling, were 

used in conjunction with diving and human-occupied submersibles to perform the 

first scientific investigations. Recently, remotely controlled and self-driving 

vehicles have started to change seabed investigation, often providing better data 

at lower prices. Seafloor observatories connected by satellites and fiber-optic 

cables will soon return enormous volumes of data from coastal and deep-sea 

locations. These observations will supplement those from more traditional 

expeditionary studies, and their installation and maintenance will both need 
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teleoperated or robotic assistance. The Jason 2 vehicle created at the Woods Hole 

Oceanographic Institution is an example of a remotely operated vehicle designed 

for the scientific study of the seafloor (shown in Figure 2-2), and a list of remotely 

operated vehicles for scientific exploration can be found in Table 2-1 (the last 

vehicle in the table, Kaiko, was lost several years ago). 

Table 2-1 ROVs for scientific use 

Vehicle Depth (m) Institution Manufacturer 

Hyperdolphin 3000 JAMSTEC ISE 

Dolphin 3K 3000 JAMSTEC JAMSTEC 

Quest 4000 MARUM Shilling 

Tiburon 4000 MBARI MBARI 

ROPOS 5000 CSSF ISE 

Victor 6000 IFREMER IFREMER 

Jason 6500 WHOI WHOI 

ISIS 6500 NOC WHOI 

UROV 7K 7000 JAMSTEC JAMSTEC 

Kaiko 11000 JAMSTEC JAMSTEC 

Currently, remotely operated vehicles (ROVs) that are physically attached 

through a tether to receive power and data are used almost exclusively to service 

offshore oil and gas infrastructure, with human divers only being utilized for the 

shallowest installations. In order to support drilling operations, activate valves, 

repair or replace subsea components, and carry out a number of other duties 

necessary to maintain production rates and product quality, subsea systems need 

substantial work capacity throughout the installation. As offshore oil and gas 

production goes into deeper seas and economic concerns force important 

production stages from surface platforms to the seabed, the trend toward robotic 

and teleoperated subsea intervention seems unavoidable. These systems can carry 

out difficult operations including clearing away dirt, cleaning with abrasive 

instruments, and employing a range of nondestructive testing equipment thanks 

to remotely driven manipulators. The cost rise and the challenges of controlling 

the lengthy tether are the major reasons why ROV efficacy diminishes with depth. 

Autonomous underwater vehicles (AUVs) are unmanned, free-swimming 

underwater vehicles that can perform various tasks without being constrained by 

ROV tethers. Such vehicles carry their own energy sources (now batteries, maybe 

fuel cells in the future) and solely communicate through acoustics and, in the near 

future, optical communications. These vehicles must function independently from 

ongoing human supervision; in many circumstances, they operate totally 

autonomously due to limited communications. Currently, AUVs are utilized for 
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under-ice surveying, underwater archeology, oceanographic sampling, and 

scientific surveying. More ambitious uses, such as long-term subsea surveillance, 

are in the technical development stage. Military applications, like mine detection 

and landing site survey, are now operational. Currently, AUVs are unable to 

perform normal ROV activities like sampling or manipulation because these 

situations may be difficult for even experienced human pilots to navigate [21]. 

There are around 200 AUVs in use, many of them experimental. Nevertheless, 

they are developing quickly. Recently, several businesses have started using AUVs 

for commercial services. As an example, the cost savings of a survey carried out 

using an AUV instead of a towed vehicle for the oil and gas business is up to 30%, 

and the data quality is often greater. Likewise, complete AUV systems for 

particular, predetermined missions are currently offered by commercial producers 

in a number of nations. Currently, most ROVs are equipped with remotely 

controlled manipulators as standard equipment, but autonomous manipulation 

remains a research difficulty; two programs, SAUVIM [28] and ALIVE [29], were 

committed to examining this control issue. 

2.2.1 Background of underwater robotics 

Humans have utilized boats from the beginning of recorded history, but 

submerged vehicles are relatively modern inventions. The legend has it that 

Aristotle invented the skapheandros (boat-man), which allowed Alexander the 

Great (Alexander III of Macedonia, 356-323 BC) to remain underwater for at least 

half a day during the Tiro War in 325 BC. This invention is thought to be the first 

known instance of an underwater device. If accurate, this would predate 

Archimedes' rule, which was originally stated about 250 BC, hence it is definitely 

implausible. The first underwater vehicle may have been created by Leonardo Da 

Vinci. The Codice Atlantico (Codex Atlanticus), which was composed between 1480 

and 1518, has a description of his endeavors. According to legend, Leonardo 

experimented with the notion of an underwater military machine but destroyed 

the findings because he thought they were too hazardous. The North-seeking 

apparatus, which was granted a patent in 1908 and employed gyroscopic 

principles to create the first autopilot, was likely the first maritime control system 

to use feedback theory [30]. It is noteworthy to note that the proportional-integral-

derivative (PID) control, which is often used today in many industrial applications, 

was first fully evaluated in 1929 by Minorsky [31]. From that point on, the usage 

of feedback theory in maritime control increased steadily. In 1953, POODLE, the 

first remotely controlled underwater vehicle, was created. The ROV developed 

during the 1960s and 1970s, mostly for military applications. The commercial 

offshore sector began to employ ROVs in the 1980s, and they also started to appear 

for research purposes. In the 1970s, the first tetherless, autonomous cars were 

created for testing. AUVs are now used more often for scientific, military, and 

commercial purposes. Commercial suppliers provide turnkey AUV systems for a 

variety of purposes, and a number of businesses offer AUV services [15].  
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2.3 Ground Mobile Robots 

In the next 20 years, the global market for mobile robots is anticipated to grow 

significantly, exceeding the market for industrial robotics in terms of sales and 

units. These robots gained a lot of attention in recent decades, mainly due to their 

vast usage in uneven, multi-structured environments. Homeland security, 

surveillance, demining, reconnaissance in risky situations, and agriculture are 

significant application areas. In general, designing mobile robot locomotion 

systems for unstructured environments is difficult, especially when the robots 

must navigate rough or soft terrain or overcome obstacles.[32] 

Since the robotics field integrates the disciplines of locomotion, vision, 

cognition, and navigation, the design of a ground mobile robot is extremely 

interdisciplinary. In terms of mechanics, ground mobile robots, except those 

designed for particular surroundings and surfaces (such as slithering or sticky 

robots), can move on wheels (W), legs (L), tracks (T), or hybrids of these principles 

(LW, LT, WT, LWT). [33] provides a detailed analysis of different locomotion 

systems, comparing them in terms of their maximum speed, obstacle-crossing 

ability, step/stair climbing ability, slope climbing ability, capacity to walk on soft 

ground, ability to walk on uneven ground, energy efficiency, mechanical 

complexity, control complexity, and technological readiness [34]. 

In summary, wheeled robots maximize speed and energy efficiency, while 

legged robots have higher mobility in unstructured situations. Tracked robots fall 

somewhere in the center and are especially well-suited to navigating soft and 

yielding terrain because of the huge contact surface with the ground. The chart of 

Figure 2-3 [32] illustrates a fairly synthetic and qualitative sketch of the 

characteristics of locomotion systems, with the horizontal axis denoting mobility 

in unstructured situations and the vertical axis denoting speed and energy 

efficiency. L, T, and W systems are diagonally positioned in the graph, indicating 

that mobility in unstructured environments is inversely proportional to speed and 

energetic efficiency. Hybrid combinations aim to fill the right upper zone with a 

combination of benefits but are constrained by the rise in mechanical complexity, 

which consequently results in performance trade-offs. 
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Figure 2-3 Mobility in unstructured environments vs. speed and energy efficiency of the possible hybrid 

locomotion systems [32]. 

2.3.1 Classification of ground mobile robot locomotion systems and 

comparison methodology 

Even though certain robots in this study can travel briefly on water, this 

dissertation discusses locomotion techniques for robots that move mostly on 

land.[35]. Additionally, because they are used for extremely specialized purposes, 

special-purpose locomotion principles (such as jumping robots, snake-like 

slithering robots, and wall-adhering robots) won't be covered. Furthermore, some 

researchers have proposed sophisticated locomotion strategies that utilize two or 

more cooperative mobile robots [36]. These cooperative approaches to robot 

mobility, however, will not be taken into consideration because they call for 

elaborate supervision systems and are infrequently used; instead, only the 

principles of locomotion for autonomous ground robots that do not interact with 

other vehicles or fixed devices will be covered [32]. 

Based on these criteria, ground mobile robots can be divided into three major 

categories: 

- robots with wheels (W),  

- robots with tracks (T),  

- and robots with legs (L). 

Additionally, the combination of these locomotion principles results in a class 

of robots named hybrid robots. Examples of the four possible combinations that 
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result in hybrid locomotion systems may be found in the scientific and industrial 

areas. These combinations are legs-wheels (LW), legs-tracks (LT), wheels tracks 

(WT), and legs-wheels-tracks (LWT). Figure 2-4 summarizes the four hybrid 

categories as well as the three primary categories of ground mobile robots. 

 

Figure 2-4 Ground mobile robot classifications 

A set of features that may be objectively studied must be developed to compare 

locomotion systems in detail; Table 2-2 proposes a set of 10 features together with 

their related definitions. The remaining three features (mechanical complexity, 

control complexity, and technology readiness) describe system complexity and 

have an impact on other features, such as reliability. The first seven features 

(maximum speed, obstacle crossing capability, step/stair climbing capability, slope 

climbing capability, walking capability on soft terrains, and energy efficiency) are 

related to pure mobility performance and are quantitatively measurable. Since 

autonomy depends on energy efficiency, it is not explicitly taken into 

consideration. 
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Table 2-2 Description of the features considered in the comparison of locomotion systems. [34] 

Feature Definition 

speed 

maximum speed on flat and 

compact surfaces in the 

absence of obstacles 

obstacle crossing 

capability of crossing obstacles 

with random shapes in 

unstructured environments 

(e.g. rocks) 

step climbing 

capability of climbing up single 

steps and stairs in 

environments structured for 

humans 

slope climbing 
capability of climbing compact 

slopes with a sufficient friction 

coefficient (> 0.5) 

walking capability on 

soft terrains 

capability of walking on soft 

and yielding terrains (e.g. 

sand) 

walking capability on 

uneven terrains 

capability of walking on 

uneven terrains (e.g. grassy 

ground, rocky ground) 

energy efficiency 
energy efficiency in normal 

operating conditions, on flat 

and compact terrains 

mechanical complexity level of complexity of the 

mechanical architecture 

control complexity 
level of complexity of the 

control system (hardware and 

software) 

technology readiness 
level of maturity of the 

necessary enabling 

technologies 
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2.3.2 Locomotion system for Ground Mobile Robots 

In this section, With reference to the criteria listed in Table 2-2, the key 

aspects of the various mobile robot locomotion system categories are summarized 

and reviewed. 

2.3.2.1 Wheeled Robots 

Robots with wheels are frequently employed to achieve mobility because they 

have a number of benefits, including a straightforward structure, high energy 

efficiency, quick speed, low manufacturing cost, and others. This section's goals 

are to give a broad overview of wheeled mobile robots, explore their mobility-

related characteristics, describe the most prevalent examples of such robots, and 

explain wheel-terrain interaction models and suspension systems. [37] 

In this manner, the section is structured: the description of the restriction to 

robot mobility brought on by these pure rolling situations is covered in section 

2.3.2.1.1. We first discuss several wheel designs that are employed in mobile robot 

development and then extract the relevant kinematic restrictions. As a result, we 

are able to describe a robot's mobility and demonstrate that these robots can only 

be divided into five groups, each of which corresponds to two mobility indices. 

We show several examples of wheeled mobile robot realizations using various 

wheel types in Section 2.3.2.1.12. The composition and characteristics of common 

wheel mechanics are described. The ability of omnidirectional movement, 

manufacturing costs, controllability, and ability to traverse different types of 

terrain are all design considerations for wheeled robots [38]. 

2.3.2.1.1 Mobility of Wheeled Robots 

We discuss many types of wheels and wheel implementations in mobile robots 

in this section. We talk about how using these wheels restricts robot movement 

and come up with a classification of robot mobility that makes it possible to 

completely describe robot mobility regardless of the number and kind of wheels. 

2.3.2.1.2 Different types of wheels 

Wheeled mobile robots are commonly employed in numerous applications to 

achieve robot locomotion. In general, wheeled robots move more quickly and use 

less energy than other types of vehicles (such as tracked or legged robots). Because 

of their straightforward procedures and fewer stability issues, controlling them 

requires less work. Wheeled mobile robots are suited for a broad variety of target 

locations in practical applications, notwithstanding the difficulty in navigating 

rough terrain or uneven ground conditions. There are two options when 

considering a single-wheel design: a regular wheel or a unique wheel. A typical 

tire can be thought of as a typical wheel. Special wheels have distinctive 

mechanical components like rollers or spheres. Figure 2-5 depicts a typical wheel's 

general layout. A typical wheel design should meet the following three 

requirements:  
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1- the two offsets d and b are determined; 

2- whether a mechanical design allows for steering action (i. e., to fix the 

wheel orientation or not); 

3- choosing the appropriate steering and driving actuation (i. e., active or 

passive drive). 

 

Figure 2-5 The general design of a standard wheel. (a) side view, (b) front view, and (c) top view 

The kinematic parameter design issue for a single standard wheel is condition 

1. 0 or a positive constant are both acceptable values for the parameter d. The 

wheel's lateral offset, or parameter b, is often set to zero. To provide pure rolling 

contact between the wheel and the ground without creating rotational slip at the 

contact point, a nonzero b may be chosen in a specific design. This is little utilized, 

and we mainly take the scenario of zero lateral offset b into consideration. 

Whether or not the wheel orientation can be adjusted is a design issue with 

condition 2. The wheel provides a velocity constraint on the driving direction if the 

steering axis is fixed. The third condition involves the design dilemma of choosing 

whether to passively drive steering or motion or to activate it with actuators. In 

kinematic modeling, the offset d is crucial if steering motion is permitted. There 

is a nonzero offset d for a typical caster wheel, often known as an off-centered 

orientable wheel. The junction joining the wheel module to the robot chassis is 

shown as Point A in Figure 2-5. Using the steering and driving motions of the 

wheel module, a caster wheel creates two orthogonal linear velocity components 

at point A. This indicates that the motion of the robot is not further restricted in 

velocity by a passive caster wheel. Because any desired velocity at point A may be 

generated by solving the inverse kinematics problem, holonomic omnidirectional 

movement can be accomplished if a caster wheel is outfitted with two actuators 

that drive steering and driving motions independently [38]. 

The permitted velocity direction at point A is constrained to the wheel 

orientation if the offset d is set to zero. Because the wheel orientation cannot be 

adjusted passively in this situation, the steering motion shouldn't be passive. 

However, the actuation of other wheels can passively determine the driving speed. 

Due to the nonholonomic velocity limitation, wheel orientation is to be actively 
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directed in the desired velocity direction. This suggests that prior to movement, 

the wheel orientation should be aligned.  

In conclusion, there are four main categories of standard wheels. The first is a 

wheel that is passively powered and has a fixed steering axis. A passive caster 

wheel with offset d comes in second. The third type of wheel uses an active caster 

wheel with an offset d, where actuators regulate the driving and steering 

movements. The fourth wheel is an active orientable wheel with zero offset d, 

where actuators are used to power steering and driving motions. Figure 2-6 depicts 

the architecture of each wheel type. 

 

Figure 2-6 Structures of standard wheels. (a) passive fixed wheel, (b) passive or active, off-centered 

orientable wheel, and (c) active orientable wheel without offsets 

Standard wheels are useful because of their straightforward design and high 

level of dependability, although robot motion is constrained by the nonholonomic 

velocity constraint (i.e., no sideslip condition). However, special wheels can be used 

to give a mobile robot omnidirectional motion, ensuring three degrees of freedom 

for plane travel. We look at the Swedish wheel and the spherical wheel as two 

examples of common special wheel designs [38]. 

Figure 5 shows the Swedish wheel. The outer rim of the wheel is lined with 

tiny passive free rollers. The nonholonomic velocity limitation is removed by using 

free rollers. The wheel moves laterally because passive rollers are free to rotate 

around the axis of rotation. As a result, the driving velocity should be managed, 

and the lateral velocity should be passively determined by the other wheels' 

actuation. 

In Figure 2-7, a spherical wheel is seen. Rollers that make rolling contact with 

the sphere limit its ability to rotate. Driving rollers and supporting rollers are two 

categories for the rollers. The rolling contacts operate as nonholonomic limitations 



DIME - Dipartimento di Ingegneria Meccanica, Energetica, Gestionale e dei Trasporti P a g e  27 | 189 

 

while the driving rollers actuate the sphere, causing the motion of the sphere 

module to become holonomic. This suggests that the robot can be moved at any 

time at any desired linear or angular velocities. A holonomic omnidirectional 

mobile robot can be created by using the spherical wheel, and the robot establishes 

smooth and continuous contact between the sphere and the ground. The sphere-

supporting mechanism's design is challenging, and because of the point contact, 

the payload must be extremely light. Another disadvantage is that when moving 

over the unclean ground, the sphere's surface may become polluted, and uneven 

ground is challenging to navigate. The practical use of the spherical wheel is 

constrained by these shortcomings. An example of the use of spherical wheels can 

be found in [39] and [40]. The nonholonomic manipulator in [41] and the passive 

haptic system in [42] are two examples of how the spherical structure can be used 

for specialized robotic transmissions. 

 

Figure 2-7 (a) Swedish wheel, (b) attachment of a Swedish wheel 

2.3.2.1.3 Kinematic Constraints 

As a first stage, we suppose that the mobile robot under investigation consists 

of a rigid cart with nondeformable wheels and is traveling horizontally. The 

posture vector 𝜉 = (𝑥 𝑦 𝜃)𝑇, where x and y are the coordinates of a reference point 

P on the robot cart and  is the orientation of a mobile frame linked to the robot 

with respect to the inertial frame, representing the position of the robot on the 

plane (Figure 2-8). 

We assume that each wheel's plane remains vertical while it is in motion and 

that it revolves around its horizontal axle, whose orientation in relation to the cart 

might be either constant or variable. We make a distinction between the 

conventional and Swedish wheels, two fundamental types of idealized wheels. 

Each time, it is assumed that there is just one point of contact between the 

wheel and the ground. The fact that the velocity of the material point of the wheel 

in contact with the ground is equal to zero leads to kinematic limitations. The 

kinematic constraints for a standard wheel suggest that the center's velocity is 
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proportional to the wheel rotation velocity and parallel to the wheel plane (nonslip 

condition) (pure rolling condition). Each time, it is assumed that there is just one 

point of contact between the wheel and the ground. The fact that the velocity of 

the material point of the wheel in contact with the ground is equal to zero leads to 

kinematic limitations. The kinematic constraints for a standard wheel suggest 

that the center's velocity is proportional to the wheel rotation velocity and parallel 

to the wheel plane (nonslip condition, pure rolling condition) [38]. 

2.3.2.1.4 Conventional Wheels 

Now, we determine the fundamental shape of the kinematic constraint for a 

conventional wheel. The conventional wheel design comes in a number of 

modifications, as seen in Figure 2-6. We first concentrate on the orientable wheel 

in Figure 2-6b that is not centered. A stiff rod from A (a fixed location on the cart) 

to B, aligned with the wheel plane, connects the cart to the wheel center, B. The 

rod can revolve around a fixed vertical axle at point A, whose length is indicated 

by the symbol d. In relation to the reference point P, the location of A is described 

by two constant polar coordinates, l and . The angle β represents the rotation of 

the rod with respect to the cart. 

The wheel's radius is represented by the letter r, while its angle of rotation on 

its horizontal axle is represented by the letter φ. As a result, the description 

includes two variables, φ(t) and (t), as well as four constant parameters, , l, r, 

and d. The kinematic constraints are generated using these notations in the 

manner shown below. We explicitly provide the derivation for the broader scenario 

related to a caster wheel (Figure 2-6 b). One only has to take into account the 

scenario of d = 0 and constant  (fixed wheels) or d=0 and variable β (steering 

wheels) for fixed or steering wheels (steering wheels) [38]. 

The following vector expression, 
𝑑

𝑑𝑡
𝑂𝐵 =

𝑑

𝑑𝑡
𝑂𝑃 +  

𝑑

𝑑𝑡
𝑃𝐴 +  

𝑑

𝑑𝑡
𝐴𝐵  , gives us the 

velocity of the center of the wheel, which we first assess. The two parts together 

as: 

𝑥̇𝑐𝑜𝑠𝜃 +  𝑦̇𝑠𝑖𝑛̇𝜃 + 𝑙𝜃̇𝑠𝑖𝑛𝛼 + (𝜃̇ + 𝛽̇)𝑑𝑐𝑜𝑠(𝛼 + 𝛽) 1 

and 

−𝑥̇𝑠𝑖𝑛̇𝜃 +  𝑦̇𝑐𝑜𝑠𝜃 + 𝑙𝜃̇𝑐𝑜𝑠𝛼 + (𝜃̇ + 𝛽̇)𝑑𝑠𝑖𝑛(𝛼 + 𝛽) 2 

𝑟𝜑̇ and 0, which represent the pure rolling and nonslip situations, are the 

projections of this vector into the direction of the wheel plane, that is, onto the 

vectors (cos (𝛼 + 𝛽 − 𝜋 2⁄ ) , sin(𝛼 + 𝛽 − 𝜋
2⁄ )  and the vector of the wheel axle 

cos (𝛼 + 𝛽), sin (𝛼 + 𝛽). These criteria can be restated in the following compact 

form after some adjustments. 

2.3.2.1.5 Pure Rolling Condition 

(− sin(𝛼 + 𝛽)  cos(𝛼 + 𝛽)    𝑙𝑐𝑜𝑠𝛽)ℛ(𝜃)𝜉̇ + 𝑟𝜑̇ = 0 3 
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2.3.2.1.6 Nonslip Condition  

(− cos(𝛼 + 𝛽)  sin(𝛼 + 𝛽) 𝑑 + 𝑙𝑠𝑖𝑛𝛽) ℛ(𝜃)𝜉̇ + 𝑟𝛽̇ = 0 4 

R() is the orthogonal rotation matrix representing the orientation of the robot 

with respect to the inertial frame in the earlier supplied expressions, i.e. 

𝑅(𝑡) = (
𝑐𝑜𝑠𝜃 𝑠𝑖𝑛𝜃 0

−𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃 0
0 0 1

) 5 

These general expressions can be made simpler for many sorts of conventional 

wheels, as was previously stated. When a wheel is fixed, its center is fixed in 

relation to the cart and its orientation is constant. This is equivalent to a constant 

𝛽 and d = 0 value (Figure 2-6 a). After that, the nonslip equation becomes: 

(cos(𝛼 + 𝛽)  sin(𝛼 + 𝛽)    𝑙𝑠𝑖𝑛𝛽) ℛ(𝜃)𝜉̇ = 0 6 

The nonslip equation for steering wheels has the following form because the 

center of the wheel is also fixed in relation to the cart (i.e., d = 0), with 𝛽 time-

varying nonslip condition equation. In Figure 2-6c, this structure was already 

described. With a nonzero length rod AB and a time-varying orientation angle 𝛽, 

the scenario given by equations nonslip condition and Pure Rolling Condition is 

comparable to caster wheels. 

2.3.2.1.7 Swedish wheel 

Similar to fixed wheels, the location of a Swedish wheel in relation to the cart 

is characterized by three constant parameters: , 𝛽 , and l. Characterizing the 

direction of the zero component of the velocity at the wheel's contact point with 

respect to the wheel plane requires the addition of another parameter. The angle 

between the rollers' axle and the wheel plane, or , is this parameter (Figure 2-7b). 

The kinematic constraints now impose only one condition 

[− sin(𝛼 + 𝛽 + 𝛾)  cos(𝛼 + 𝛽 + 𝛾)    𝑙𝑐𝑜𝑠(𝛽 + 𝛾)] × ℛ(𝜃)𝜉̇ + 𝑟𝑐𝑜𝑠𝛾𝜑̇ = 0 7 

2.3.2.1.8 Robot Configuration Variables 

We now take a look at a wheeled robot with N wheels of the types that were 

previously discussed. To distinguish variables associated with these four 

categories, we use the following subscripts: f for fixed wheels, s for steering wheels, 

c for caster wheels, and sw for Swedish wheels. Nf, Ns, Nc, and Nsw are used to 

indicate how many wheels of each type there are, where N = Nf +Ns +Nc+Nsw. 

The generalized coordinate vector shown below perfectly describes the robot's 

configuration: 

1. Posture coordinates: The posture vector is 𝜉(𝑡) = (𝑥(𝑡) 𝑦(𝑡) 𝜃(𝑡))𝑇.  
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2. Orientation coordinates: the steering and caster wheels' Ns+Nc 

orientation angles, expressed 𝛽(𝑡) = (𝛽𝑠(𝑡)𝛽𝑐(𝑡))𝑇. 

3. Wheel rotation coordinates, or 𝜑(𝑡) = (𝜑𝑓(𝑡)  𝜑𝑠(𝑡)  𝜑𝑐(𝑡)  𝜑𝑠𝑤(𝑡))𝑇 , are 

the N rotation angles of the wheels. 

The term "set of configuration coordinates" refers to the entire set of 

coordinates. Nf + 2Ns + 2Nc + Nsw + 3 is the total number of configuration 

coordinates. 

2.3.2.1.9 Restriction on Robot Mobility 

The following concise form can be used to express the pure rolling conditions 

for fixed, steering, and caster wheels as well as the restrictions pertaining to 

Swedish wheels. 

𝐽1(𝛽𝑠, 𝛽𝑐)𝑅(𝜃)𝜉̇ + 𝐽2𝜑̇ = 0 8 

with 

𝐽1(𝛽𝑠, 𝛽𝑐) =  (

𝐽1𝑓

𝐽1𝑠(𝛽𝑠)
𝐽1𝑐(𝛽𝑐)

𝐽1𝑠𝑤

) 9 

where J1f, J1s (βs), J1c (βc), and J1sw are, respectively, (Nf × 3), (Ns × 3), (Nc × 3), 

and (Nsw × 3) matrices, whose forms directly result from the kinematic restrictions, 

whereas J2 is a constant. The radii of the wheels, with the exception of the Swedish 

wheels, whose radii are multiplied by cos is in the (N×N) diagonal matrix. 

𝐶1𝑐 (𝛽𝑐)𝑅(𝜃)𝜉̇ +  𝐶2𝑐𝛽̇𝑐 = 0 10 

where 𝐶1𝑐 (𝛽𝑐) is a constant diagonal nonsingular matrix with entries equal to 

d, and C2c is a constant diagonal nonsingular matrix with elements deriving from 

the nonslip constraints.  

The last restrictions concern the non-slip requirements for fixed and steering 

wheels. They are best described as: 

𝐶1
∗(𝛽𝑠)𝑅(𝜃)𝜉̇ = 0 11 

Where 

𝐶1
∗(𝛽𝑠) =  (

𝐶1𝑓

𝐶1𝑠(𝛽𝑠)
) 

12 

In equation 12 C1f and C1s.(βs) are matrices (Nf ×3) and (Ns × 3), respectively. 

It's crucial to note that the requirements (equation 11) affecting the fixed and 

steering wheels are the sole ones responsible for the limitations on robot 

movement. 
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These circumstances suggest that the vector 𝑅(𝜃)𝜉̇ is a member of 𝑁[𝐶1
∗(𝛽𝑠)], 

the null space of the matrix 𝐶1
∗(𝛽𝑠). Because J2 and C2c are nonsingular matrices, 

there exists a vector 𝜑̇ and a vector 𝛽̇𝑐 for each 𝑅(𝜃)𝜉̇ meeting this condition, and 

they both satisfy requirements (equation 8) and (equation 9), respectively. 

Clearly rank 𝐶1
∗(𝛽𝑠) ≤ 3. It is impossible for the plane to move in any direction 

if it equals 3, which results in the equation 𝑅(𝜃)𝜉̇ = 0. More generally, limitations 

on robot mobility are associated with the rank of 𝐶1
∗(𝛽𝑠), as will be covered in more 

depth in the sections that follow. 

Noting that condition (11) has a clear geometrical meaning is important. The 

robot's mobility may be understood as an instantaneous rotation around the 

instantaneous center of rotation (ICR), whose location in relation to the cart may 

change over time. Any location on the cart has a velocity that is always orthogonal 

to the line between that point and the ICR. This is especially true for the fixed 

positions on the steering wheel and fixed places on the fixed wheels of the cart. 

The nonslip criterion, on the other hand, denotes that the wheel center's velocity 

is parallel to the wheel plane. These two facts suggest that the ICR is where the 

fixed and steering wheels' horizontal rotation axles cross (Figure 2-8). This is the 

same as the requirement that rank 𝐶1
∗(𝛽𝑠) ≤ 3 [38].  

 

 

Figure 2-8 The instantaneous center of rotation. (a) car-like robot; (b) three-steering-wheels robot 

2.3.2.1.10 Characterization of Robot Mobility 

As previously stated, the rank of 𝐶1
∗(𝛽𝑠), which relies on the robot design, 

directly affects the robot's mobility. The degree of mobility m is defined as: 

𝛿𝑚 = 3 − 𝑟𝑎𝑛𝑘 [𝐶1
∗(𝛽𝑠)] 13 
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Let's investigate the case rank first. The robot is believed to have at least two 

fixed wheels based on the symbol C1f = 2. The ICR, whose location in relation to 

the cart is set in such a manner that the only motion allowed is a rotation of the 

cart around this fixed ICR, is formed when there are more than two fixed wheels. 

Obviously, such a design is unacceptable from the user's perspective. Therefore, 

we take that position. C1f  1. 

Moreover, we assume that: 

𝑟𝑎𝑛𝑘 [𝐶1
∗(𝛽𝑠)] = 𝑟𝑎𝑛𝑘 𝐶1𝑓 + 𝑟𝑎𝑛𝑘 [𝐶1𝑓(𝛽𝑠)] ≤ 2 14 

According to the following set of circumstances, these two hypotheses are 

equivalent: 

1. All of the robot's fixed wheels, if there are any, are mounted to a single 

common axle. 

2. The steering wheel centers are not a part of the fixed wheels' common 

axle. 

3. The number of steering wheels that may be independently orientated 

to maneuver the robot is equal to rank [C1s.(βs)]. 

This figure is referred to as the steerability level. 

𝛿𝑠 = 𝑟𝑎𝑛𝑘 [𝐶1𝑠(𝛽𝑠)] 15 

When a robot has more than s steering wheel, the motion of the additional 

wheels must be synchronized in order to ensure that the ICR is present at all 

times. 

We get to the conclusion that the two specified indices, m and s, meet the 

following criteria for wheeled mobile robots of practical interest: 

1. The degree of motion meets the 1  m  3. The lower limit requires that 

we only take into account scenarios where motion is feasible, whereas 

the higher bound is clear. 

2. The amount of steerability satisfies 0  m  3. Only robots without fixed 

wheels may reach the top limit, whereas robots without steering wheels 

fall under the lower bound. 

3. The following conditions are met: 2  m +s  3. 

The instance m +s =1 is unacceptable because it involves the robot rotating 

around a fixed ICR. Due to the assumptions, the examples m  2 and s = 2 are 

not included since s = 2 implies m = 1. According to the following array, these 

constraints suggest that only five structures corresponding to the five pairings 

(m,s) matching the aforementioned inequalities are of practical importance. 

𝛿𝑚 = 3  2  2  1  1 16 

𝛿𝑠 = 0  0  1  1  2 17 
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The form type (m,s) robot will be used to denote each sort of structure in the 

sentences that follow. 

2.3.2.1.11 Five Classes of Wheeled Mobile Robots 

The five kinds of wheeled robot constructions are now briefly described, 

together with the mobility limitations that are specific to each class. next Section 

includes details and examples [24]. 

2.3.2.1.11.1 Type (3,0) Robots 

These robots just have Swedish or caster wheels instead of fixed or steering 

wheels. These robots are known as omni-mobile because they have complete 

planar mobility, or the ability to travel in any direction without having to reorient. 

2.3.2.1.11.2 Type (2,0) Robots 

These robots lack steering wheels in favor of one, two, or more fixed wheels 

that share an axle. Mobility is bound in the sense that the velocity 𝜉̇(𝑡) at a given 

posture 𝜉(𝑡) is required to fall within a two-dimensional distribution covered by 

the vector fields RT()s1 and RT()s2, where s1 and s2 are two constant vectors 

covering N(C1f) The wheelchair is a common illustration of one of these robots. 

2.3.2.1.11.3 Type (2,1) Robots 

These robots feature at least one steering wheel and no fixed wheels. If there 

are many steering wheels, the orientations of each one must be synchronized in 

order for rank[C1s.(βs)] = s = 1 The velocity 𝜉̇(𝑡) must fall into a two-dimensional 

distribution that is covered by the vector fields RT()s1(βs) and RT()s2(βs), where 

s1(βs) and s2(βs) are two vectors that span N(C1s(βs)). 

2.3.2.1.11.4 Type (1,1) Robots 

These robots feature one or more steering wheels with centers that are not on 

the common axle of the fixed wheels and coordinated orientations. They also have 

one or more fixed wheels on a single common axle. The orientation angle of one 

randomly selected steering wheel serves as a parameter for a one-dimensional 

distribution that the velocity 𝜉(𝑡)  must fit within. This category includes mobile 

robots designed to resemble conventional cars (often referred to as "car-like 

robots"). 

2.3.2.1.11.5 Type (1,2) Robots 

These machines feature two or more steering wheels but no fixed wheels. In 

order to meet the requirement rank[C1s.(βs)] = s = 2, the alignment of any 

additional steering wheels must be synchronized. The velocity 𝜉̇(𝑡) must fit into a 

one-dimensional distribution with parameters determined by the orientation 

angles of two randomly selected steering wheels [24]. 
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2.3.2.1.12 Wheeled Robotic Structures 

Wheeled mobile robots have a wide range of design configurations. The choice 

of wheel types, the positioning of wheels, and the choice of the kinematic 

parameters are design issues for a single-body mobile robot. Design goals should 

be defined in relation to the specific environments and duties, as well as the robot's 

initial and ongoing operating expenses. After a classification of robot architectures 

by the number of wheels in this section, features will be introduced with an 

emphasis on widely used models. 

2.3.2.1.12.1 One Wheeled Robot 

Without dynamic control to keep its body balanced, a robot with just one wheel 

is essentially unbalanced. A unicycle is an example of this. In order to increase 

stability in the lateral direction, a robot with a rugby-ball-shaped wheel can be 

utilized as a version of a unicycle, as investigated in [43]. 

A single-wheel robot can alternatively be considered a spherical robot. For 

dynamic stability, a balancing mechanism like a spinning wheel is used. The 

excellent maneuverability and minimal rolling resistance of this method are 

benefits. However, due to the need for extra balancing devices, the difficulty of 

control, and the lack of pure dead reckoning position estimate, single-wheel robots 

are rarely employed in practical applications. A spherical robot illustration can be 

seen in [44]. 

2.3.2.1.12.2 Two Wheeled Robots 

Two broad categories of two-wheel robots are depicted in Figure 2-9. Robot of 

the bicycle type is shown in Figure 2-9a. It is typical to drive a rear wheel while 

steering the front. A balancing mechanism isn't always necessary for bicycle-type 

robots because their dynamic stability improves with speed. The benefit of this 

strategy is that the width of the robot can be decreased. A bicycle type, on the other 

hand, is rarely employed because it loses its position when the robot is motionless. 

An inverted-pendulum-style robot is seen in Figure 2-9 b. It is a robot with a two-

wheel differential drive. 

By precisely locating the center of gravity on the wheel axle, static stability 

can be attained. However, dynamic balancing control, which is comparable to the 

typical control problem for an inverted pendulum, is frequently used. Comparing 

two-wheel robots to those with more than three wheels, one can lower the size of 

a robot. A popular use for a pendulum-type robot is to construct a four-wheel robot 

out of two of them coupled together. When it reaches the stair, the robot can then 

climb it by elevating its front wheels. The fact that control effort is constantly 

needed for dynamic balancing is a significant drawback. Robots of the inverted-

pendulum type are exemplified in [45] and [46]. 
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Figure 2-9 (a) Bicycle-type robot and (b) inverted-pendulum- type robot 

2.3.2.1.12.3 Three Wheeled Robots 

The most popular structure for wheeled robots is one with three wheels since 

it is structurally stable and has a straightforward design. Depending on the choice 

of specific wheel types, there are numerous designs. Three-wheel robots can be 

built using any wheel introduced in this Section. Five well-known design examples 

are discussed in this section (Figure 2-10): 

1. two-wheel differential drive, 

2. synchronous drive, 

3. omni-mobile robot with Swedish wheels, 

4. omni-mobile robot with active caster wheels, 

5. omnidirectional robot with steerable wheels. 
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Figure 2-10 (a) Two-wheel differential drive, (b) synchronous drive, (c) omni-mobile robot with Swedish 

wheels, (d) omni-mobile robot with active caster wheels, and (e) omnidirectional robot with active steerable 

wheels 

2.3.2.1.12.4 Two-Wheel Differential-Drive Robot 

One of the most common designs is a two-wheel differential-drive robot, which 

has two active fixed wheels and one passive caster wheel. The robot may be 

classified as a type (2,0) robot. By adding passive caster wheels, the robot may be 

made into a four-wheeled device. The robot's main benefits may be summed up as 

follows: 

- a straightforward mechanical design, a straightforward kinematic model, 

and inexpensive production. 

- There is a turning radius of zero. Expanding obstacle limits by the robot 

radius r makes it simple to calculate the obstacle-free region for a cylinder. 

- Errors in systems are simple to calibrate. 

 However, it has the following drawbacks: 

- Moving uneven surfaces is difficult. In the event that one of the active 

wheels loses touch with the ground while the robot is traversing rough 

terrain, its orientation may abruptly shift. 

- There is only two-way movement possible. 
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2.3.2.1.12.5 Synchronous-Drive Robot 

Orientable wheels that are either centered or off-centered can be used to build 

synchronous-drive robots. Each wheel's steering and driving movements are 

mechanically connected by belts or chains and operated simultaneously, ensuring 

that the wheel orientations are constant. A synchronous drive robot's kinematic 

model is the same as that of a robot of type (1,1), the unicycle. In light of this, 

omnidirectional motion, i. e., motion in any direction may be produced by turning 

the steering wheels in the direction of the desired velocity. The robot chassis’ 

orientation, however, cannot be altered. A turret may be used sometimes to alter 

the body's orientation. The fact that the synchronous-drive robot can move in all 

directions with just two actuators is by far its greatest benefit. Motion control 

requires less effort since the mechanical construction ensures synchronized 

steering and driving actions. The fact that odometry data is generally precise and 

driving forces are equally distributed among all the wheels are further benefits. 

The disadvantages of this strategy are as follows: 

- complex mechanical design. 

- Wheels may move at different speeds if the chain transmission has backlash 

or a loose link. 

- Due to nonholonomic velocity restrictions, omnidirectional mobility 

requires that the wheel orientations be aligned to the desired velocity 

direction before moving. 

 

2.3.2.1.12.6 Omnimobile Robot with Swedish Wheels 

According to the Five classes of wheeled mobile robots' nomenclature, the 

omni-mobile robot with Swedish wheels falls under type (3,0). A holonomic 

omnidirectional robot must have at least three Swedish wheels. The ease of 

building omnidirectional mobile robots is a significant benefit of the Swedish 

wheel. A holonomic omnidirectional robot must have at least three Swedish 

wheels. Since active steering or wheel modules are not necessary for the 

construction of omnidirectional robots, the mechanical architectures of the 

actuating elements may be kept simple. However, a wheel's mechanical 

construction gets a little more intricate. The Swedish wheel has the disadvantage 

of vertical vibration due to discontinuous motion-induced connections. A number 

of mechanical designs have been put out to address this issue; examples may be 

seen in [47] and [48]. It's comparatively low durability as compared to traditional 

tires is another disadvantage. [49] gives an illustration of a robot employing 

Swedish wheels. 

2.3.2.1.12.7 Omnimobile Robot with Active Caster Wheels 

Using at least two active caster wheels, a holonomic omnidirectional robot may 

be built, and the robot also belongs to type (3,0). Regardless of the wheel 

orientations, the robot may be programmed to produce any linear or angular 

velocity. The downsides of Swedish wheels, such as vertical vibrations or longevity 
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issues, may be overcome since the robot employs normal tires. In [50], an example 

is given. The following list of drawbacks for this robot may be summed up: 

- When the space between the wheels is too close together, instability may 

occur because the footprint's placement shifts in relation to the robot's 

chassis. 

- A sudden shift in wheel orientations might occur if the robot abruptly 

changes its direction of motion to the opposite one. This phenomenon, 

known as the "shopping-cart effect," may cause sudden, high steering 

velocities. 

- If a driving motor is mounted directly on the wheel, steering movements 

will cause the motor's wires to wind up. A gear train should be used to 

convey the input angular velocity from the driving motor, which is coupled 

to the robot chassis, in order to prevent this. The mechanical system here 

gets fairly intricate. 

- More than four actuators are utilized if a robot has more than two active 

caster wheel modules. It takes three actuators at the very least to produce 

holonomic omnidirectional motion, hence this system is overactuated. As a 

result, actuators need to be precisely regulated in a synchronized manner. 

 

2.3.2.1.12.8 Omnidirectional Robot with Active Steerable Wheels 

Omnidirectional robots may also be constructed using centered orientable 

wheels; at least two modules are needed. The active caster wheel and the centered 

orientable wheel vary significantly in that the wheel orientation must always 

coincide with the intended direction of motion, as determined by inverse 

kinematics. Given that it is a robot of type (1,2), this fact suggests that it is 

nonholonomic and omnidirectional. In [51], the control issue is addressed. The 

mechanical disadvantages resemble those associated with employing active caster 

wheels (i. e., many actuators, and complicated mechanical structures). Allowable 

steering angles are constrained to prevent wiring issues since, in many situations, 

the driving motor is directly connected to the driving axis. Additional to the five 

types mentioned previously, there are many other design options for three-wheel 

robots. To increase stability, the aforementioned ideas can be used for four-wheel 

robots. Additional wheels can be passive wheels without imposing further 

kinematic restrictions. The inverse kinematics problem needs to be solved in order 

to add active wheels and control them. Robots with four wheels need suspension 

to stay in contact with the ground and keep their wheels from floating over uneven 

surfaces. 

2.3.2.1.13 Robots with Four Wheels 

Our attention is drawn to the car-like construction among the numerous four-

wheel robots. The Ackermann steering geometry, which has a car-like 

construction, is seen in Figure 2-8a. To maintain the same instantaneous center 

of rotation, the front two wheels should be guided simultaneously. The slightly 

varying rotational curvatures make it obvious that the orientations of the two 
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front wheels are different. Since this solution is kinematically identical to having 

one orientable wheel, the robot falls within the category of robot type (1,1). A car-

like robot has the significant benefit of being stable when moving at high speeds. 

However, a little complex steering system is needed. A differential gear is 

necessary to provide pure rolling of the rear wheels during the turning action if 

the rear wheels are powered. The turning radius becomes non-zero if the front 

wheel's steering angle is less than 90 degrees. Parking motion control in a crowded 

area is so challenging. 

2.3.2.1.14 Special Applications of Wheeled Robots 

2.3.2.1.14.1 Articulated Robots 

A robot can be upgraded to an articulated robot, made up of trailers and a 

robot. The luggage-transporting trailer system at supermarket shops is a common 

illustration. A mobile robot can benefit in several ways by utilizing trailers. Robots 

that are modular and reconfigurable, for instance, may adapt their design to 

different service duties. The most basic design of an articulated robot is that of a 

vehicle with several passive trailers. A proof of controllability and the creation of 

open and closed-loop controllers employing canonical forms, such as the chained 

form, have both become obvious from the perspective of control. The choice of 

wheel types and choices about the link characteristics are design considerations 

for trailer systems. It is helpful for real-world applications if trailers can follow 

the towing robot's course. By utilizing a unique design of passive steering 

mechanism for trailers, passive trailers may follow the direction of a towing robot 

within a tiny error; for example, see [52]. 

Active trailers, on the other hand, are an option. Active trailers come in two 

different varieties. The initial strategy is to activate the trailers' wheels. Two-

wheel differential-drive robots can be utilized as active trailers, and the connecting 

joints are passive. Accurate path-following control is possible with this kind of 

active trailer. The second strategy involves acting on the connecting joints. The 

trailer's wheels are passively propelled. The robot may travel in snake-like 

motions without the need for wheels by properly actuating the connecting joints. 

An active prismatic joint can be used as an alternate design to attach two trailers 

and elevate the one next to them. A trailer system can climb stairs and travel 

across tough terrain by permitting vertical mobility. [53] 
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2.3.2.2  Legged Robots 

Robots with legs may move about more freely than other types of machines, 

which makes them useful in a variety of applications on both smooth and rocky 

surfaces. They need a significant amount of energy and are, nevertheless, quite 

slow. Legged robots often have several actuators and a sophisticated control 

architecture. 

There are robots with two legs (influenced by humans), four legs (inspired by 

quadrupeds), and more than four legs (inspired by more than four-legged animals), 

all of which were developed as mobile, legged machines (inspired by insects). 

Despite the fact that the number of legs is the most obvious way to categorize 

legged robots, the gait pattern which can be either static or dynamic is what 

matters most. 

Similar to sluggish insects, robots with a static gait are always balanced 

because their gait is designed so that the robot's center of gravity's vertical 

projection always stays within the polygon created by the locations at which the 

legs make contact with the ground. Using the appropriate stability indices, the 

gait is constructed after the stability of the robot is evaluated [54]. 

The robot, however, is not always balanced while moving with a dynamic gait, 

much like fast-moving, jogging, trotting, or galloping animals [55]. This form of 

mobility obviously demands a far more sophisticated control system: 

- while the dynamic gait design must also be based on the dynamic model, 

the static gait design may solely be based on the kinematic model; 

- while with the dynamic gait, leg trajectories must be adjusted as a function 

of the robot's speed, varied robot speeds may be obtained with the same leg 

motions executed at varying rates; 

- in contrast to the dynamic gait, which requires correct movement to reach 

a rest position, the static gait allows the robot to stop in any posture and 

maintain equilibrium; 

- the dynamic gait makes it difficult to account for outside disturbance factors 

and necessitates thorough motion planning. 

Additionally, the mechanical design has a role in the increased complexity of 

the dynamic gait. For example, each robot leg needs to have multiple degrees of 

actuated flexibility and, ideally, force sensors on its feet in order to walk 

dynamically. 

Dynamic walking, on the other hand, offers a host of benefits. The energy 

efficiency is greater, to start with: with the static gait, the robot continually 

utilizes power to modify its configuration, but kinetic energy is lost with each step, 

but with the dynamic gait, the majority of kinetic energy is preserved. 

Additionally, the dynamic gait effectively shields the body from the uneven ground 

and counteracts outside disturbance effects. 
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Model-based dynamic gait control techniques may be divided into two primary 

categories: those based on the zero-moment point (ZMP) concept and those based 

on passive dynamic walking and limit cycle walking. [56] [57] [58] 

The pressure center of the ZMP method is supposed to stay inside the polygon 

of the foot that is in contact with the ground. The motions are cautious and steady, 

yet neither they seem natural nor are they really energy-efficient. As gravity and 

inertial effects play a significant role in the creation of motion, passive-dynamic 

and limit-cycle walkers, in contrast, are more realistic and energy-efficient. 

Additionally, rigorous ZMP walking does not allow for the flight phase that 

underlies many dynamic actions like sprinting and hopping. Numerous experts 

believe that ZMP walking is a quasi-static gait due to all of these factors. On the 

other hand, walkers with limit cycles and passive dynamics can execute 

movements with flying phases. In reality, they might be seen as bipedal or 

quadrupedal evolutions of the one-legged hopping robots developed by Raibert and 

his colleagues in 1986 and afterward (1984). 

The explanation of these control strategies is outside the purview of this work, 

however, it is significant to highlight that the fundamental barrier to the 

development of legged robots with dynamic gaits is the real-time implementation 

of these strategies. However, during the past ten years, legged mobile robots with 

enhanced dynamic walking capabilities, agility, and balance equivalent to humans 

and animals have been produced owing to advancements in microprocessor 

technology. 

In terms of biped locomotion, the most sophisticated humanoid robots use their 

arms and upper bodies to help them move, resulting in a dynamic gait that is 

similar to a human's with extended legs, as opposed to the unnatural stride of the 

earliest biped robots with bent legs. Additionally, these robots have the ability to 

absorb blows and get up on their own in the event of falls caused by powerful 

unanticipated external forces or slick surfaces [59]. They are also capable of 

sophisticated activities like dancing. [60] 

These cutting-edge humanoid biped robots have mostly been created and 

tested up to now for research purposes, and their high cost restricts the spectrum 

of potential uses. A rising number of small-scale humanoid robots are now being 

sold commercially. Two examples are Nao by Aldebaran Robotics and Robonova 

by Hitec [61] [62]. However, these robots are made for inside entertainment rather 

than outside use. Contrarily, quadruped robots capable of extremely unstructured 

situations and with superior dynamic walking skills are currently on the market. 

Bigdog is a quadruped robot made by Boston Dynamics that is 1 meter tall, 1 meter 

long, and 90 kg heavy. It is propelled by a diesel engine that powers a hydraulic 

actuation system (Figure 2-11a). Three active degrees of freedom are included in 

each leg, and the lower leg also has passive linear pneumatic compliance. BigDog 

can move on uneven ground and up to 35-degree slopes at speeds up to 0.8ms-1 

while pulling 50 kg cargo. [63]  
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Robot size can be reduced for applications with minimal payloads, such as 

surveillance. On this lower scale, it is possible to minimize control complexity 

while maintaining adequate motion performance without increasing the 

complexity of the leg design. For instance, RHex, a hexapod robot with compliant 

legs and a self-stabilizing gait that was created by a team of six American and 

Canadian institutions, is inspired by cockroaches (Figure 2-11b). Despite having 

only one actuator on each leg and a straightforward mechanical architecture, 

RHex is capable of a range of actions like walking, sprinting, leaping over 

obstacles, and climbing stairs. [35] Whegs, created by Case Western Reserve 

University, is another biologically inspired legged robot with a more 

straightforward leg design. It is equipped with three-spoke locomotion components 

[64]. 

On the other hand, in order to lessen the structural strains brought on by 

inertial effects, large-legged robots with high payloads are often operated using 

static gaits and move slowly. The quadruped is the most common type of 

mechanical design in this situation. For consolidating rocky slopes, the Hirose-

Fukushima Robotics Lab created Titan XI (Figure 2-11c), which has a mass of 

7000 kg and hydraulically operated legs that are 3.7 meters long. [65] 

 

Figure 2-11 a) Legged robots: BigDog [63], b) Rhex [35], c) Titan XI [65]. 
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2.3.2.3 Gait Locomotion 

Gait movement is similar to the human walking stance in autonomous biped, 

quadruped, and hexapod insects, among other creatures. Since maintaining a 

humanoid robot's posture while it is moving is difficult, legged robots with Gait 

locomotion can be used instead. Legged robots can move in a more stable and 

balanced way thanks to Gait, which is a stance that is similar to how humans 

walk. McKenna et. al in [66] used a dynamic locomotion simulator to illustrate the 

coupled oscillator concept of GAIT coordination. The simulator's stepping and 

stance motor routines created the limbs' lifelike motion. A. Sprowitz et. al in [67] 

introduced a novel approach in which the leg arrangement is designed on a multi-

segment, spring-loaded pantograph system. These researchers demonstrated 

high-speed mobility on a flat surface with the use of simulation software and tests 

on a four-legged, trotting, quadruped robot. 

The spine plays a crucial role in Gait movement, much as it does in human 

anatomy. 

The human spine is significantly more flexible, and it is exceedingly 

challenging to replicate it in an artificial spine. In his research, Khoramshahiet. 

al. [68] has demonstrated the impact of a dynamic spine vs a fixed spine. The Gait 

postures of the actively controlled and stiff spine configurations were compared by 

their team. Their research demonstrated that actively controlled spines had more 

different flying phases and double-leg postures than passively controlled spines. 

The sliding of the feet on the ground and directional stability are the general Gait 

characteristics that need to be watched for. In contrast to the stiff spine, which 

had the greatest speed of 0.68 m/s, the best active spine displayed a speed of 0.78 

m/s. The robot's spine maintains the weight of its entire body and aids with limb 

coordination. The precise Gait pattern, directional stability, and body posture 

arrangement are all products of this limb coordination. 

CPGs (Central Pattern Generators) are crucial for limb coordination. Paul and 

Jacques in [69] assert that the tripartite system that underlies biped movement 

in humans, for example, consists of supraspinal input, the spinal central pattern 

generating circuit, and sensory feedback. CPGs have a significant impact because 

they control sensory modulation. Gary and Gregory in [70] employed the Cyclic 

Genetic Algorithm, a unique method designed for the Gait coordination in 

hexapods. They tested their method on Stiquito, a six-legged robot created by Mills 

[71], which led to an ideal tripod gait and increased speed, with a quick learning 

and competent algorithm. There are two types of stability: static and dynamic. The 

stability when the robot is not moving at a specific time is known as static stability. 

A robot needs its center of gravity to lie between its footprints for static stability. 

Three points of contact with the ground are necessary for a stable robot, and its 

center of gravity must be situated halfway between the polygon created by the 

robot's footprint on the surface. A stable walking robot needs four footprints so 

that, at any given moment during walking, the polygon may be moved between 

the other three legs when one leg is in the air. Similar to humans, two-legged 

walking robots are dynamically stable because the spine, the Central Pattern 

Generator (CPG), and the synchronization of the limbs sustain the motion. The 
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intricacy of the robot's limb coordination depends on how many legs are included 

in the design. The number of legs the robot has determines the potential GAIT 

pattern. For instance, the potential number of events, or "N" will be [72] if the 

robot has k legs. 

N = (2k-1)! 18 

For a bipedal robot, there are six alternative outcomes, therefore the more legs 

a robot has, the more difficult it is to coordinate its limbs. In the parts that follow, 

the leg arrangement is covered in more detail. 
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2.3.2.3.1 One-legged robot 

One leg is the bare minimum that a robot can have for legs. It is also known 

as a "hopper" since the robot can only hop because its foot only makes contact with 

the ground at one location. By getting off to a steady start, the hopper can navigate 

uneven terrain and obstacles with ease. The key issue is the hopper's dynamic 

stability because the robot must actively transfer its bulk to maintain a stable 

center of gravity. A one-legged, multi-jointed, active hopping robot's trajectory 

planning was researched by Zhaohong Xu and others [73]. To design a track based 

on the joint angle trajectory, they created a 6th-order polynomial function over the 

5th-order, as illustrated in Figure 2-12. 

 

 

Figure 2-12 One legged multi-joint hopper [73] 

Four rigid bodies and a three DOF (Degrees of Freedom) rotating joint were 

used in the experiment. No elastic components, such as dampers, springs, 

hydraulic actuators, or pneumatic actuators, were used. The construction of a 

correction factor under the same boundary restriction conditions was determined 

by plotting numerous variables against time, including vertical position, joint 

torque, and joint angle. 

2.3.2.3.2 Two-legged or Biped Robot 

The most prevalent robots in the past 10 years have been two-legged creatures 

known as Humanoids. There are many examples available, with the HONDA 

ASIMO being the most well-known and successful. It is a 130 cm tall, 50 kg–

weighted humanoid robot [74]. It can sprint at a speed of 7 kph and can stroll at a 

speed of 2.7 kph. Its 57 DOFs are dispersed across the body. Head has three 

degrees of freedom, arms have eighteen, and so forth. A ping pong-playing robot 

named TOPIO 3.0 [75] was on display at the International Robot Exhibition in 
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Tokyo. It is a humanoid robot created by TOSY, a Vietnamese business. For its 

operation, TOPIO 3.0 combines a 200 fps camera with a processor and artificial 

neural networks. In addition to these, there are numerous additional instances of 

humanoids, including Nao, a robot that participated in the "Robocup" soccer 

competition, the Enona personal assistant, and self-guiding robots. 

 

 

Figure 2-13 (a) Honda ASIMO[74], (b) TOPIO 3.0 [75], (c) Aldebaran Nao [76], (d) Fujitsu Enon [77] 

A biped robot is capable of moving up and down stairs, running, dancing, and 

jumping. However, dynamic stability is still a problem for such bipeds. It was 

established by F. Plestan and others [78] that the theoretical control law was 

workable. In an underactuated planar, five-link biped robot with a stiff contact 

model, where the swing leg strikes the ground and an instantaneous double 

support phase occurs, they verified a method to demonstrate asymptotically stable 

walking. The ground's Zero Moment Point [56], or ZMP for short, is the location 

where the total of all the moments of the active forces will be zero. K. Mitobeet. al. 

[79] applied the ZMP control rule to two distinct biped robots in order to produce 

a smooth and clear motion in real-time and empirically validate it. They came to 

the conclusion that by giving the trunk position a reference trajectory, effective 

walking control was made feasible. By preview control of ZMP, S. Kajita and 

colleagues [80] proposed a new technique for biped walking and showed its efficacy 

through a simulation of climbing spiral stairs. The ZMP controller was modeled 

using a cart table. To correct the inaccuracy caused by the disparity between the 

accurate multi-body model and the simplistic cart-table model, a preview 

controller was created. One of the key characteristics of bipedal design is that it 

can have proportions similar to humans, which piques researchers' curiosity, 

especially in the context of human-machine interaction. 

2.3.2.3.3 Three Legged or Tripod Robot 

Tripod or three-legged movement is not a typical technique of mobility since 

they lack biological equivalents. Self-excited tripedal dynamic experimental robot 

STriDER was created by scientists at Romela Lab [81]. A step in this robot means 

that two legs are serving as a stance and the third leg is swinging. The robot moves 

by moving its center of gravity outside its frame and balancing itself across the 

gap. The robot's unique idea of actuated passive dynamic locomotion gives it 

stability, and it can also vary its walking orientation. 



DIME - Dipartimento di Ingegneria Meccanica, Energetica, Gestionale e dei Trasporti P a g e  47 | 189 

 

2.3.2.3.4 Four Legged or Quadrupedal 

The first four-legged dog robot, AIBO, was created by Sony in the middle of 

1998 [82]. In Japanese, AIBO is a word for pal or partner. Up to 2005, models from 

the AIBO robotic pet line were introduced annually in three generations. The 

robot's microphone, which could record sounds in the immediate area, was one of 

its key components. Additionally, it included head sensors and lights that could 

change to reflect its feelings. For the study of human-machine interaction, further 

four-legged robots that resemble animals have been created. For enjoyment, they 

can also be handled as pets. Research on how they react to human interaction can 

also benefit from the development of an emotional attachment. 

 

 

Figure 2-14 (a) Sony AIBO [82] (b) Spot [83]  (c) TITAN VIII [84] 

Spot is a more sophisticated quadruped robot created by Boston Dynamics, is 

an engine-powered multi-terrain robot. Spot is an agile mobile robot that 

navigates terrain with unprecedented mobility, allowing you to automate routine 

inspection tasks and data capture safely, accurately, and frequently in different 

environments. Spot can carry and power up to 14kg of inspection equipment. Spot 

features more than 50 sensors, including joint sensors, inertial sensors, 

acceleration sensors, altitude sensors, an on-board CPU, and 360° camera to 

autonomously capture 360° images and video indoors or on challenging exterior 

sites. It walks with the dynamically balanced trot gait and balances itself by 

estimating its lateral velocity and acceleration from the detected behavior of the 

legs [83]. 

The Tokyo Institute of Technology produced Titan VIII. Another illustration 

of a four-legged robot is this one. Additionally, it moves with a dynamically stable 

trot gait pattern in which two diagonal legs are raised at the moment of motion. 

Arikawa and Hirose [84] experimented with a one-leg model to explore the 

evolution of the robot, particularly the leg mechanism. Regarding its 

characteristics like velocity, force, and energy consumption, they have made 

comments. 

Being the most dynamically stable robots, quadrupeds' dynamic stability has 

never been a problem. According to C. Queiroz et al. [85], the quadruped's three 

legs must always be on the ground for static gait to be stable. They investigated 

the four-legged robot's static stability using a 2D+1 model that makes use of a 

robot description that places certain severe constraints. For the same, they created 
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a number of elaborate gaits. The toe's relationship to the body is described by the 

model. This model omitted information on the body's alignment, and the leg(s) 

were also lifted above the floor in height. The authors had thoroughly explained a 

method for applying the 2D+1 model to discover the robot's stable sequence. 

2.3.2.3.5 Hexapod or Six Legged robots 

The most reliable and well-liked idea for legged mobility in robots is six legs. 

Hexapods adopt the tripod gait, in which at least three legs are always in touch 

with the ground, to maintain their static stability. As the number of leg 

configurations is provided by N =(2k-1) [72], a vast amount - the control complexity 

is decreased, but the coordination of the limbs is the key issue with hexapods. A 

six-legged robot developed at Boston Dynamics with help from other technological 

colleges and funding from DARPA is called RiSE (Robots in Scansorial 

Environments) [86]. It is made to climb artificial objects like walls, trees, and other 

things, both vertically and horizontally. With biological inspiration from insects, 

the control and foot arrangement was created to climb steep or almost vertical 

walls.  

 

Figure 2-15 Robots in Scansorial Environments (RiSE) [86] 

The central control of the legged robots may be relocated locally to each leg in 

order to govern movement, hence reducing the complexity of limb coordination. By 

ascertaining the joint rotation angle of each joint, the joint controllers [87] may 

separately regulate the joints. The separate joint controllers' output is combined 

by the leg controllers, who also establish the footprint in accordance with the 

input. The output of the individual leg controller is then sent on to the gait 

controller. Thus, breaking the complicated control problem down into manageable 

components facilitates the system's overall functioning. 

2.3.2.3.6 Control of walking robots 

For researchers, learning how a legged robot walk is never an easy feat. Robots 

that have been preprogrammed cannot effectively interact with the world on their 

own since they need to be reprogrammed for each setting. In order to enable the 

robot to learn things based on its interactions with the outside world, a self-

learning approach must be used. At MIT in the late 1990s, Rodney A. Brooks 

created Genghis [88], a robot with a reinforcement learning system for walking. 
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By adjusting the movement of its legs, it may learn the coordinates. Positive effects 

come from moving ahead, whereas negative effects come from crashes. Genghis 

picks up new information via reinforcement signals from several sensors, 

including touch sensors and cameras. In their study, Kimura and colleagues [89] 

explain the actor-critic reinforcement learning method, which entails an actor 

with a stochastic policy and a critic that calculates the evaluation function for the 

current policy. By effectively reinforcing the time difference of the critic, the actor 

enhances the policy.  
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2.3.2.4 Tracked Robots 

In the fast-growing and quickly evolving scenario of service robotics, tracked 

ground mobile robots are attracting the attention of many researchers in the 

industrial and academic worlds. Tracked locomotion is particularly suited in 

presence of soft and yielding terrains, but by adopting hybrid solutions the range 

of profitable applicability of crawlers greatly extends. 

It should be pointed out that there is a vast amount of scientific literature 

concerning tracked mobile robots, which cannot be exhaustively quoted or 

included in the references for reasons of space. Selected works cited here were 

chosen to synthetically represent and compare the main locomotion system 

architectures involving tracks proposed in the research and industrial scenarios. 

2.3.2.4.1 Classifications of tracked locomotion systems 

Tracked locomotion systems can be classified in many different ways. 

Considering the functional features, the most evident classifications can be based 

on: 

- frame architecture: non-articulated/articulated, type of articulation. 

- track profile: constant profile, passively or actively deformable profile. 

- track type: continuous, mechanical, Omni-tracks. 

In principle, these classifications are independent, and it is possible to 

associate any type of frame with any type of track. This suggests using different 

taxonomies in parallel instead of a single taxonomy with one root node. 

Nevertheless, analyzing the state-of-the-art of tracked robots, it is possible to 

observe that usually more complex frames are associated with simpler tracks, 

while more complex tracks are associated with simpler frames, since the operative 

flexibility is generally obtained by only one design aspect, to avoid excessive 

mechanical complexity [33]. 
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2.3.2.4.2 Classification of frame architectures of tracked robots 

 

 
Figure 2-16 Taxonomy of tracked ground mobile robots based on frame architecture [33]. (a)[90] - (b)[91] 

- (c)[92] - (d)[13] - (e)[93] - (f)[94] - (g)[95] - (h)[96] - (i)[97] - (j)[98]. 

2.3.2.4.3  Ground mobile robots with tracks, non-articulated frame 

Tracked ground mobile robots (TGMRs) can have a non-articulated frame 

(TGMRs-NA) or an articulated frame (TGMRs-A) (Figure 2-16). The first category 

is very widespread: many small-scale TGMRs equipped with two tracks 

performing differential steering are available on the market for surveillance and 

inspection tasks; an example is the Trackbot by Inspectorbots [90] (Figure 2-16). 

The benefits of this architecture are the extreme mechanical simplicity, and the 

subsequent reliability and control easiness. Moreover, if the robot is symmetric 

with the tracks thicker than the robot body (as for the Trackbot), and has no 

payload mounted externally, it can operate even after a capsize. The main 

limitation of TGMRs-NA is their limited capability of overcoming high obstacles, 

steps, and stairs: to start the climbing maneuver, the height of the obstacle at the 

initial contact point must be lower than the track radius, even if this condition is 

not strictly mandatory, depending on the friction conditions and on the position of 

the robot center of gravity. Therefore, some researchers have proposed an internal 

mechanism to shift the longitudinal position of the robot's center of gravity, 

improving the step climbing capabilities [99] (Figure 2-17); the obvious drawback 
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is the weight increase and the reduction of the internal room for hosting the 

payload. 

 

 
Figure 2-17 Dyjob robot [99], TGMRs-NA with a movable center of gravity (left); lateral view (center), 

and front view (right) of the TQTMR robot [100] [33]. 

The TGMRs-NA scheme can be modified with the addition of retractable 

wheels, giving rise to hybrid wheel-track architectures (TGRMs-NA-WT), capable 

of a faster-wheeled locomotion whenever tracks are not required. An example is 

proposed in [91] (Figure 2-16); this symmetric robot can switch locomotion mode 

by extracting four wheels on both sides of its body thanks to an actuated slider, 

achieving full operativity after a capsize and maximum maneuverability, with yaw 

axis mobility, on flat and compact grounds. 

2.3.2.4.4 Ground mobile robots with tracks, articulated frame 

As regards robots with an articulated frame, we can distinguish between 

robots with passive articulated frames (TGMRs-A-P) or with active articulated 

frames (TGMRs-A-A). An interesting example of the first category is Gunryu [92] 

(Figure 2-16), characterized by two tracked modules connected by an arm 

mechanism. The arm mechanism is composed of two links connected by a revolute 

joint with elastic return force, and joined to the two tracked modules respectively 

by one spherical and one universal joint, for a total of six passive degrees of 

freedom between the two module bodies. Moreover, the two tracks of each module 

can be actively tilted with respect to the module body in opposite directions by 

means of a wired system, for a total of six actuated degrees of freedom (two track 

motors and one track tilting motor for each module). Experimental tests show that 

the stability and climbing capability over irregularities and obstacles increase 

with respect to a single module, but sacrificing maneuverability. Moreover, this 

design is modular, with many possible passive articulations between the tracked 

modules, for example in serpentine or quadruped configurations [92]. 

TQTMR (Tiltable Quad-Tracked Mobile Robot, Figure 2-17) is another 

example of TGMR with a passively articulated frame [100]; this robot consists of 

four driving tracks, connected to two rocker links (left and right, Figure 2-17, 

center) by two-degrees-of-freedom (pitch-roll) passive joints (Figure 2-17, right). 

This configuration shows advantages in terms of traction, maneuverability, and 

adaptability to terrain unevenness, while maintaining a low control complexity. 
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The active articulation of the frames (TGMRs-A-A) can be obtained by 

different approaches. A possible biologically inspired design leads to snake-like 

tracked robots (TGMRs-A-A-SL), suitable for inspection in narrow spaces. Some 

researchers have proposed snakelike tracked robots endowed with a single 

peripheral track rotating around a vertebral column, which can bend actively in 

the horizontal plane for steering and actively or passively in the vertical plane to 

adapt to ground unevenness. Examples are the FMT (Flexible Mono-Track) [101] 

and SnakeTrack [13] (Figure 2-16). The main hindrances to the development of 

this design concept are the reliability of the guidance of the track when the 

vertebral column is steered and the difficult placement of cameras for vision and 

navigation. To solve the last issue, in the SnakeTrack the track modules are 

characterized by central holes which allow intermittent vision while the track 

rotates. 

Another possible approach for composing snake-like robots is to put tracked 

modules in series. For example, the modular robot proposed in [102] (Figure 2-18) 

is characterized by a high number of actuated degrees of freedom to allow a flexible 

adaptation to a given terrain, but it requires a very complex control. Moreover, a 

general limitation of snake-like tracked robots is their inability to perform yaw 

rotations and follow trajectories with sharp edges. 

 

 
Figure 2-18 Snake-like tracked robot with modules in series [102] (left); Quince robots, with front and 

rear active flippers [103] (center); TALBOT, quadruped robot with 3-DOF legs [104] (right) [33]. 

Besides, snake-like tracked robots, which are relatively rare, TGMRs with 

active articulated frames (TGMRs-A-A) can be divided in: 

- hybrid leg-track robots (TGMRs-A-A-LT); 

- hybrid leg-wheel-track robots (TGMRs-A-A-LWT); 

- TGMRs with active modular frame (TGMRs-A-A-M). 

In the first case, the legs can be tracked extensions of the robot body (TGMRs-

A-A-LT-TOL, Tracks On Legs) or non-tracked and connected to the main frame 

(TGMRs-A-A-LT-TOF, Tracks On Frame). The TGMRs-A-A-LT-TOL category 

includes many commercial realizations for the homeland, military, or surveillance 

applications. Examples are the PackBot, with two tracked swing extensions 

(flippers) on the front [93] (Figure 2-16), or other general-purpose tracked 

platforms with double (front and rear) flippers [105] [106]. For instance, the 

Quince GMRs (Figure 2-18, center) are characterized by four front and rear-

tracked rotating legs (double flippers) and have been adopted for unmanned 

exploration missions inside the buildings of the Fukushima nuclear power plants 
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[103]. Architectures with active flippers are widely used due to their relatively 

simple mechanics, with higher obstacle crossing capability and operative 

flexibility and without a significant increase of control complexity with respect to 

TGMRs-NA, thus allowing an easy man-in-the-loop navigation. 

Differently from most common TGMRs-A-A-LT-TOL with front flippers like 

PackBot, which have two tracks on each side (main track and flipper track), the 

architecture proposed in [107] for stair climbing has a single track on each side 

even if the robot body is divided into two parts connected by a revolute joint, 

therefore the contact between tracks and sprockets must be maintained by an 

upper guidance system, thus losing symmetry for full operativity after a capsize. 

This solution has no particular advantage with respect to other architectures and 

is not widespread. 

In other more complex TGMRs-A-A-LT-TOL configurations, the tracks are 

placed on the end links of articulated legs with more than one degree of freedom. 

For instance, the quadruped robot TALBOT [104] (Figure 2-18, right) is 

characterized by four legs with three degrees of freedom each (hip, knee, ankle) 

and tracked end links, for a total of 16 active degrees of freedom, thus allowing 

static walking capabilities for obstacle crossing. 

In some other examples of TGMRs-A-A-LT-TOL, the active articulated frame 

has not only locomotion purposes but realizes a simple retractable robotic arm that 

can be used both to help the robot in overcoming obstacles and to grasp objects 

[108]. In other more sophisticated humanoid robots belonging to the TGMRs-A-A-

LT-TOL category, the tracked legs can be used to vary the vertical position of the 

trunk, increasing the workspace of the arms [94] (Figure 2-16). 

As already said, the second subcategory of TGMRs-A-A-LT is represented by 

tracked robots in which the operative flexibility is augmented by means of 

additional legs connected to the main body (TGMRs-A-A-LT-TOF). For example, 

the hexapod robot presented in [95] (Figure 2-16) is equipped with six four-degrees 

of freedom legs and two differential steering tracks and is designed to traverse 

wide gaps, moreover, a quadruped gait involving only the front and rear legs can 

be adopted, while using the two middle legs to pick and carry objects under the 

robot body. 

When also wheels are added to the hybrid locomotion system, giving rise to 

the TGMRs-A-A-LWT category, the design objective is to exploit the speed, 

energetic efficiency, and maneuverability of wheeled locomotion on flat and 

compact grounds. An example is the Kylin robot (Figure 2-16), derived from a 

double flipper robot with the addition of idle wheels at the four flipper ends and of 

two actuated wheels whose axes are fixed to the two front flippers [96]; depending 

on the flipper angles, the robot can be suspended on the tracks or on four wheels 

(two actuated and two idle, for differential steering). Also, the WheTLHLoc robot 

[97] (Figure 2-16) belongs to the TGMRs-A-A-LWT category, having two tracks for 

differential steering and two rotating legs with actuated wheels at their ends; 

moreover, two idle Omni wheels are placed on the robot's rear; the robot has three 

locomotion modes: purely wheeled, remaining suspended on the actuated wheels 
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and one Omni-wheel, for higher speed and range, purely tracked, and, finally, a 

mixed mode in which, combining the motion of legs, wheels, and tracks, the robot 

can climb obstacles, steps and stairs higher than the robot itself. Moreover, the 

robot is fully symmetric and can continue operating after a capsize. 

The fourth subcategory of TGMRs-A-A is represented by tracked modules 

connected by a mechanism comprising actuated and passive joints, realizing a 

parallel kinematics system (TGMRs-A-A-M). In [98] a multi-robot system, 

composed of tracked modules connected by a parallel manipulator capable of 

carrying a payload is proposed (Figure 2-16). Even if interesting from a scientific 

point of view, such solutions don’t seem to have real advantages compared to 

simpler and more compact architectures in terms of operative flexibility. 

2.3.2.4.5 Classification of track profiles 

Considering the track profile, TGMRs can be divided into three categories 

(Figure 2-19): 

- TGMRs with a constant profile of the track (TGMRs-CP); 

- TGMRs with a passively deformable profile of the tracks (TGMRs-PDP); 

- TGMRs with an actively deformable profile of the tracks (TGMRs-ADP). 

Let us note that even the track profile of robots belonging to the first category 

(TGMRs-CP) is not exactly constant, due to the unavoidable deformations of the 

tracks subject to gravity, contact forces with the terrain, and internal reactions 

(contacts with sprockets, idler, and carrier rollers). Nevertheless, the track 

supporting structure is designed to keep its shape constant, maintaining invariant 

the gross track profile. On the contrary, in the other two categories, the large 

variations of the track profiles, based on deformations in the geometry of the track-

supporting structure, are functional features planned in the design phase. Most 

tracked robots belong to the TGMRs-CP category; for example, all the robots 

shown in Figure 2-16 are TGMRs-CP. 

An example of TGMRs with passively deformable tracks (TGMRs-PDP) is 

discussed in [109]; in this robot (Figure 2-19) the carrier rollers are held by bio-

inspired mechanisms, giving rise to compliance of the track profile, with benefits 

in terms of traction, obstacle climbing capabilities, and shock absorption; a similar 

solution is proposed in [110] (Figure 2-19), adopting slightly different suspension 

mechanisms. 

While in TGMRs-PDP the deformation of the track is determined by the 

distribution of the interaction forces between tracks and terrain, in TGMRs with 

actively deformable tracks (TGMRs-ADP) the shape change is commanded by 

actuators. There are two possible approaches to vary the track shape: with the 

first approach (TGMRs-ADP-E) the length of the track varies thanks to its 

elasticity; with the second approach (TGMRs-ADP-NE), the track profile varies 

but the track doesn’t undergo macroscopic elongations. 
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An example of TGMR-ADP-E is discussed in [111]. This robot is characterized 

by two wheels with a peripheral elastic track; in wheeled locomotion mode, the 

tracks adhere to the wheels; each wheel has an internal four-link mechanism, 

actuated by self-locking worm gear motors, carrying two carrier rollers; when it is 

required to enable tracked locomotion, the two four-bar mechanisms move the 

carrier rollers outside the wheel profile, lengthening the elastic track; moreover, 

both the track profile and the position of a rotating tail can be tuned depending on 

the obstacles to be climbed (Figure 2-19). This hybrid locomotion architecture has 

been demonstrated to be effective and reliable and has practical military and 

inspection applications. 

Another TGMR-ADP-E is presented in [112]; this robot is characterized by two 

differential-steering tracks, and each track is equipped with a rotating flipper that 

carries an idle wheel. The flippers are variable-length, elastically loaded, and keep 

the tracks properly tensioned independently of the flipper angle. The flipper angle 

is controlled in order to change the track shape: flat and longer to maximize the 

contact surface on soft terrains, triangular with a variable front angle to face 

different obstacles. 

On the contrary, the hybrid wheel-track robot proposed in [113] is an example 

of TGMR-AD-NE (Figure 2-19). It is characterized by two wheels and one track on 

each flank. Each track is supported by sprockets carried by a foldable articulated 

mechanism with a parallelogram outer shape. Acting on this articulated 

mechanism, the tracks can be folded, enabling wheeled locomotion, or unfolded for 

climbing obstacles, steps, and stairs. 
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Figure 2-19 Taxonomy of tracked ground mobile robots based on track profile [33]. a)[114]  b)[109]  

c)[110]  d)[111]  e)[113]   

2.3.2.4.6 Classification of track types 

On the basis of the track realization, TGMRs can be classified as (Figure 2-20): 

- TGMRs with continuous tracks (TGMRs-CT); 

- TGMRs with mechanical tracks (TGMRs-MT); 

- TGMRs with Omni tracks (TGMRs-OT). 

 
Figure 2-20 Taxonomy of tracked ground mobile robots based on track type [33]. a)[93]  b)[115]  c)[116]  

d)[117]  e)[118]   
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Rubber continuous tracks are indeed the most widespread for robotic 

applications; for small-scale TGMRs, rubber continuous tracks without internal 

braiding are acceptable since the longitudinal structural stresses are small; 

moreover, their application is mandatory for TGMRs with actively deformable 

elastic tracks (TGMRs-ADP-E). For heavier TGMRs rubber tracks with textile or 

steel internal braiding are adopted, technologically similar to the tracks of small 

excavators and tracked vehicles. Continuous tracks have several advantages: 

extreme robustness to shocks and impacts, very good traction on soft and yielding 

terrains, and optimum capability of operating on sandy and muddy grounds. 

Rubber continuous tracks are usually characterized by protrusions to increase 

traction on soft and irregular terrains; sometimes flat continuous tracks are 

adopted to joint two functions: locomotion and compacting of bulk materials. For 

instance, in [119] a special-purpose service tracked robot is presented, capable of 

moving inside a truck container, rolling over flax raw material to compress it, 

increasing its bulk density (Figure 2-21, left). 

 

 

Figure 2-21 TGMR-CT with flat tracks for flax raw material compacting [119] (left); TGMR for pipe 

inspection with magnetic locomotion [120] (right) [33]. 

As regards mechanical (modular) tracks, composed of modules connected by 

revolute joints, heavy vehicles usually adopt steel tracks, while for small robots 

the most common realization is based on high-strength plastic materials. 

Compared to rubber continuous tracks, the robustness to shocks and impacts is 

lower and there is a higher risk of locking on sandy and muddy terrains; on the 

other hand, the motion resistance due to the internal friction of the tracks is 

usually lower, and mounting and dismounting for maintenance is easier. 

Therefore, plastic modular tracks are usually adopted for small-size and 

lightweight TGMRs, as [97], in which the structural resistance is not critical, to 

maximize the energetic efficiency. Nevertheless, there are examples of 

applications of mechanical tracks to larger TGMRs, such as MAXXII, a middle-

size robot (length: 1m, width: 0.7 m, mass: 40 kg, Figure 2-20), used for soil 

characterization through its passive suspension system, which is used as sensing 

device [115]. 

Sometimes, the modular realization allows the development of special-purpose 

tracks, tailored for particular applications. For instance, in [116] a small 
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lightweight robot (186×125×51 mm, 200 g) with biologically inspired spined track 

modules is proposed (Figure 2-20); to detach the spines from the surface, a 

mechanism is introduced to imitate the foot attaching and detaching movements 

of insects. The experimental tests have shown that the robot is capable of climbing 

on sand, rock, brick, gravel, scree and pebble walls. Also, the robot proposed in 

[121] is small and lightweight (330×170×80 mm, 860 g) and has been designed 

using a biomimetic approach. It can climb concrete and brick walls using tracked-

spines arrays located around the tracks. The robot uses a combination of the 

crank-link mechanism and gear transmission to control the tracked spines on both 

sides of the robot to grasp the asperities, climbing almost vertical walls. 

Another very specific application of tracked robots with modular tracks is 

internal pipe climbing and inspection. For instance, in [122] a robot with three 

parallel track modules placed at 120° with axial symmetry around the robot's 

longitudinal axis is discussed. During operation, an adequate contact force 

between the tracks and the internal pipe surface is granted by radial springs 

carrying the track modules. The operativity of this robot is evidently limited to a 

strict range of pipe diameters. On the contrary, other robots for pipe inspection, 

equipped with magnetic modular tracks, can operate in larger pipes with different 

diameters, but obviously only in ferromagnetic material. For instance, the robot 

presented in [120] is equipped with two parallel tracks properly articulated to 

adapt to different pipe diameters and to improve maneuverability (Figure 2-21, 

right). In any case, pipe inspection robots are usually designed for this particular 

environment, and even if they can walk over different terrains they cannot be 

considered general-purpose inspection platforms. 

The third category based on track type is represented by TGMRs with 

omnidirectional tracks (TGMRs-OT), which can be furtherly divided into robots 

with passive (TGMRs-OT-P) or active (TGMRs-OT-A) omnidirectional tracks. The 

functioning principle of omnidirectional tracks is similar to the one of 

omnidirectional wheels of Mecanum wheels [123]. A robot equipped with 

Mecanum wheels is holonomic, therefore the number of controlled degrees of 

freedom is equal to the number of degrees of mobility in the plane. This is 

particularly useful when the robot is required to operate in very limited spaces, 

moving in any direction. For instance, forklifts and transport robots with 

Mecanum wheels are adopted in storage facilities and production halls in which 

the organization of the spaces is of fundamental importance. On the other hand, 

Mecanum wheels also have considerable drawbacks: first of all, they have to 

operate preferably on flat, even, and clean surfaces. Moreover, their resistance to 

shocks and impacts is limited. Some researchers have proposed hybrid 

combinations of Mecanum wheels and tracks [117] (Figure 2-20), realizing 

multidirectional tracks which have the same maneuverability advantages of 

Mecanum wheels robot and better traction on uneven terrains, shock resistance, 

and capability of carrying loads, thanks to the higher number of rollers in contact 

with the terrain and to the elasticity of the tracks. Nevertheless, due to the 

presence of rollers, the TGMRs-OT-P have still operative limitations in harsh 

environments. 
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An example of TGMRs-OT-A is discussed in [118] (Figure 2-20). Its 

architecture is characterized by two crawlers with circular sections; these crawlers 

have active rolling axes aligned with the longitudinal axis of the robot, to perform 

sideling motion whenever necessary while maintaining a large contact surface for 

motion on soft and yielding terrains. Even in there are no rollers directly in contact 

with the terrain as in TGMRs-OT-P, this locomotion system still suffers 

limitations due to the complex mechanical design of the crawlers. 

2.3.2.5 Design methodologies for tracked ground mobile robots 

2.3.2.5.1  Modeling and simulation of the dynamic behavior of TGMRs 

The design of a tracked ground mobile robot has some peculiar aspects related 

to the functioning principle of the tracks, which are deformable bodies for TGMRs-

CT or composed of a closed chain of several rigid links connected by joints for 

TGMRs-MT and TGMRs-OT, and are in contact with the ground, which can have 

a wide range of properties, from firm surfaces to soft and yielding terrains. 

In the scientific literature, there are many works about the dynamic modeling 

of the track-terrain interaction, oriented to the prediction of the motion of TGMRs 

given the terrain properties and the track velocities, which can be profitably 

exploited in the early design phases. While for wheeled robots the contact areas 

with the ground are relatively small with respect to the robot dimensions, for 

TGMRs the contact surface with the ground is remarkable, and macroscopic 

skidding is unavoidable during steering (skid steering). The mechanics of skid 

steering has attracted great interest over the last decades, with the pioneering 

works of Steeds [124] and the subsequent studies by Weiss [125], Crosheck [126], 

Kitano and Jyozaki [127], Ehlert et al. [128], which provided the analytical models 

used as the basis for the numerical simulations of the turning behavior of tracked 

vehicles. 

In [129] a general theory for skid steering on firm ground is discussed, which 

shows a close agreement with experimental results. In [130] a simulation 

methodology for tracked vehicles on sandy terrain is discussed, capable of 

predicting sinkage, slip ratios, and turning radius. 

When it is required to simulate the motion of a TGMR with a complex 

arrangement of the tracks and/or operate on irregular grounds and obstacles, it is 

unavoidable to adopt a numerical multibody approach. Recurdyn is often used as 

a multi-body package for the simulation of tracked vehicles and robots due to the 

availability of dedicated tools [131], [132]. Another possible simulation approach, 

discussed in [133], exploits a high number of virtual wheels in the Gazebo 

environment to approximate the track's behavior. 

The discussion of these modeling and simulation techniques, capable of 

assessing the motion capabilities of tracked robots in order to reduce the number 

of physical prototypes necessary to converge to the final design, is out of the scope 

of this thesis. However, the next Section summarizes the most widespread 
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empirical models and methods used in the preliminary design of tracks to evaluate 

their motion resistance. 

2.3.2.5.2 Motion resistance of tracks 

The sizing of tracks (length, width) and of their motors on the basis of vehicle 

mass and desired performance is the most peculiar issue in the design of a tracked 

vehicle. This sizing must consider the features of the range of terrains on which 

the vehicle has to operate, adopting a proper terramechanics model. 

The total motion resistance of a tracked vehicle, which has to be overcome by 

the actuators, is the sum of three terms: 

- the resistance Rt due to the interaction between tracks and terrain; 

- the resistance Rin due to the internal friction of the tracks; 

- the resistance Re due to the external forces acting on the vehicle. 

2.3.2.5.2.1 Motion resistance due to the track-terrain interaction 

The most widespread method to evaluate the interaction forces between tracks 

and ground is the Bekker model [134]. According to this approach, the track-

terrain contact is assumed to be similar to a rigid footing; the deriving pressure-

sinkage relationship allows us to estimate the track sinkage and subsequently the 

motion resistance. For a track with uniform contact pressure, the sinkage z0 is 

given by: 
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where: p is the normal pressure; W is the normal load on the track (usually 

the portion of robot weight supported by the considered track); b and l are the 

width and length of the track; kc, kϕ, and n are characteristic parameters of the 

yielding terrain, available in the scientific literature [135]. Using equation 19, it 

is possible to calculate the work necessary to compact the terrain while the robot 

goes forward, obtaining the compaction resistance Rc: 
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Another component of the motion resistance is the so-called bulldozing 

resistance, due to the presence of yielding terrain in front of the track; the 

bulldozing resistance Rb can be calculated employing the following expression 

[136]: 
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where: c is the terrain cohesion [Pa]; γs is the specific weight of the terrain 

[N/m3], N’c and N’γ are the Terzaghi’s modified bearing capacity factors, which are 
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functions of the internal friction angle of the terrain ϕ according to the empirical 

relationships represented in Figure 2-22; the angle ϕ’ can be obtained by the 

following formula [136]: 

( ) ( )
2
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3

  =
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Figure 2-22 Terzaghi’s modified bearing capacity factors [33]. 

Finally, the overall motion resistance due to the track-terrain interaction for 

a robot with n tracks can be obtained by summing the compaction and bulldozing 

resistances of each track: 
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2.3.2.5.3 Motion resistance due to the internal friction of the tracks 

The internal friction effects of the tracks obviously depend on the detailed 

design of tracks, drive sprockets, idler sprockets, upper and lower rollers (if 

present), and bearings. As a consequence, an accurate evaluation of this resistance 

term requires a complex mechanical modeling or an experimental evaluation, if a 

preliminary prototype is available. For example, it is possible to perform tests on 

the flat and compact ground, in order to have negligible Rt. Another option, 

suitable only for rough estimation, is the empirical formula proposed by Bekker 

[134]: 

( )0.222 0.0108inR m v= + 
 24  

where Rin is the motion resistance [N] due to the internal friction of the tracks, 

m is the vehicle mass [kg] and v is the vehicle speed [m/s]. 

2.3.2.5.4 Motion resistance due to the external forces 

If the robot is not interacting with the environment during locomotion, for 

example by means of a robot arm, the motion resistance due to the external forces 

can be computed as the sum of the component of the weight acting in the motion 

direction and of the inertial forces: 
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( )e eqR mg sen m a=  +
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where  is the terrain slope and a is the robot acceleration; the equivalent 

mass meq is the sum of the robot mass m and of the equivalent mass of the robot 

rotating bodies, obtained by kinetic energy equivalence. The equivalent mass meq 

is usually very close to m and can be approximated to it. 

2.3.2.5.5 Overall robot motion resistance 

Using the previously discussed equations it is possible to select the main 

dimensions of the tracks (b, l) and to estimate the required torque and power of 

the track motors. Obviously, the detailed design of the tracks directly influences 

Rc and Rb, but also the internal friction resistance Rin and the vehicle mass m. 

Consequently, also resistance Re is indirectly influenced by b and l. Overall, these 

mutual relations among the vehicle characteristic parameters imply the need for 

a recursive design approach. 

The two resistance components which are directly related to the track 

dimensions and to the terrain features are Rc and Rb. Figure 2-23 shows the 

sinkage z0 and the track-terrain motion resistance Rt, which is the sum of the 

compaction and bulldozing resistance, as functions of b and l, for one track of a 

two-tracked symmetrical robot with overall mass m = 40 kg. The considered 

terrain is dry sand characterized by the following parameters: kc = 0,99 kN/mn+1, 

kϕ = 1528 kN/mn+2, n = 1.1, c = 1.04 kPa, N’c = 16.5, N’γ = 5, ϕ = 28°, 

γs = 17800 N/m3. 

It is possible to note that, as intuitive and evident from equation 19, the 

sinkage decreases when the track width and length increase, and consequently 

also the terrain resistance decreases. The sensitivity to l is higher than the 

sensitivity to b. On the other hand, increasing too much b and l can be not 

convenient for the overall vehicle dimensions; moreover, this increases the vehicle 

mass and consequently the resistance Re. Therefore, it is necessary to find a proper 

design trade-off, reaching a suitable compromise among these conflicting 

requirements. 
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Figure 2-23 Track sinkage (z0, left [m]) and sum of compaction and bulldozing resistances (Rb+Rc, right 

[N]) as function of the track width b [m] and length l [m] [33]. 
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2.3.3 Hybrid Robots 

Due to its ability to combine the benefits of the different classes while aiming 

to minimize their disadvantages, hybrid locomotion systems are perhaps the most 

intriguing options for mobile robots. 

In reality, in unstructured areas or in surroundings designed for humans, 

legged mobility is the best option (in presence of stairs, for example). Humans, on 

the other hand, often utilize tracked or wheeled extensions to boost their speed 

and efficiency. In contrast to nature, a mobile robot's design allows for the 

unfettered integration of legs, wheels, and tracks. We will now talk about the four 

types of hybrid mobile robots (LT, LW, WT, and LWT).  

2.3.3.1 Leg-wheel hybrid locomotion systems 

Robots with legs and wheels combine the operating flexibility of legs with the 

energy economy of wheels. According to [137], there are basically three ways to 

combine legs and wheels:  

- adding extra legs to a wheeled robot that are connected to the robot 

body;  

- using retractable modules that can serve as either wheels or legs; and  

- mounting the wheels on the leg links (typically, but not always, at the 

ends of the legs).  

Rarely is the first strategy used. If legs and wheels are utilized alternately, 

depending on the terrain, robot construction is theoretically straightforward. The 

biggest disadvantage is that the robot often weighs a lot since the vehicle has two 

different locomotion systems installed. Additionally, the advantage of wheels in 

terms of energy efficiency is much diminished if legs and wheels are utilized 

together. The second strategy is quite intriguing. For instance, a mobile robot with 

retractable leg wheel modules is presented in [137]. (Figure 2-24). 

 

Figure 2-24 Leg-wheel hybrid robot with retractable locomotion modules: legged mode (a) and wheeled 

mode (b) [137] 
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The mechanical complexity of the retractable modules and their inadequate 

durability in soiled conditions or in the event of shocks are the primary 

shortcomings of this design. Probably the most successful approach to combine 

legs and wheels is the third method. Octopus (Figure 2-25), a hybrid leg-wheel 

robot designed by Ecole Polytechnique Federale de Lausanne (EPFL), is one 

example [138]. It includes tactile wheels and tilt sensors, and its advanced 

locomotion system comprises 8 motorized wheels with a total of 15 degrees.  

 

Figure 2-25 The leg-wheel hybrid Octopus robot [138]. 

Another illustration of the third strategy is the stepping triple wheel concept, 

which EPFL first used in the Spacecat micro-rover [139] the rover can actively lift 

one wheel to climb obstacles thanks to two three-wheeled locomotion modules that 

can rotate independently of one another (Figure 2-26 a). Motion control requires 

eight separate actuators: two for the locomotion modules and six for the wheels. 
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Figure 2-26 Stepping triple wheel hybrid robots [37]: a) Spacecat [139]; b) Epi.q. [140]. 

Another illustration of the third strategy is the stepping triple wheel concept, 

which EPFL first used in the Spacecat micro-rover [139]: the rover can actively lift 

one wheel to climb obstacles thanks to two three-wheeled locomotion modules that 

can rotate independently of one another (Figure 2-26 a). Motion control requires 

eight separate actuators: two for the locomotion modules and six for the wheels. 

The Epi.q mobile robots family, created in collaboration between the 

Polytechnic of Turin and the University of Genoa, has the same three-wheeled 

locomotion unit shape, ensuring excellent motion performance on uneven terrains 

and obstacle-climbing capacity (Figure 2-26 b). Each Epi.q locomotion unit is 

underactuated by a single Gearmotor using an epicyclical mechanism that, 

depending on dynamic and friction circumstances, transitions between legged and 

wheeled locomotion automatically and without control input. As a result, the 

control system's complexity is greatly reduced [140]. 

2.3.3.2 Leg-track hybrid locomotion systems 

For challenging locations, hybrid mobile robots with legs and tracks are often 

used—as long as speed and energy economy are not priorities. Legs and tracks 

may be combined in a variety of ways. To achieve legged movement, the easiest 

method is to employ more than two tracks (often four), which are in relative 

mobility with regard to the robot frame. Commercially accessible mobile robots 

created by iRobot for homeland security, surveillance, inspection, and explosive 

detection are examples of this strategy (Figure 2-27 a). The mobility performance 

of these robots is comparable to tracked robots, but they are far more capable of 

overcoming obstacles. They are very strong and dependable [141]. 

On the other hand, hybrid leg-track robots with more intricate leg structures 

have a wider range of gait and mobility properties. The Titan X mobile robot from 

the Hirose-Fukushima Robotics Lab (Figure 2-27 b) has three degrees of freedom 

in each of its four legs and four belts that serve as both tracks and mechanical 

transmission for the knee joints while the robot is moving along on its legs  [142]. 

The hybrid leg-track robot created by a research team under the direction of 

Yokota et al. is another example (2006) [143]. 
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Figure 2-27 Leg-track hybrid robots [37]: a) iRobot SUGV [141] and b) Titan X [142]. 

2.3.3.3 Wheel-track hybrid locomotion systems 

When it's necessary to combine energy economy on the flat, compact artificial 

ground with high motion performance on soft, uneven terrains, wheels and tracks 

work quite well. Wheel contact with the ground may often be enabled or disabled 

in wheel-track hybrid robots by adjusting the relative location of the tracks and 

wheels or the form of the tracks. One such hybrid robot was created by the Daegu 

Gyeongbuk Institute of Science & Technology and features changing form tracks 

(Figure 2-28) [113]. In the arrangement seen in Figure 2-28, the rails provide 

movement. On flat, compact terrain, the tracks may be folded, allowing the wheels 

to provide locomotion. 

On the other hand, with the Hirose-Fukushima Robotics Lab's Helios VI 

tracked carrier (Figure 2-28), movement is never solely carried out by the wheels; 

the two front wheels are instead included to enhance the carrier's ability to climb 

stairs [144]. Another intriguing method is the Galileo wheel patented technology, 

which, for instance, is used in the VIPeR, a mobile platform created by Elbit 

Systems for surveillance activities (Figure 2-28). The Galileo wheel unites wheels 

and rails into a single group thanks to extendable crawlers. 

 

Figure 2-28 Wheel-track hybrid robots: a) with variable-shape tracks [113]; b) Helios VI [144]; c) with 

Galileo wheel [145]. 

 



DIME - Dipartimento di Ingegneria Meccanica, Energetica, Gestionale e dei Trasporti P a g e  69 | 189 

 

2.3.3.4 Leg-wheel-track hybrid locomotion systems 

The robotic platform Azimuth, which has four independent leg-track-wheel 

articulations and can produce a broad range of locomotion modes (including 

holonomic and Omni-directional movements, scaling of obstacles and stairs), is an 

example of one that incorporates all three forms of locomotion (Figure 2-29). [146]. 

Although the notion of Azimuth may be applied to outdoor situations, it was 

primarily created to function in interior settings. Its considerable mechanical 

complexity is the key flaw.[146] 

 

Figure 2-29 The hybrid leg-wheel-track Azimuth robot [146], [37] 

2.3.4 Comparison of locomotion system features 

A very synthetic outline of the characteristics of locomotion systems is shown 

in Figure 2-4, which qualitatively graphs mobility in unstructured environments 

(y) vs. speed and energy efficiency (x) with reference to the three primary 

categories and the four hybrid categories of locomotion systems (Figure 2-3). 

Legged robots are in the left upper zone (worst y, better x), tracked robots are in 

the center, and hybrid combinations tend to be in the right upper zone. Wheeled 

robots are in the right lower zone (better x, worst y) (combination of the benefits).  

- Robots with legs are in the left zone along the x-axis because their mode 

of mobility necessitates foot-to-ground collisions. Additionally, torque 

delivery is necessary for the actuated joints even when they are in a 

static state (unless non-reversible gearboxes or elastic preload 

components are utilized to counteract the effects of gravity). 

- Due to the fact that interactions with the ground are less severe but 

nevertheless present, tracked robots are in the center. Additionally, 
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there are a number of revolute joints connecting the track components, 

which have basic structures and medium to low energy efficiency. 

- Robots with wheels are in the correct place in the Figure 2-4 because 

they have few revolute joints (one on each wheel), are often 

implemented with ball bearings, and have good energy efficiency. 

- Robots with one wheel are in the lower zone along the y-axis because a 

wheel cannot overcome obstacles on its own if the first contact point 

with the obstacle profile is not much lower than the wheel axis. 

- Tracked robots are positioned in the center because the broad ground 

contact area filters out terrain irregularities and lowers contact 

pressure. 

- Robots with legs are in the top zone because their locomotion allows for 

a high degree of flexibility while moving through unstructured settings 

since it lets them choose where their feet will make contact with the 

ground and obstacles. 

Generally speaking, hybrid locomotion systems need to include the advantages 

of the many categories from which they arise. As a result, in the graph shown in 

Figure 2-3, each hybrid category should be placed in a region defined by the 

original categories' maximum values along each axis. A nonactive locomotion 

device is a non-negligible payload, therefore this does not entirely happen (and the 

graph is created appropriately), as the combination of several locomotion devices 

reduces total performance. From this perspective, hybrid solutions that combine 

two separate locomotion systems into a single unit are preferable to hybrid 

solutions that never combine two locomotion systems, such as the wheel-track 

robot in Figure 2-28, which is based on the stepping triple-wheel idea. The 10 

characteristics outlined in the Section comparison methodology and classification 

of mobile robots are used to compare the different locomotion systems in Table 2-3. 

The latter three characteristics represent system complexity whereas the first 

seven features describe mobility performance and are qualitatively quantifiable. 

Table 2-4 displays the suggested criteria for ranking the first seven attributes 

along with ranges that correlate to the various rankings. In Table 2-3, these 

standards have been used. Some attributes (maximum speed, obstacle-crossing 

ability, step/stair climbing capability, and walking capacity on uneven terrain) 

have been standardized with regard to the robot dimensions since mobile robots 

may come in a variety of sizes.  
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Table 2-3 Synthetic comparison of locomotion system features.[32] 

Locomotion 

Features 
Wheel Track Leg LW LT WT LWT 

Maximum 

Speed 
high 

medium

/ high 

low/ 

medium 

medium/ 

high 
medium 

medium/ 

high 

medium/ 

high 

Obstacle 

crossing 

capability 

low 
medium

/high 
high 

medium/ 

high 
high medium high 

step climbing 

capability 
low medium high high high medium high 

slope 

climbing 

capability 

low/ 

medium 
high 

medium

/ high 

medium/ 

high 
high 

medium/ 

high 
high 

walking 

capability on 

soft terrains 

low high 
low/ 

medium 

low/ 

medium 

medium/ 

high 
high 

medium/ 

high 

walking 

capability on 

uneven 

terrains 

low 
medium

/ high 
high high high 

medium/ 

high 
high 

Energy 

efficiency 
high medium 

low/ 

medium 

medium/ 

high 
medium 

medium/ 

high 

medium/ 

high 

Mechanical 

complexity 
low low high 

medium/ 

high 

medium/ 

high 

low/ 

medium 
high 

control 

complexity 
low low high 

medium/ 

high 

medium/ 

high 
medium high 

Technology 

readiness 
full full full full full full full 

The capacity to navigate obstacles in unstructured situations and cross ones 

with arbitrary forms is known as the obstacle-crossing capability (Table 2-2). But 

the form chosen for quantitative comparison was semicircular. Wheel-based 

locomotion systems, among others, benefit from the great speed and energy 

efficiency, as was already noted. These qualities are particularly maximized by 

wheeled robots developed from automotive technology, equipped with car-like 

suspensions and Ackermann steering. Wheels and legs may be effectively merged 

in hybrid systems if it turns out that obstacle-crossing and climbing skills are also 

essential. On the other hand, as tracks have a greater contact area than legs, they 

are preferred to increase robot mobility when job requirements are centered on 

soft and yielding terrains. Legs are more effective for hard barriers with 

complicated forms. Note that one of the key barriers to robot mobility, slippage in 

the presence of yielding terrains, slopes, or obstructions, is a complicated process 

that is noticeably impacted by the control technique [147]. Wheeled and tracked 

systems' mobility performance may be improved by using appropriate visual-based 
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and/or adaptive control algorithms [148]; [149]. With relation to legged locomotion, 

cutting-edge robots with dynamic gaits, like Spot [83], are able to maintain 

balance in the midst of slippage. Mechanical complexity and control complexity is 

fundamental design selection factors [150]. 

Particularly in terms of mean time between failure and mean time to repair, 

mechanical complexity has a significant impact on the dependability of robot 

operation. In this respect, pure tracked and wheeled robots are unquestionably 

straightforward and durable, but robots with complicated mechanical designs, 

particularly with regard to the linkages in touch with the ground (such as the leg-

wheel robot in Figure 2-24), should be avoided in heavy-duty applications. Due to 

the need for gait planning, control complexity is undoubtedly greater for systems 

including legs. However, only these designs, particularly when guided by dynamic 

model-based algorithms, can provide the best performance in climbing and 

navigating obstacles in unstructured settings. The right combination of locomotion 

systems for hybrid solutions may be chosen based on the demands of a given job 

starting with these broad principles. 
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Table 2-4 Evaluation criteria. [32] 

Feature Evaluation criteria 
Ranges 

Low Medium High 

Maximum 

speed 

the ratio between the maximum speed and 

overall length of the robot 
< 0.5 s-1 0.5 - 3 s-1 > 3 s-1 

Obstacle 

crossing 

capability 

the ratio between the maximum height of an 

obstacle with a semi-circular lateral profile 

that can be crossed and the height of the robot 

< 0.25 0.25 – 0.5 > 0.5 

Step/stair 

climbing 

capability 

the ratio between the maximum height of the 

square step which can be crossed and the 

height of the robot 

< 0.15 0.15-0.35 >0.35 

Slope 

climbing 

capability 

the maximum slope that can be climbed 

(compact surface, friction coefficient > 0.5) 
< 15° 15°-30° >30° 

Walking 

capability 

on soft 

terrains 

the capability of walking on: Compact soil 
medium to 

soft soil 

Soft 

sand 

Walking 

capability 

on 

uneven 

terrains 

the ratio between the maximum ground 

roughness that can be crossed (rocky ground 

with a random profile) and the height of the 

robot 

<0.1 0.1-0.2 >0.2 

Energy 

efficiency 

the ratio between the final gravitational 

potential energy acquired while climbing a 

slope at low speed and the energy supplied to 

the actuators 

<0.1 0.1-0.35 >0.35 
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3 The WheTLHLoc robot 

 

Wheeled Tracked Legged Hybrid 

Locomotion robot 
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The goal of this work is the development of a small-scale hybrid locomotion 

robot for surveillance and inspection, capable of combining tracked locomotion on 

soft terrains, wheeled locomotion on flat and compact grounds, and high obstacle 

crossing capability (ratio between the maximum climbable step and the robot 

height higher than one). The limits on the robot size (track length of 300 mm and 

width of 350 mm) have been selected as a compromise between two conflicting 

requirements: sufficient compactness to explore narrow spaces and to stand on the 

tread of a standard indoor stair, and the capability to climb a standard stair using 

tracks, legs, and wheels. 

These features allow facing a wide range of possible operative conditions, both 

in outdoor and indoor environments, also in presence of stairs. Fulfilling this 

entire set of requirements leads indeed to a more complex mechanical and control 

layout with respect to commercial tracked or wheeled robots with differential 

steering [151], [114]. 

In the scientific literature, there are several examples of small-scale robots 

comprising tracks. Besides the already mentioned basic architecture with two non-

articulated tracks and differential steering, robots can be equipped with 

articulated frames to increase adaptability to terrain unevenness [92], [100]. 

Another option is connecting tracked units in series, thus composing snake-like 

robots [152]. A commercially widespread solution to increase the obstacle climbing 

capability is to add two tracked and rotating swing extensions (flippers) on the 

front [93]. This solution helps to face the first step, but for continuing the stair 

ascent the robot must be sufficiently long to touch always at least two step edges. 

The patented solution [153] is similar, but it combines triangular main tracks and 

flippers, while the patent [154] adopts non-tracked flippers for lifting up the robot 

body to climb a step. All these solutions with flippers have a limited ratio between 

the maximum climbable step and the robot size.  

Considering hybrid solutions, there are many ways to combine tracks and legs. 

The simpler approach is to use them in parallel, as proposed in [155], [156]. An 

alternative solution is to equip leg links with peripheral tracks[142], also in 

combination with wheels [157]. The tracked robot proposed in the patent [158] is 

characterized by a central arm with a tracked link, which can be used both to climb 

obstacles and to manipulate payloads. 

Wheels are introduced in hybrid locomotion systems when speed and large 

operative range on the flat and compact ground are required. In order to activate 

and deactivate the wheels, switching on/off their contact with the ground for 

different locomotion modes, it is possible to use retractable wheels[91], [159], to 

adopt variable-shape tracks[113] or to change the position of the legs [157], [146], 

[144]. Some researchers have proposed systems to transform tracks into wheels by 

means of tensioning systems or articulated supports [160], [161], but their 

mechanical complexity can reduce reliability, resistance to shocks, and operativity 

in dirty environments. 

Interesting hybrid locomotion systems for service and assistive robots and 

wheelchairs have been proposed in the scientific literature and are available on 
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the market, based on stepping triple wheels [162], combinations of wheels and 

tracks[163], or legs and tracks [164], but in these applications, the size of the 

vehicle is much larger than the step size, so the robot can climb the stair touching 

at least two step edges. 

Starting from the outlined state-of-the-art, the WheTLHLoc robot (Wheel-

Track-Leg Hybrid Locomotion) has been proposed [97]. Wheels and tracks are 

combined by augmenting a differential steering tracked robot with two rotating 

legs with active wheels placed at their ends. This solution is similar to the 

mechanical architectures proposed in [144], [157], and in the patent [165], but with 

functional differences discussed in section 3.1.1. The novelties of this robot with 

respect to [97] are the analytical evaluation of the step climbing feasibility 

depending on the operative conditions and the discussion of the experimental 

tests. 

The remaining of the chapter is organized as follows: 

- Section 3.1.1 summarizes the design methodology for hybrid locomotion 

robots with obstacle climbing capability and the functional design of the 

WheTLHLoc robot (section 3.1.1 ); 

- section 3 analyses the step climbing maneuver, first defining its phases 

and kinematic relationships (section 3.2.1), and then evaluating the 

stability and non-slipping conditions (sections 3.2.2 and 3.2.3); 

- in section 3.3, starting from the kinematic relationships and conditions 

discussed in section 3.2, a criterium for planning the step climbing 

motion as a function of the step height is proposed and analytically 

assessed; 

- section 3.4 discusses the experimental campaign on the first prototype, 

with the validation of the proposed step/stair climbing motion planning 

and of the other locomotion modes; 

- section 3.5 is the conclusion section. 

3.1 Functional design of the WheTLHLoc robot 

3.1.1 Design methodology for hybrid locomotion robots with the 

obstacle-climbing capability 

The main phases of the development of a small-scale hybrid locomotion robot 

with obstacle-climbing capability are here summarized. 

Conceptual design. Once defined the functional requirements, the starting 

point is the intuition and experience of the designer, who invents a completely 

novel architecture or an evolution of an existing one. Even if it is almost impossible 

to systematize this phase, some hints can be recalled. 

To limit the overall mechanical complexity, hybrid systems should not be the 

addition of different locomotion devices on the same robot body, but they should 

comprise members usable in different modes. 
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For small-scale hybrid locomotion robots, it is generally accepted to have good 

speed on flat and compact grounds, usually by wheels, but lower speed during 

obstacle climbing, performed by a sequence of statically stable positions. This 

allows simplifying the architecture of the legs, if present, thus reducing control 

complexity. Dynamic gait indeed maximizes the obstacle climbing performance 

[58], but it needs a much more complex and expensive mechatronic architecture 

since the stability of dynamic obstacle climbing depends not only on the planned 

trajectory but also on the speed at which it is executed. 

In real operative conditions, an overturn of a small robot is frequent, and the 

capability of restoring operativity by proper maneuvers or keeping it thanks to the 

robot symmetry greatly enhances the reliability in accomplishing the mission. 

Moreover, for use in harsh environments, compact outer shapes without 

appendages are highly preferable for resistance to shocks. 

Geometrical synthesis of obstacle climbing. Once defined the simplified 

topology of the robot and the corresponding minimum set of geometrical 

parameters are, the motion sequence for obstacle climbing is synthesized 

considering only kinematic constraints: the trajectory of the main body, tangency 

of wheels, and tracks with the obstacle, absence of interferences. A dimensionless 

approach can be used, with ratios between the dimensions and a significant robot 

size (e.g., the robot wheelbase or wheel/track radius). Using dimensionless ratios 

is more general, since most features, such as stability and non-slipping conditions, 

are independent of the robot scale. For example, for the WheTLHLoc architecture, 

a medium-size realization can be considered, with around 1 m of length, more 

oriented to outdoor exploration. The kinematic synthesis must be carried out for 

any obstacle shape considered in the functional requirements, but the variety of 

obstacles that can be present in outdoor missions is difficult to classify through a 

limited number of profile classes. Consequently, the climbing of steps and stairs 

is primarily studied, firstly since they are present in almost all indoor 

environments, and secondarily because climbing a vertical step represents a 

severe test with respect to most obstacle shapes. 

Analysis of the obstacle climbing feasibility. After the kinematic definition of 

the maneuver, stability and non-slipping conditions must be assessed. 

Regarding stability, a static analysis is sufficient in the case of static gait, with 

negligible inertial effects. With static gait, all positions of the planned trajectory 

are statically stable with the robot subject only to gravity forces and ground 

reactions. To take into account inertial effects and other disturbances, a proper 

stability margin must be imposed, for example, a minimum value of the tipping 

angles (section 3.2.2). Let us note that the inertial effects can be reduced for the 

same statically stable trajectory by performing it with lower speed and 

acceleration. Therefore, for any statically stable trajectory, it is always possible to 

find proper motion planning for which the inertial effects are sufficiently small 

with respect to the selected stability margin. 

For the non-slipping condition, which is influenced by the surfaces of the 

ground and obstacles, the minimum values of friction coefficients generally depend 
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on the obstacle’s geometry (for example the step height). This feasibility 

assessment can be performed by multibody simulation or by analytical approach, 

which is preferable since it leads to a deeper understanding of the robot's behavior 

and of the sensitivity to geometrical and motion planning parameters. In this 

phase, the member masses are approximated since the embodiment design is not 

yet available. This analysis is iterated, leading to modifications of the main robot's 

geometrical dimensions and motion planning. For example, in section 3.3 the step 

climbing motion law is defined as a function of the step height based on the 

analytical evaluation of stability and non-slipping conditions.  

Embodiment design. The detailed mechatronic design of the prototype 

(structural parts, internal layout, motors, gearheads, control architecture) is 

obtained starting from the main geometrical parameters. The selection of the 

actuators and transmission components is based on the required velocity, 

obtainable from the kinematic motion planning, and on the required torque/force, 

obtainable from the static analysis. Proper safety coefficients must be used to 

consider friction in transmissions and dynamic stresses due to impacts. At the end 

of this phase, the real mass properties are available and must be used to update 

the assessment of the step climbing feasibility.  

Experimental campaign. The tests on the prototype are the last validation 

before final production and commercialization. For the obstacle profiles for which 

the motion laws have been defined and tested by multibody simulation or 

analytically, the experiments can be performed by controlling the robot axes in 

position. On the contrary, the robot can be remotely controlled by a human to test 

its effectiveness in other operative conditions, for example on random unevenness 

and yielding terrains. Impact forces, e.g. in case of a fall, are difficult to be 

theoretically evaluated since they depend on the compliance of ground and robot 

members. Consequently, an embodiment redesign must be performed based on the 

failures that occurred during the tests, leading to the final product through an 

iterative process. 
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3.1.2 The WheTLHLoc conceptual design 

The conceptual design of the WheTLHLoc starts from the following 

requirements: 

- small-scale ground mobile robot for indoor and outdoor inspection and 

surveillance, with a maximum track length of 300 mm and an overall 

size of around 450×350×130 mm; 

- payload up to 0.5 kg (typically cameras, microphones, and 

environmental sensors); 

- tracked locomotion on outdoor yielding terrains (maximum speed 0.1 

m/s); 

- wheeled locomotion on indoor compact grounds (maximum speed 0.9 

m/s); 

- the capability of climbing standard stairs with 300 mm of tread and 160 

mm of the riser. 

The WheTLHLoc robot is shown in Figure 3-1. It is characterized by two tracks 

(T), two legs (L), and two wheels (W), all independently actuated by six-gear 

motors. While the gearmotors of tracks and legs are placed inside the main body 

(MB), the gearmotors of the wheels (WM) are located at the leg tips, to avoid 

mechanical transmissions along the legs. Two Omni wheels (OW) are placed on 

the rear. The robot is equipped with a front camera (FC) and a rear camera (RC). 

The internal layout of the robot is discussed in detail in [97]. 

Let us consider the main body reference frame O’(x’,y’,z’), shown in white in 

Figure 3-1. The pitch axis y’ coincides with the axes of the two revolute joints 

connecting the legs to the main body, x’ is the longitudinal roll axis, pointing 

frontward, and z’ is the yaw axis, which completes the dexterous frame. The robot 

is externally symmetrical with respect to the x’z’ and x’y’ planes, and also with 

respect to the y’z’ plane if the two Omni wheels are neglected. Consequently, the 

robot can’t remain locked after a 180° overturn. Moreover, even if the robot 

remains on one flank after a fall, it can restore the locomotion position by rotating 

the leg in contact with the ground. 
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Figure 3-1 The WheTLHLoc robot: front view (a), rear view (b). 

Figure 3-2 shows the three possible locomotion modes of the WheTLHLoc. On 

flat and compact grounds, the legs rotate to suspend the robot on the two wheels 

and on the lower Omni wheel. In this wheeled mode, speed is maximum and the 

field of view of the front camera is optimally exploited (Figure 3-2, a). Therefore, 

this mode is used whenever possible, in particular in all indoor flat-floor 

environments. 

Tracked locomotion (Figure 3-2, b) is enabled on yielding and averagely 

irregular terrains by rotating the legs upwards. On sloping terrains, the position 

of the legs can be varied to improve the robot's stability. 

In case of greater irregularities and climbing obstacles, steps, and stairs, it is 

possible to combine the motion of wheels, legs, and tracks. Legs and wheels can be 

moved independently to overcome asymmetric obstacles (Figure 3-2, c). 

 

Figure 3-2 WheTLHLoc locomotion modes: wheeled locomotion (a), tracked locomotion (b), hybrid leg-

wheel-track locomotion (c). 

As already said, WheTLHLoc has some similarities with the solutions 

proposed in [144], [157], and [165], but also remarkable differences: 
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- differently from HELIOS-VI [144] and from the patented architecture 

[165], WheTLHLoc has two independently actuated legs, and can 

perform purely wheeled locomotion exploiting the Omni wheels; 

moreover, with respect to HELIOS-VI, the wheels at leg tips are 

actuated instead of idle; 

- with respect to the Kylin robot [157], WheTLHLoc has a more compact 

and robust design, with two long legs purposely designed to climb steps 

and obstacles; 

- differently from HELIOS-VI and Kylin, WheTLHLoc is fully symmetric 

and thus can operate after an overturn. 

Square steps and stairs represent the most important class of obstacles to be 

considered in the design of small-scale ground mobile robots suitable for mobility 

in indoor environments structured for humans. Steps and stairs are not critical 

for medium-scale and large-scale robots, longer than 23 treads, since they can 

touch more than one step edge [166], [167]. On the contrary, the design of a smaller 

robot capable of effectively climbing stairs is challenging, because the robot must 

be sufficiently small to stand on one tread, but also able to overcome the riser, and 

these requirements are conflicting. An example of a small-scale robot, capable of 

standing on one step but capable of climbing risers higher than itself is 

Mantis[168]. The WheTLHLoc robot has been initially conceived as a tracked 

alternative to Mantis since both robots use rotating legs to lift their body over the 

step edge. Nevertheless, besides the introduction of the tracks, WheTLHLoc and 

Mantis have two remarkable differences. The first is the symmetry of 

WheTLHLoc, with the already discussed functional benefits. The second is the 

architecture of the legs, with actuated wheels at their ends for WheTLHLoc, which 

improves the step and obstacle climbing capability. 

In [97] the WheTLHLoc motion for climbing and descending stairs has been 

discussed and tested by multibody simulation. In the next section, the step 

climbing sequence is kinematically defined to evaluate analytically the stability 

and non-slipping conditions. 

3.2 Step climbing analysis 

3.2.1 Definition and kinematics of the step climbing phases 

Starting from the experience acquired with the robot remotely controlled by a 

human, the kinematics of the step climbing represented in Figure 3-3 has been 

delineated. It is divided into nine phases: step approach (1), leg lowering (2), track 

raising (3), edge approach (4), leg retreat (5), lift completion (6), edge overcoming 

(7), leg raising (8), and step depart (9). The maneuver is kinematically defined by 

imposing two conditions: the vertical motion of the robot center O’ in phase 3 (track 

raising, Figure 3-3), and the rotation around the step edge with motionless tracks 

in phase 6 (lift completion, Figure 3-3). 
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Figure 3-3 Step climbing sequence, divided in nine phases: step approach (1), leg lowering (2), track 

raising (3), edge approach (4), leg retreat (5), lift completion (6), edge overcoming (7), leg raising (8), and step 

depart (9). 

Each phase (ti ≤ t < ti+3) is divided into three sections: acceleration for 

ti ≤ t < ti+1, constant speed for ti+1 ≤ t < ti+2, and deceleration for ti+2 ≤ t < ti+3. 

The only exceptions are phases 1 and 9, with only two sections: the first phase 

doesn’t have the acceleration section, and the last doesn’t have the deceleration 

section. In this way, the sequence starts and ends with the same velocity, and can 

be repeated cyclically for all the steps of a stair. Moreover, phases 5 and 8 (leg 

retreat and leg raising) are split into six sections, since the legs rotate one by one 

for better stability, as discussed later. 

The step/stair descent can be executed by inverting the stair climbing 

sequence. 

Let us note that, due to the versatility of the proposed mechanical 

architecture, many different motion plans for step climbing are conceivable, for 
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example keeping constant the x coordinate of the wheel center in phase 3, or 

moving forward slowly the tracks in phase 6. However, the proposed solution is 

effective and statically stable at each instant, as discussed in sections 3.2.2 and 

3.2.3. Moreover, it has the advantage that the robot trajectory can be obtained 

from only one geometrical parameter, the step height, as discussed in section 3.3.  

The kinematics and the stability of the step climbing maneuver can be 

analyzed by considering the geometrical parameters listed in Table 3-1 Main 

geometrical parameters and variables and corresponding dimensionless ratios. 

and shown in Figure 3-4. For the sake of generality, for each length parameter, 

the corresponding ratio with respect to the track radius is defined (Table 3-1 Main 

geometrical parameters and variables and corresponding dimensionless ratios. 

and Figure 3-4, blue).  

Table 3-1 Main geometrical parameters and variables and corresponding dimensionless ratios. 

Description Parameter/variable 

Dimensionless 

parameter/variable 

(divided by rt) 

Track radius rt 1 

Wheel radius rw ρ 

Track wheelbase w ω 

Leg length ll λ 

Leg width wl ωl 

Step height h δ 

Robot width measured at the tracks bt t 

Robot width measured at the wheels bw w 

Main body pitch angle b - 

Absolute main body coordinates xO’, yO’, zO’ ψxO, ψyO, ψzO 

Left leg angle (relative reference 

frame) 
’l - 

Right leg angle (relative reference 

frame) 
’r - 

Distance between the leg C.O.G and 

O’ in the xz plane 
llG l 

Relative main body C.O.G. 

coordinates 
x’Gb, y’Gb, z’Gb 

ψ’xGb, ψ’yGb, 

ψ’zGb 

Absolute main body C.O.G. 

coordinates 
xGb, yGb, zGb 

ψxGb, ψyGb, 

ψzGb 

Relative coordinates of the left leg 

C.O.G. 
x’Gl, y’Gl, z’Gl 

ψ’xG1, ψ’yG1, 

ψ’zG1 

Relative coordinates of the right leg C.O.G. x’Gr, y’Gr, z’Gr 
ψ’xGr, ψ’yGr, 

ψ’zGr 
Relative coordinates of the overall 

C.O.G. 
x’G, y’G, z’G ψ’xG, ψ’yG, ψ’zG 

Absolute coordinates of the overall C.O.G. xG, yG, zG ψxG, ψyG, ψzG 
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Figure 3-4 Main geometrical parameters of the WheTLHLoc robot. 

Phase 1 (step approach), 0 ≤ t < t2 

The robot approaches the step in a backward motion, with the Omni wheels 

close to the step, moving on the tracks, with vertical legs. Consequently, in all the 

phases zO’ = rt, b = 0, ’l = ’r = π/2. At t2 the robot stops with the front vertical 

tangent to the track vertically aligned with the step edge. 

Phase 1 is divided into two sections: for 0 ≤ t < t1 the robot has constant speed 

v1; for t1 ≤ t < t2 the robot has constant deceleration a1; the robot velocity is null at 

t = t2. The track velocity is proportional to the time derivative of xO’. 

Phase 2 (leg lowering), t2 ≤ t < t5 

The robot legs rotate towards the next step surface until touching it with null 

speed, while tracks and wheels are at rest. Consequently zO’ = rt, b = 0, and xO’ = 

xO’(t2). The angles ’l and ’r varies from π/2 to ’5 with constant acceleration for 

t2 ≤ t < t3, constant velocity for t3 ≤ t < t4, and constant deceleration for t4 ≤ t < t5. 

The final leg angle ’5 can be derived from the geometrical scheme of Figure 3-5: 

5 arcsin w t

l

r h r

l


 + −
 =  

 
 26 
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Figure 3-5 Final positions of phase 2, step approach (t = t5). 

Phase 3 (track raising), t5 ≤ t < t8 

After the instantaneous stop at t5, the legs restart to rotate in the same 

direction, lifting up the robot body, while keeping constant the horizontal position 

of the origin of the main body reference frame O’(x’,y’,z’). To obtain this motion, 

tracks, wheels, and legs must rotate simultaneously. Therefore xO’ = xO’(t2) for all 

the phases, while zO’ varies from rt to zO’,8 with constant acceleration for t5 ≤ t < t6, 

constant velocity for t6 ≤ t < t7, and constant deceleration for t7 ≤ t < t8. At t8 the 

velocity of O’ is null, and the robot body reaches the maximum pitch angle b,max. 

The coordinate zO’,8 is obtained considering the geometry of Figure 3-6 and 

imposing the maximum pitch angle b,max: 

',8 ,maxsin
2

O t b

w
z r = +  27 

 

Figure 3-6 Generic position in phase 3, track raising (t5 ≤ t ≤ t8) [169]. 

In all phase 3, the following relations express the pitch angle and the relative 

leg angles as a function of xO’ and zO’: 



DIME - Dipartimento di Ingegneria Meccanica, Energetica, Gestionale e dei Trasporti P a g e  86 | 189 

 

( )
( )'

arcsin
/ 2

O t

b

z t r
t

w


 − 
=  

 
 28 

( ) ( )
( )

( )'
arcsin

w O

l r b

l

h r z t
t t t

l
  

 + − 
 = = − 

 
 29 

Then the relative rotations of the track sprockets, with respect to the main 

body, and of the wheels, with respect to the legs, are obtained imposing non-

slipping conditions: 

( ) ( )
( ) ( )

( )5

5

Wr Wr

T T b

t

x t x t
t t t
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 = + + − −  31 

In equations 30 and 31 the horizontal coordinates of the front and rear contact 

points Wl and Wr can be obtained by the geometry of Figure 3-6: 

( ) ( ) ( ) ( )( )' cosWl O l l bx t x t l t t = + +  32 

( ) ( ) ( )( )' cos
2

Wr O b

w
x t x t t= −  33 

Phase 4 (edge approach), t8 ≤ t < t11 

The robot advances horizontally with a constant pitch angle, moving only 

tracks and wheels. In this phase the legs are motionless and the robot advances 

horizontally with a constant pitch angle. The coordinate xO’ varies from xO’(t8) = 

xO’(t2) to xO’(t11) with constant acceleration for t8 ≤ t < t9, constant velocity for 

t9 ≤ t < t10, and constant deceleration for t10 ≤ t < t11. At t11 the tracks touch the 

step edge with null speed. The stop position for t = t11 is calculated considering the 

geometry of Figure 3-7 and imposing the contact between tracks and step edge: 
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Figure 3-7 Final positions of phase 4, edge approach (t = t11) [169]. 

Also in phase 4 the track and wheel relative angles can be obtained by 

imposing non-slipping conditions by equations 30 to 33. 

Phase 5 (leg retreat), t11 ≤ t < t17 

The legs rotate in an inverted direction, to touch the lower ground surface 

behind the robot body, while the tracks and wheels are at rest. The legs can move 

simultaneously or one by one. In the case of high steps, the robot stability is better 

guaranteed if the legs rotate one by one, as will be discussed in section 3.2.2 In 

this case, represented in Figure 3-3, the second leg starts to rotate when the first 

leg stops. 

The final relative angle of the legs can be obtained considering the geometry 

represented in Figure 3-8: 

,max

17 ,max
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The left leg rotates from ’l(t11) = ’r(t11) to ’l(t17) with constant acceleration for 

t11 ≤ t < t12, constant velocity for t12 ≤ t < t13, and constant deceleration for 

t13 ≤ t < t14. Then the right leg performs the same motion, with constant 

acceleration for t14 ≤ t < t15, constant velocity for t15 ≤ t < t16, and constant 
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deceleration for t16 ≤ t < t17. If the legs rotate simultaneously in the first three 

sections, t14 = t15 = t16 = t17. 

 

Figure 3-8 Final positions of phase 5, leg retreat (t = t17) [169]. 

Phase 6 (lift completion), t17 ≤ t < t20 

In this phase, the tracks are motionless, while the legs rotate backward to lift 

up the robot's body. The robot body rotates around the first contact point of tracks 

and the step edge, at t = t17. Moreover, the wheels rotate to compensate for the 

horizontal displacement of the wheel-ground contact point.  

The pitch angle b decreases from b,max to 0 with d2b/dt2 negative constant 

for t17 ≤ t < t18, with db/dt negative constant for t18 ≤ t < t19, and with d2b/dt2 

positive constant for t19 ≤ t < t20. At t20 db/dt is null. The main body coordinates 

and the leg angle can be calculated considering the geometry of Figure 3-9: 

( ) ( ) ( ) ( )' 11sin cosO t b K bx t r t x t t = − −  36 

( ) ( ) ( ) ( )' 11cos sinO t b K bz t h r t x t t = + −  37 
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   

 − 
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 
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The x’ coordinate of the point K at the end of phase 4 (t = t11), which is used in 

equations 36 and 37, is (Figure 3-7):  

( )11

,max ,maxtan sin 2

t t
K

b b

r h r w
x t

 

−
 = + −  39 

Finally, the wheels’ rotation can be obtained by imposing non-slipping 

conditions: 
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Figure 3-9 Generic position in phase 6, lift completion (t17 ≤ t ≤ t20) [169]. 

Phase 7 (edge overcoming), t20 ≤ t < t23 

In this phase the legs are motionless, and the robot advances horizontally until 

the robot center O’ is sufficiently forward with respect to the step edge to ensure 

stability in the following phase 8, of forward leg rotation. At the end of this phase, 

the horizontal advancement of O’ with respect to the step edge is xO’ and the 

robot speed is null. Moreover, the pitch angle b is null, zO’ is equal to h + rt, and 

the legs angles are equal to ’l(t20). The coordinate xO’ increases from xO’(t20) = -

x’K(t11) to xO’ with constant acceleration for t20 ≤ t < t21, constant speed for 

t21 ≤ t < t22, and constant deceleration for t22 ≤ t < t23. Since both the wheels and 

the tracks are in contact with the ground, their velocities are proportional to the 

time derivative of xO’. 

Phase 8 (leg raising), t23 ≤ t < t29 

In this phase, the legs rotate forward to reach the vertical position at t = t29. 

Tracks and wheels are motionless. The legs can move simultaneously or one by 

one, but the robot stability is better if the legs rotate one by one, as will be 

discussed in section 3.2.2. 

In this phase the pitch angle b is null, zO’ is equal to h + rt and xO’ is equal to 

xO’. If the legs are rotated one by one, there are six sections: for the left leg, 

constant acceleration for t23 ≤ t < t24, constant speed for t24 ≤ t < t25, and constant 

deceleration for t25 ≤ t < t26. At t26 the left leg arrives in the vertical position with 

null speed, and the same motion starts for the right leg (constant acceleration for 

t26 ≤ t < t27, constant speed for t27 ≤ t < t28, and constant deceleration for 
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t28 ≤ t < t29). If the legs are rotated simultaneously in the first three sections, 

t26 = t27 = t28 = t29. 

Phase 9 (step depart), t29 ≤ t < t31 

The robot advances horizontally on the tracks, with motionless legs and 

wheels. This phase completes the cycle, which can be repeated n times for a stair 

with n steps. 

This phase is divided into two sections: for t29 ≤ t < t30 the robot has constant 

acceleration, a9, while for t30 ≤ t < t31 the robot speed is constant, v9 = v1, and the 

cycle can restart from phase 1 for the next step. 

The outlined kinematic discussion and equations 26 to 40 are the basis of the 

motion planning scheme to be carried out as the robot approaches a step or a stair 

to be climbed. Obviously, environment features, geometrical tolerances, 

compliances and backlashes of the robot members, position control errors, and 

other dynamic effects introduce unavoidable uncertainties in the actual robot 

motion. To consider these issues, the static robustness of this motion sequence is 

carried out in section 3.2.2, where static stability margins are evaluated with 

respect to the proposed planning. Moreover, the proposed motion planning has 

been used in experimental tests on the prototype, during which the robot has 

demonstrated an excellent capacity for stair climbing and robustness of the 

maneuver with respect to uncertainties, as discussed in section 3.4. 

3.2.2 Stability analysis 

The static stability of a mobile robot during step climbing can be quantified by 

means of the tipping angle [170]. It is the rotation that must be imposed on the 

robot's main body with respect to its actual orientation to reach the limit of 

stability. This limit is reached when the vertical projection of the overall C.O.G. 

intersects the border of the polygon of the contact points. There is a tipping angle 

for any polygon edge. If the rotation around an edge exceeds the corresponding 

tipping angle due to external disturbances, the robot capsizes. Consequently, the 

minimum tipping angle is the most critical. Even if it is sufficient for static 

stability, in absence of disturbances, that all tipping angles are only strictly 

positive, in real conditions an adequate value of the minimum tipping angle is 

necessary to have a sufficient margin over uncontrolled overturning. 

The quantification of the minimum value of the tipping angle to avoid 

overturning is very complex since it depends on several phenomena that are 

neglected in the static stability analysis: 

- the dynamic effects, related not only to the trajectory of the climbing 

maneuver but also to the time history with which it is executed, in terms 

of linear and angular speed/acceleration of each link; 

- the deformation of tracks and wheels; 

- the uncertainty on geometrical and inertial parameters, and on the 

relative angles between the links due to the gearbox backlashes. 
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In the present work, a minimum value of 8° for the tipping angle has been 

imposed to have a sufficient margin over uncontrolled overturning. The validity of 

this choice has been confirmed by the successful experimental tests, discussed in 

section 3.4. 

The position of the robot's overall center of gravity (C.O.G.) in the relative 

reference frame can be determined considering the main body mass mb and the leg 

mass ml. The overall mass is mtot = mb +2ml. For constructive reasons, the position 

of the leg C.O.G. in the xz plane is along the leg axis O’Wl (Figure 3-4, left), and 

with distance lGl from the robot center O’. Let us note that the legs rotate along 

the y’ axis, therefore yG and y’G are constant, and null if y’Gb = 0. Consequently, in 

the following, only the x and z coordinates will be considered. The xz position of 

the overall C.O.G. in the relative reference frame is: 

( )cos cosb l Gl
G Gb l r

tot tot

m m l
x x

m m
    = + +  

41 

 

( )sin sinb l Gl
G Gb l r

tot tot

m m l
z z

m m
    = + +  42 

In dimensionless terms: 

( )cos cosb l l
xG xGb l r

tot tot

m m

m m


      = + +  43 

( )sin sinb l l
zG zGb l r

tot tot

m m

m m


      = + +  44 

In the following, for sake of brevity, only the dimensionless expressions will be 

reported. Starting from equations 43 and 44, the xz position of the overall C.O.G. 

in the absolute reference frame can be obtained: 

( ) ( )cos cos cos sin sin sinb l l b l l
xG xO xGb l r b zGb l r b
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m m m m
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( ) ( )cos cos sin sin sin cosb l l b l l
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46 

Performing the step climbing as discussed in section 3.2.1, the robot position 

is always symmetric with respect to the xz plane, except in phases 5 and 8, in 

which the legs rotate one by one. Consequently, in phases 1-4, 6, 7, and 9 the y 

coordinate of the C.O.G. is null. Therefore, in these phases, the polygon of the 

contact points is symmetric with respect to the xz plane, with the front and rear 

edges, which are the front and rear tipping lines, aligned with the y axis. Moreover, 

in these phases, the y coordinates of the track-ground and wheel-ground contact 

points are constant and can be easily determined from the robot's main dimensions 

(see Table 3-2). As a result, in these phases stability can be analyzed as a planar 

problem, evaluating the front and rear tipping angles f and r in the xz plane. 
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Lateral tipping angles are much higher than the front and rear ones due to the 

robot width and are not considered in the analysis. 

On the contrary, in phases 5 and 8, the legs rotate one by one. Consequently, 

the polygon of the contact points is not symmetric with respect to the xz plane, and 

its front and rear edges are not parallel to the y axes. Therefore, in these phases 

the stability problem cannot be considered planar, and also the y coordinate must 

be taken into account. The tipping lines and angles can be calculated by means of 

equations (47) and (48), as will be discussed in the following. 

Table 3-2 collects the coordinates of the four contact points with the ground in 

each phase, obtained from the geometric relationships discussed in section 3.2.13. 

Table 3-2 Coordinates the contact points with the ground for the nine-step climbing phases. 

Phase P1 = Cfl P2 = Cfr P3 = Crr P4 = Crl 
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Phase 5 is the most critical for stability since the lowest values of the rear 

tipping angle are reached during it, as will be discussed extensively in section 

3.2.2. Figure 3-10 shows the benefit of the sequential leg rotation over the 

simultaneous leg rotation in phase 5: if legs rotate one by one, in the worst stability 

position (Figure 3-10, b) the overall C.O.G. G is almost coincident with the robot 

geometric center O’, while with simultaneous leg rotation (Figure 3-10, a) both the 

legs point backward reducing the rear tipping angle r. 
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Figure 3-10 Front and rear tipping angles in the worst stability conditions in phase 5, leg retreat (a: 

simultaneous leg rotation, b: sequential leg rotation), and in phase 8, leg raising (c: simultaneous leg 

rotation, d: sequential leg rotation). 

Similarly, in phase 8, in the worst stability position with simultaneous leg 

rotation (Figure 3-10, c) G is placed backward with respect to the worst stability 

position with sequential leg rotation (Figure 3-10, d), thus decreasing the rear 

tipping angle r. Moreover, in the position of Figure 3-10, d the left leg can point 

forward instead of being vertical to increase even more stability, but it is in general 

not necessary. 

Starting from a generic polygon of contact points Pi, numbered clockwise as in 

Table 3-2, the vector of the tipping line li of each edge (Figure 3-11) can be 

calculated by means of the following formula [170]: 

( )( )1
ˆ ˆ ˆ,  /T

i i i i i i iP O+= − − =l I a a a a a  47 

where I is the identity matrix and ai is the vector from Pi to Pi+1; in equation 

(47) and in the following the circumflex accent indicates a unit vector with the 

same direction as the corresponding vector. 
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Figure 3-11 Schematic diagram of stability cone 

The tipping angle i of the ith edge line is the angle between li and the vertical 

gravity force Fg applied in the overall C.O.G. The tipping angle i can be calculated 

as follows [170]: 

( )
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ˆ ˆ ˆ1,  0
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g i
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
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−

i

i

F l

F l a  48 

Adopting equation 48, a positive tipping angle indicates stability (the vertical 

straight line passing through the overall C.O.G. intersects the support polygon). 

Equations 47 and 48 and the contact points summarized in Table 3-2 are used to 

calculate the front and rear tipping angles in phases 5 and 8, in which the stability 

problem is not planar. 

In Figure 3-12 to Figure 3-15  kinematic and stability results are presented 

considering the main geometrical and mass parameters of the first WheTLHLoc 

prototype: rt = 59 mm, rw = 50 mm, w = 196 mm, ll = 220 mm, bt = 271 mm, bw = 

405 mm, lGl = 182 mm, mb = 4.05 kg, and ml = 0.59 kg. Due to the internal robot 

layout [43], the main body C.O.G. is slightly shifted with respect to the relative 

reference frame: [x’Gb, y’Gb, z’Gb] = [11, 0, -2] mm. The considered step has riser h = 

160 mm and tread r = 300 mm. The robot motion is completely defined by the 

equations discussed in section 3.1 and by the parameters collected in Table 3-3. 

Figure 3-12 represents the relative angular displacements imposed to track 

sprockets, wheels, and legs (robot internal coordinates). Figure 3-13  shows the 

corresponding absolute angles of the main body and legs. Figure 3-14 represents 

the absolute coordinates in the xz plane of the main body reference frame (O’) and 

of the overall C.O.G. (G). Finally, Figure 3-15 shows the front and rear tipping 

angles f and r (lateral tipping angles are evidently higher and never critical). It 

is possible to see that the rear tipping angle r is more critical, with 2 minimum 



DIME - Dipartimento di Ingegneria Meccanica, Energetica, Gestionale e dei Trasporti P a g e  95 | 189 

 

values of 12.7° in phase 5 and 12.9° in phase 8; however, these values indicate a 

sufficient margin of stability. 

Table 3-3 Kinematic parameters considered in the simulations. 

h v1 xO’(0) xO’(t2) xO’(t23) = xO’ b,max 

160 mm 0.02 m/s -190 mm -160 mm 30 mm 70° 

t1 t2 t3 t4 t5 t6 t7 t8 t9 t10 t11 t12 t13 t14 t15 t16 

1.0 s 2.0 s 2.4 s 3.6 s 4.0 s 4.8 s 7.2 s 8.0 s 8.6 s 10.4 s 11.0 s 11.4 s 12.6 s 13.0 s 13.4 s 14.6 s 

t17 t18 t19 t20 t21 t22 t23 t24 t25 t26 t27 t28 t29 t30 t31 (cycle) 

15.0 s 15.6 s 17.4 s 18.0 s 18.4 s 19.6 s 20.0 s 20.4 s 21.6 s 22.0 s 22.4 s 23.6 s 24.0 s 25.0 s 28.5 s 

 

 

Figure 3-12 Rotation of the track sprockets relative to the main body (T), of wheels relative to the legs 

(W), of the left and right leg relative to the main body ('l and 'r); phases are numbered in green. 
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Figure 3-13 Angles of left and right leg (l and r) and main body pitch angle (b) with respect to the 

fixed reference frame O(x,y,z); phases are numbered in green. 

 

 

Figure 3-14 Absolute x and z coordinates of the main body reference frame (O’) and of the overall C.O.G. 

(G); phases are numbered in green. 
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Figure 3-15 Front and rear tipping angles (f and r); phases are numbered in green. The grey zone 

indicates insufficient tipping angles. 

Once the time histories of all robot members are known, they can be time-

derived to obtain speeds, accelerations, and inertial forces. This allows for 

validating the static stability approach, comparing overturning moments, due to 

gravity, and stabilizing moments, due to inertial forces. Starting from the time 

histories of Figure 3-12 to Figure 3-14, the minimum stabilizing moment is 0.94 

Nm, while the maximum overturning moment is 0.09 Nm (calculations are omitted 

for brevity). This confirms the validity of the static stability analysis. 

3.2.3 Non-slipping conditions 

Besides evaluating the robot's stability, it is necessary to verify if the friction 

forces of tracks and wheels are sufficient to overcome the gravity force, lifting up 

the robot body over the step edge. Reasoning on the step climbing sequence 

discussed in section 3.2.1, it is possible to understand that the most critical instant 

from this point of view is at t = t17, at the beginning of phase 6, for the reasons 

explained below. 

In phases, 1-4 and 7-9 tracks and legs are in contact with horizontal ground 

surfaces, so the vertical gravity force is balanced by vertical normal reactions, 

without tangential reaction components, and therefore without the possibility of 

slipping. On the contrary, in phases 5 and 6 the normal reactions in the contacts 

between tracks and the step edge are not vertical, so in general a tangential 

reaction can be necessary to balance the gravity force and slipping is possible. 

In phase 5 there are always at least three contacts. For example, in Figure 

3-10, b four contacts can be identified: two track-ground contacts in Cr (left and 

right), a wheel-ground contact in Cfr, and a track-step edge contact in Cfl. When 

the left leg finishes its rotation, the left wheel touches the ground behind the robot 

and the right wheel detaches from the horizontal step surface in Cfr. In general, in 

phase 5 the stability problem is three-dimensional and overconstrained and can’t 

be solved without considering the system compliance. Nevertheless, the kinematic 
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analysis shows that the robot C.O.G is placed along the horizontal direction 

between the two track-ground contacts, whose vertical normal reactions can 

support most of the gravity force, avoiding slipping. 

In phase 6 the robot position is symmetric with respect to the xz plane, and 

the problem is planar: there are two contacts, the rear between wheels and ground, 

and the front between tracks and step edge (Figure 3-9). In absence of friction in 

these contacts, due to the inclination of the normal reaction in the track-step edge 

contact, the robot slips, lowering its C.O.G.; therefore friction is necessary to 

maintain equilibrium, and the non-slipping condition must be analyzed. The most 

critical position is at the beginning of phase 6 (t = t17, Fig. 16), since the inclination 

of the track-step edge normal reaction is maximum. 

 

Figure 3-16 Static conditions at the beginning of phase 6, lift completion (t = t17). 

 

As the legs start to rotate backward, the tracks touch the ground only at the 

step edge (Cf); therefore the robot, in quasi-static conditions, with negligible 

inertial forces, is subject only to three forces: the two contact forces in Cr and Cf, 

and the gravity force applied in the robot C.O.G. If fw and ft are the wheel-terrain 

and track-terrain static friction coefficients, in non-slipping conditions the two 

contact forces must lie inside two friction cones with semi-angles fw = atan(fw) and 

ft = atan(ft). Moreover, a necessary condition for the static stability of a planar 

body subject to three forces is that the lines of action of the three forces intersect 

at the same point. Consequently, the robot is statically stable in the starting 

position of phase 6 only if the vertical line passing through the robot's overall 

C.O.G. (Figure 3-16, red dotted line) intersects the hatched area of Figure 3-16. 

Therefore, the non-slipping condition corresponds to xS1 > xG, where S1 is the area 

vertex with a higher x coordinate (Figure 3-16). Writing the equations of the two 

straight lines which limit the two stability cones and intersect in S1 and 
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considering the robot geometry, the non-slipping condition can be expressed in the 

following dimensional and dimensionless forms: 
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It is necessary to verify the non-slipping condition only at the beginning of 

phase 6, since as the pitch angle b decreases the friction cone in Cf rotates forward 

and xS1 increases, thus making less critical the fulfillment of conditions (49) and 

(50). 

Let us note that in the case of step descent, which is executed by inverting the 

step climbing motion, from phase 9 to phase 1, the non-slipping condition is less 

critical since it is not necessary to overcome the gravity force by means of the 

traction of wheels and tracks. A little slippage in phase 6, near the maximum pitch 

condition, can result only in a small uncontrolled motion, which ends when the 

tracks touch the lower step but doesn’t imply the failure of the maneuver. 

3.3 Selection of the step climbing kinematics as a function of 

the step height 

In order to plan properly the step climbing kinematics for different values of 

the step height h, the stability, and non-slipping conditions discussed in sections 

3.2.2 and 3.2.3 have been assessed as functions of the step height h and of the 

maximum pitch angle b,max, which characterizes the execution of the phases 3 to 

6. 

Regarding stability, Figure 3-17 shows the influence of h and b,max on the 

minimum values of the front and rear tipping angles f and r for the climbing 

maneuver performed according to the kinematics discussed in section 3.2.1 and 

with the parameters of Table 3-3. The considered range of h is between 0.035 m 

and 0.165 m. It is useless to consider lower steps, since they can be climbed by 

tracked locomotion, without using the legs. The considered range of b,max is 

between 10° and 80°. 

Observing Figure 3-17, it is possible to note that the minimum front tipping 

angle f,min (red surface) is negative if high-pitch angles are used in combination 

with small steps, compromising stability, with the robot falling forward. However, 

high values of b,max are necessary only to face high steps, since the maximum pitch 

angle must be sufficient to lift the track over the step edge in phase 3. Therefore, 

proper motion planning must impose an increasing function b,max(h), as discussed 

in the following. 
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As regards the rear angle r, observing Figure 3-15 it is possible to note that it 

has two local minima in phases 5 and 8, r,min5 and r,min8, which are represented 

respectively by the green and the blue surfaces in Figure 3-17. These minima are 

always positive in the considered ranges of b,max, and h. Moreover, f,min8 is 

constant, since it depends only on the horizontal advancement of the robot body 

center O’ with respect to the step edge (xO’ = 30 mm), but not on h and b,max. 

 

Figure 3-17 Influence of step height h and maximum pitch angle b,max on the robot stability; f,min: 

minimum front tipping angle; r,min5: minimum rear tipping angle in phase 5; r,min8: minimum rear tipping 

angle in phase 8. The yellow plane represents the null surface, and the cyan plane represents the motion 

planning relationship imposed by Eq. (51). 

 

The non-slipping condition is represented in Figure 3-18, which shows the 

surfaces corresponding to xS1 – xG for different static friction coefficients: fw = ft = 

0.5, 0.7, 0.9, 1.1. The condition expressed by inequality (24) is satisfied for positive 

vertical values of these surfaces. As obvious, lower friction coefficients correspond 

to lower surfaces, with smaller regions in which the non-slipping condition is 

fulfilled. For the highest friction coefficient (1.1, almost technically infeasible) the 

condition is verified for any combination of h and b,max. 
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Figure 3-18 Influence of step height h and maximum pitch angle b,max on the non-slipping condition 

(xS1 – xG > 0), for different static friction coefficients: fw = ft = 0.5 (blue), 0.7 (violet), 0.9 (green), 1.1 (red); the 

stability condition is verified in the regions where the surfaces are higher than the null surface (yellow). The 

cyan plane represents the motion planning relationship imposed by Eq. (51). 

The kinematics of the step climbing maneuver is completely defined by the 

parameters collected in Table 3-3. Neglecting xO’(0) and xO’(t2), which are related 

to the approach phase, without stability or non-slipping issues, the remaining 

parameters are h, v1, xO’, b,max, and the time parameters t1, …, t31. The time and 

velocity parameters don’t influence the robot's trajectory, but only the speed at 

which it is executed. Therefore, they don’t influence static stability and non-

slipping conditions. The remaining parameters are h, xO’, and b,max. Since the 

step height is given, in order to automatize the step climbing maneuver it is 

necessary to measure h and then select xO’ and b,max as a function of h through a 

proper strategy. 

The proposed strategy has been conceived by piloting the robot manually and 

observing that successful execution of the step climbing maneuver can be obtained 

for any step height in the considered range by keeping constant xO’ = 30 mm and 

increasing b,max linearly as a function of h according to the following relationship: 

( ),max

0.05
24 46

0.11
b

h
h

−
=  +   51 

Equation 51 is obtained linearly interpolating between two conditions: b,max = 

24° for h = 0.05 m and b,max = 70° for h = 0.16 m. This empirical relationship has 

been validated by considering the previously discussed static stability and non-

slipping conditions. As a matter of fact, imposing this linear relationship between 

b,max and h correspond to intersecting the 3D surfaces of Figure 3-17 and Figure 

3-18  with the vertical plane shown in cyan in Figure 3-17 and Figure 3-18. These 

intersections are represented in Figure 3-19: the continuous lines of the left graph 

represent the intersections with the tipping angle surfaces of Figure 3-17, while 

the continuous lines of the right graph represent the intersections with the xS1 – xG 

surfaces of Figure 3-18, with corresponding colors. 
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Figure 3-19 Stability and non-slipping conditions as a function of the step height h with the proposed 

maximum pitch angle law b,max(h). Left: minimum front and rear tipping angles f,min (red), r,min5 (green), 

and r,min8 (blue) [°]. Right: xS1 – xG [m] for different static friction coefficients: fw = ft = 0.5 (blue), 0.7 (cyan), 

0.9 (green), 1.1 (red). Continuous lines refer to the absence of payload and dashed lines to the maximum 

payload (0.5 kg). 

Moreover, in order to show the influence of a possible external payload, the 

dashed lines in Figure 3-19 represent the same surface intersections in case of a 

0.5 kg payload, the maximum considered in the design specifications, placed on 

the upper main body surface with C.O.G at [0, 0, 75 mm] in the O’(x’,y’,z’) reference 

frame. It is possible to see that the influence of the payload is not relevant. There 

is a limited decrease of the minimum front and rear tipping angles (up to -1.9°, -

2.2°, -0.9° respectively for f,min, r,min5 and r,min8), since the payload shifts upward 

the main body C.O.G., slightly worsening stability. On the other hand, the shift of 

the main body C.O.G. decreases xG in phase 5, slightly facilitating the fulfillment 

of the non-slipping condition, since xS1 – xG increases up to 6 mm for h = 165 mm. 

From the analysis of Figure 3-19, it is possible to note that the proposed law 

(51) assures that all the tipping angles remain higher than 11.3° for any step 

height (9.2° with the payload). These values assure a sufficient margin of stability 

during the step climbing maneuver since they represent the additional rotation 

that must be caused by external disturbances to make the robot capsize. As 

regards the non-slipping condition, for the three higher values of friction 

coefficients (0.7, 0.9, 1.1, cyan, green, and red continuous lines of Figure 3-19), the 

condition (24) is verified for any step height in the considered range. On the 

contrary, for fw = ft = 0.5 (blue continuous line of Figure 3-19) there is slipping for 

h > 0.103 m (0.110 m with the payload). This represents a physical limitation: it 

is impossible to climb high steps with the proposed maneuver without a sufficient 

friction coefficient. This limitation is analyzed in Figure 3-20, left, where the blue 

surface represents xS1 – xG calculated applying the law (26) with a friction 

coefficient fw = ft which varies from 0.1 to 1.1, without payload. The non-slipping 

condition is verified in the regions where xS1 – xG (the blue surface) is higher than 

zero (yellow plane). For the minimum considered step (h = 0.035 m), the minimum 

friction coefficient to perform step climbing is 0.24; for the maximum considered 

step height (h = 0.165 m), the minimum friction coefficient to perform step 
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climbing is 0.59; for intermediate values, the minimum friction coefficient varies 

nonlinearly along the intersection between the blue and yellow surfaces of Figure 

3-20, left. 

 

Figure 3-20 Non-slipping condition as a function of step height h and of the static friction coefficient fw 

= ft. Left: xS1 – xG without payload; the condition is verified in the region where xS1 – xG (blue surface) is 

higher than 0 (yellow plane). Right: the difference between (xS1 – xG) with 0.5 kg payload and (xS1 – xG) 

without payload. 

As already said, the payload slightly increases xS1 – xG; however, even in the 

case of maximum payload, the xS1 – xG surface of Figure 3-20, left, varies 

unnoticeably. The variation of xS1 – xG in the case of a payload is represented in 

Figure 3-20, right: the increase is independent of the friction coefficient and has a 

maximum value of 6.3 mm for h = 165 mm. 
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3.4 Experimental tests on the prototype 

A prototype of the WheTLHLoc robot has been realized. Figure 3-21 shows its 

internal layout, with the components disposed of in two layers. The lower layer 

(Figure 3-21, a) hosts the two gearmotors of the tracks (TM) and the two of the 

legs (LM), connected to the shafts of tracks and legs by gears (TG and LG). In the 

lower layer, there are also the motor drivers of wheels, legs, and tracks (WD, LD, 

TD) and the voltage regulator (VR). The leg shafts (LS) are hollow and equipped 

with slip rings (SR) to connect the power supply and encoder signals of the wheel 

gearmotors (WM) even if the legs perform continuous rotation. In the upper layer 

(Figure 3-21, b), two 14.8 V LiPo batteries (B) and the National Instruments 

MyRio-1900 controller (C) are placed on 3D-printed supports. All the structural 

parts, except shafts, sprockets, tracks, wheels, and Omni wheels, are 3D printed 

in ABS, PLA, and Onyx. 

 

Figure 3-21 Internal layout of the robot: upper layer (a), lower layer (b), internal view of the prototype 

(c). 

The prototype has been used for experimental validation of the proposed step-

climbing maneuver capability of the robot. In these tests, the six axes (of tracks, 

legs, and wheels) are position controlled by the MyRio-1900, which is programmed 

in LabView. The position loop sampling time is 5 ms. The six set-point time 

histories are precomputed offline on a PC by MATLAB, implementing the 

kinematic relationships discussed in section 3.2.1. In these tests, the step height 

is known a priori, but in the future, it will be measured by the camera vision 

through image recognition or exploiting other sensors, and the set-point time 

histories will be calculated onboard. Figure 3-22 shows the robot climbing a step 

with h =165 mm. According to equation 51, the maximum pitch angle is b,max = 

72°. 
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Figure 3-22 Step climbing sequence (h = 165 mm). 

Although the kinematics analyzed in section 3.2.1 is not perfectly executed due 

to the unavoidable compliance of the tracks, which is visible in the last four frames 

of Figure 3-22, the experimental tests confirm the feasibility of the proposed 

maneuver. As a matter of fact, the track compliance is favorable for the non-

slipping condition, since the normal to the track in the contact point rotates 

slightly forward (clockwise in Figure 3-16) thus advancing the horizontal position 

of point S1. 

Figure 3-23 compares simulations based on the kinematic relationships 

discussed in section 3.2.1 and the experimental results in terms of x-z coordinates 

of the main body reference frame O’ and pitch angle b, for two different step 

heights (142 mm and 165 mm). The experimental results have been obtained by 

analyzing the videos of the step-climbing maneuver by means of the Tracker 

software, built on the Open Source Physics (OSP) Java framework [171]. The 

comparison shows a good agreement, with maximum differences between 

simulations and experiments of 5 mm, 3 mm, and 1.3° respectively for xO’, zO’, and 

b. These small differences are both due to real physical phenomena (compliance 

of the tracks, backlashes in gearheads, errors of the six position controllers) and 

measurement errors. 

 

Figure 3-23 Comparison of simulation and experimental results: xO’ (left), zO’ (center), b (right). 

Continuous lines: experimental tests; dashed lines: simulation. Blue lines: h = 142 mm; red lines: h = 165 

mm. 
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Several tests of the step climbing maneuver have been carried out in real 

operative environments, for example with marble stairs (Figure 3-24, a) and with 

stairs with steel edges (Figure 3-24, b). 

Besides the step climbing tests performed with position control, tests with 

remote control by a human have been carried out to assess the motion performance 

and maneuverability in various conditions: wheeled locomotion on flat and 

compact grounds (Figure 3-24, c), hybrid leg-wheel-track locomotion to overcome 

irregular obstacles (Figure 3-24, d), tracked locomotion on soft and yielding 

terrains (Figure 3-24, e) and on irregular terrains (Figure 3-24,f). The two 2200 

mAh LiPo batteries provide autonomy of 2.5 hours in wheeled locomotion or 2 

hours in tracked locomotion. A supporting video of the experimental tests is 

available at  [172]. 

 

Figure 3-24 Experimental tests in various operative conditions: climbing of a marble stair (a) and of a 

stair with steel edge (b), locomotion on wheels and Omni wheels on flat and even terrain (c), mixed leg-wheel-

track locomotion to climb irregular obstacles (d), tracked locomotion on soft and yielding terrain (e) and on 

irregular terrain (f). 

3.4.1 Control Architecture 

The MyRio-1900 controller has been selected for its capability of controlling in 

position of six motors and managing a Wi-Fi connection to a remote PC, with the 

possibility of video transmission. Moreover, it is equipped with a three-axial 

accelerometer, suitable to monitor the robot dynamics in step and obstacle 

climbing. It is programmed in the block-scheme-based LabView language. 
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Figure 3-25 LabView main virtual instrument for motion control 

The main LabView virtual instrument for motion control is represented in 

Figure 3-25. The motion profiles of the six motors are provided by an external 

planning block, which defines them on the basis of the task to be performed, and 

sent to block 1. The MyRio-1900 is equipped with four native encoder inputs 

(blocks 2-5); the other two encoders are read by means of other general-purpose 

digital inputs managed by the FPGA board (blocks 6, 7). 

The reference and measured positions of the actuators are sent to six PID 

controllers (blocks 8-13) for closed-loop control. The PID gains are set 

independently for wheels legs and tracks by block 14. The PID outputs are sent to 

the three motor drivers (each driver manages the left and right actuator) through 

blocks 15-17. Block 18 provides the accelerometer measurement. 
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3.5 Conclusion 

In this chapter, the step climbing capability of the WheTLHLoc hybrid robot 

has been discussed, defining the phases and the kinematics of the proposed 

maneuver and analyzing the stability and non-slipping conditions. Then, starting 

from this analysis, a method to plan the step/stair climbing motion as a function 

of the step height has been discussed and experimentally validated on the first 

robot prototype. In general, the experimental campaign has confirmed that the 

proposed hybrid locomotion architecture can face a wide variety of operative 

conditions. As a matter of fact, it can alternate wheeled locomotion with higher 

speed and maneuverability on flat and compact grounds, slower tracked 

locomotion on irregular, yielding, rocky or grassy terrains, and combined use of 

legs, wheels, and tracks to climb steps, stairs or other irregular obstacles. 

For these reasons, the WheTLHLoc robot can be considered an interesting and 

flexible platform for indoor and outdoor surveillance and inspection tasks. In the 

continuation of the work, to increase the technology readiness level and to pursue 

possible industrialization, two main research directions will be followed. The first 

is a general refinement of the robot design, to improve its structural resistance 

and motion performance. The second is the development of a navigation system 

with a higher level of autonomy. In particular, an interesting research issue is the 

development of automatic motion planning in presence of obstacles with different 

shapes, which can be faced by exploiting Reinforcement Learning techniques 

[173]. Moreover, another possible future investigation direction is the 

improvement of the step climbing motion planning through optimization methods, 

also adopting dynamic gait. 
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4 SnakeTrack 

 

 

SnakeTrack, a bio-inspired, single-track mobile robot 

with a compliant vertebral column for surveillance and 

inspection 
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In the present technological era, rescue robots are one of the fastest-expanding 

research areas [33]. In particular, ground mobile robots can substitute human 

beings in a wide variety of hazardous and unsafe applications, comprising: 

surveillance, an inspection of sites with chemical or radioactive contamination, 

intervention in extreme environments, rescue operations, as well as, homeland 

security. 

Independently of the payload, which depends on the specific task, a ground 

mobile robot is primarily characterized by its locomotion system. Ground mobile 

robots are often required to move in unstructured environments, and the selection 

of the locomotion architecture is based on the expected operative conditions. 

There are many different kinds of calamities that stem from natural and man-

made causes: earthquakes, floods, hurricanes, fires, etc. It is crucial to reach the 

victims and casualties within the first 48 hours after the disaster. For the purpose 

of conquering these difficulties, technological studies are concentrated on the 

development of search and rescue robots. The biggest contribution of these robots 

will be keeping the search and rescue personnel out of the disaster region and 

gathering and processing more information from the sites via several sensors and 

accordingly, preventing further casualties and losses of lives. In such 

circumstances, rescue robots must act and take decisions quickly for the detection 

of victims and casualties. All of these duties which used to be performed by 

humans and/or trained dogs, in unsafe and unpredictable conditions are more and 

more undertaken by search and rescue robots. Until now, search and rescue robots 

have been used with various locomotion systems [13]. 

4.1 Single track robot 

In recent years, numerous types of single-tracked robots have been developed 

to complete search, rescue, pipe inspection, industrial maintenance, defense, and 

many more [32]. 

The SnakeTrack mobile robot was not designed to overcome large obstacles, 

but rather to move in tight spaces. In order to understand what are the advantages 

of this mobile robot, two other examples of mobile robots characterized by a 

mechanical structure similar to the SnakeTrack, with different characteristics as 

regards the locomotion system, are discussed below. 

4.1.1 FMT (Flexible Mono-tread mobile Track) robot 

The mechanical structure of the SnakeTrack robot is similar to that of the 

FMT (Flexible Mono-tread mobile Track) robot [101], which is also equipped with 

a single track that wraps around the entire body of the robot during operation. 

The difference lies in the locomotion system, in fact, the FMT robot is 

characterized by active retroflection, that is the ability to actively lift its front part. 

The SnakeTrack robot, on the other hand, is equipped with passive retroflection, 

this makes the robot's locomotion system more geared to facing slight 

irregularities in the ground and small obstacles, and not to the active lifting of the 

front part. 
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This choice is motivated by the fact that the SnakeTrack robot was not 

designed to climb over large obstacles, but rather to move in small spaces. The 

choice of having passive conformity to retroflection was considered a useful aspect 

to increase traction instead, respecting the need to have a rigid plane on which to 

be able to move. 

In the FMT robot, the retraction is independent of the movement of the track. 

As you can see in Figure 4-1, the vertebrae of the FMT robot are connected through 

intervertebral disks made by means of rubber cylinders that allow rotations 

around the roll, pitch, and yaw axes. Also for the SnakeTrack the vertebrae are 

connected via joints, but these have been molded in TPU material and are not 

compliant with rotation around the roll and pitch axes. 

The FTM robot, like the SnakeTrack, has been made completely symmetrical 

from a functional point of view, for this reason, it can continue to move after 

reversing the motion by reversing the direction of rotation of the track. 

Finally, unlike the FTM robot, a solution was found that allows visibility of 

the room, greatly improving the possibilities of using the robot. 

 

 

Figure 4-1 Robot FTM [101]. 
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Figure 4-2 Flexible track of the FTM robot [101]. 

4.1.2 The RCTR (Reconfigurable Continous Track Robot) robot 

The second example of a mobile single-track robot is represented by the RCTR 

(Reconfigurable Continous Track Robot) robot. Its geometry is such to allows it to 

adapt the external shape to different terrains or to the presence of obstacles; 

furthermore, this is facilitated by retroflection which is also active for the RCTR 

robot. This characteristic of the locomotion system is obtained through a complex 

active locking system located in the front part of the robot. This system is operated 

using a servomotor that allows the movement of a button in three different 

positions, establishing for each of them a particular shape of the geometry. of the 

robot. 

Error! Reference source not found. shows the locking button in the three p

ossible positions, center right, and left; it is noted that when the button is 

positioned to the left the track is locked at 0° and the robot moves linearly. By 

moving the red button to the right position, the track assumes an inclination of 

the front of 20°. By moving the button to the left instead, the track is no longer 

fixed in one position, but the system is unlocked, so the relative angle can change 

and the robot is free to adapt to the different shapes of the terrain or to the 

presence of obstacles. different sizes. 
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Figure 4-3 RCTR robot track locking system [174] 

The unlocking mechanism, on the other hand, is attached to the rear wheel, 

and passively unlocks the track modules as they rotate on the rear wheel, pushing 

the locking pins into the central position. Figure 4-4 shows how the pivot passes 

from the lateral to the central positions. 

 

Figure 4-4 RCTR robot track release system [174] 

The system has many functional limitations: the direction of the track cannot 

be reversed, and it is not possible to change the retroflection at zero speed, or to 

release the joints until it reaches the rear sprocket. For these reasons, the 

movement of the robot must be planned in advance based on the shape of the 

obstacle it must overcome. 
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The intervertebral joints of the RCTR robot are revolute joints, also called 

hinge joints, which do not allow lateral flexion or steering. Another limitation is 

the inability to reverse the direction of travel, or advance in the same direction 

after a 180° rotation; this is due to the non-symmetrical locking / unlocking 

mechanism that characterizes these joints. 

Furthermore, if the RCTR robot were to fall on one side, it would be stuck on 

the ground without being able to get up again; in contrast, the FTM and 

SnakeTrack robots would be able to simultaneously use lateral flex to lift up on 

the track end modules, and the traction motion to drop to the track surface and 

resume motion. 

Table 4-1 Comparison of the main characteristics that have been identified in the three types of robots 

taken as an example. 

Features FMT RCTR Snake Track 

Possibility to steer Yes No Yes 

Active retroflection 

(possibility to climb 

over obstacles) 

Yes Yes No 

Vertebral joints 
Cylindrical in 

shape made of 

rubber 

Revolute joint 
TPU, rigid 

contact profiles 

Possibility of 

reversing the motion 
Yes No Yes 

Possibility of 

movement in the 

same direction after 

reversing the 

direction of travel 

Yes No Yes 

Rise up from side fall Yes No Yes 

video camera No No Yes 
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Figure 4-5 The three examples shown of mobile robots compared: from left to right the FTM robot, the 

Snake Track and the RCTR robot [3,4] 

4.2 The SnakeTrack mobile robot 

4.2.1 Functional designing of the SnakeTrack robot 

SnakeTrack is a bio-inspired single-track ground mobile robot, designed for 

surveillance and inspection tasks in unstructured and uneven environments with 

narrow spaces and specially designed for pipelines. [175] 

The SnakeTrack mobile robot is equipped with a modular structure, which can 

be modified by adding or subtracting modules according to the task assigned to 

the robot. It consists of a single track that surrounds the entire structure, which 

in turn consists of the central vertebral system and two motorized modules placed 

at the ends. The individual vertebrae are connected to each other by joints made 

of TPU material, specially designed to allow lateral flexion of the vertebral system 

and allow the robot to steer. The intervertebral joints were also used to connect 

the adjacent vertebrae with the ends of the robot. 

Its overall length is 640 mm while the approximate weight is 3.5 kg referring 

to a configuration with ten vertebrae. 

During the design phase of various components, the geometry chosen was 

designed to be compatible with the molding rules imposed by 3D printing, the 

material chosen for the construction of the robot is PLA+, with the exception of the 

intervertebral joints to which the TPU material. 
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Figure 4-6 3D model of the SnakeTrack robot 

The movement of the robot is allowed by four motors placed at both ends, 

which are electronically controlled by means of a device connected to the power 

supply battery and to the voltage regulator. The four motors are two-gear motors 

that allow the traction of the robot, and two-gear motors that allow steering. 

As for the electronic part dedicated to robot control, at present, the robot is 

radio-controlled by means of a radio control that communicates with a signal 

receiver placed on the robot. This device in turn sends the signal to the Motor 

Driver, whose outputs are connected to the four-gear motors. By means of a voltage 

regulator, the output signal is established at a fixed 12V as the power supply 

voltage value for the motors. These components are powered with a 4s LiPo 

battery. 

After performing the various tests on the motor and having ascertained the 

perfect functioning of the mechanical components, the robot will host a Raspberry 

controller on board which will be programmed from a PC using the LabVIEW 

programming environment. 

Table 4-2 summarizes the main features of the SnakeTrack robot and the 

details regarding the pieces ready for use. Remember that these dimensional 

characteristics refer to the configuration of the robot by adopting a number of 

vertebrae equal to ten. 
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Table 4-2 Main characteristics of SnakeTrack 

Dimensions (l × l × s) 640 × 150 × 120 mm 

Weight 3,5 kg 

Approximate track 

radius (for a 90 ° bend) 
255 mm 

Maximum achievable 

speed 
0,14 m/s 

Battery LiPo 12v-43-12-2S 

Video camera 
Raspberry Pi camera module 

V2 

Controller Raspberry Pi 4B 8Gb 

Micro SD Card 32 GB 

Traction Gearmotor RH 158 2S 12V 200 

Gearmotor for steering L149 2S 12V 90 

 

The 3D model of the robot sees the assembly of different components, defined 

in turn in two main sub-assemblies: 

- the vertebral column, composed of an internal vertebral structure and 

two motorized modules placed at the ends 

- the external track, consisting of 34 modules in succession 

 

Figure 4-7 3D view of the vertebral column 
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Figure 4-8 3D view of the external track 

4.2.2 3D printing process and materials 

The term 3D printing refers to the creation of three-dimensional objects by 

additive manufacturing, starting from a digital 3D model. The digital model is 

produced with dedicated software and subsequently processed to be then created 

with different technologies, including the one that builds prototypes layer by layer, 

through a 3D printer. 

Rapid prototyping, which was created in the 1980s for making models and 

prototype components, was the first method of building a three-dimensional object 

layer by layer using computer-aided design (CAD). Engineers developed this 

technology to aid in the execution of their ideas. One of the first additive 

manufacturing (AM) techniques is rapid prototyping. Not just models but also 

printed items may be made with it. Time and cost savings, more human 

connection, and a shorter product development cycle are some of the significant 

advancements this approach brought to product development [176]. Furthermore 

the ability to make essentially any form, including those that can be incredibly 

challenging to manufacture is another improvement of this method. Scientists, 

medical professionals, students and lecturers, market researchers, and artists 

utilize it, but the industrial sector has not yet completely accepted it. Scientists 

and students may quickly construct and evaluate models for theoretical 

understanding and research thanks to rapid prototyping. 

Market researchers can find out what consumers think of a certain new 

product, doctors can create a model of a wounded body to examine it and better 

plan the surgery, and artists can more easily express their creativity thanks to 

fast prototyping. 

A particular and very important feature of 3D printing is the infill, that is the 

filling, a reticulate that is printed inside the object layer by layer. The 3D printed 

objects are much lighter than what they appear to the eye, this effect is due to the 

slicer, the program that realizes the printing commands. In fact, to save material, 
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which in any case would not be visible, it builds a structure internally which, even 

if it is not full, gives the creation exceptional resistance [177]. The most important 

feature of the infill is its percentage. A high percentage of infill is associated with 

a greater strength of the piece, but also with a longer printing time; a low 

percentage saves a considerable amount of material and printing time. Figure 2.4 

shows how the appearance of the material varies as the filling percentage varies. 

 

 

Figure 4-9 How the appearance of the material varies with the percentage of infill [177] 

After having designed, by the Creo Parametric 3D modeling program, the 

components necessary for the realization of the Snake Track robot, we moved on 

to the molding phase. 

The material used for their realization was PLA + with the exception of the 

intervertebral joints, which were molded in TPU. This choice was dictated by the 

fact that the joints must allow lateral flexion but at the same time ensure a good 

seal with the profiles of the vertebrae that contain them, this effect was not found 

with the PLA material. In general, when printing with a high percentage of infill, 

as in the case of the SnakeTrack which has been assigned a percentage of 70%, 

printing in TPU makes the pieces more easily flexible. This first version of the 

robot was made in PLA + as the TPU filaments currently present in the university 

were not sufficient to print all the components; for the realization of the final 

product of SnakeTrack, the material will be replaced with TPU. 

4.2.2.1 The PLA plus material 

The PLA + material is a variant of PLA (polylactic acid). PLA is a 

thermoplastic polymer obtained from renewable resources, this makes it a more 

ecological material than other filaments. In production, there are no substantial 

differences between the two materials, even the print settings, such as speed, 

temperature, and shrinkage are very similar, with the difference that PLA + tends 

to have slightly better surface qualities, color, or mechanical properties. The main 
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difference is in the mixture of plastics, additives, and pigments that help improve 

the weaknesses recognized in the standard PLA; in fact, PLA plus, unlike the 

latter, has added more material to make the filament less brittle, have a smoother 

surface finish and less likely to absorb moisture. It resists higher temperatures 

and more applied forces, reducing the risk of breakage and thus causing the 

material to flex rather. It gives the piece a high aesthetic quality, extreme ease of 

printing, and negligible deformation values. [178], [179] In Table 4-3 some 

mechanical properties of PLA are reported. 

Table 4-3 mechanical properties of PLA 

Density 1,24 𝑔/𝑐𝑚3 

Tensile modulus 2346,5 𝑀𝑃𝑎 

Flexural strength 103,0 𝑀𝑃𝑎 

Stress to break 45,6 𝑀𝑃𝑎 

Stress at yield 49,5 𝑀𝑃𝑎 

Flexion modulus 3150,0 𝑀𝑃𝑎 

Poisson's ratio 0,33 

 

4.2.2.2 The TPU material 

Due to its superior physical properties (such as high tensile strength, abrasion 

and tear resistance, oil and solvent resistance, low-temperature flexibility, 

paintability, etc.) and high versatility in chemical structures, thermoplastic 

polyurethane (TPU), which has properties ranging from a high-performance 

elastomer to tough thermoplastic, has been widely used. TPU is a linear 

segmented block copolymer made up of alternating hard and soft segments made 

of polyester, polyether, hydrocarbon, silicone, and other soft materials like 

polyester. Physical crosslinks made of interchain hydrogen bonds bind the hard 

segments together. Hydrogen bonds are broken and linear main chains are 

liberated at melt temperatures. Meanwhile, the hard segments' urethane 

connections (carbamate, -NHCOO-) become unstable and irreversibly break down 

into free isocyanate and alcohol [180]. 

TPU is composed of a part of polyurethane, one of the most resistant plastic 

materials, and rubber, which gives it elasticity. It is not made of toxic materials, 

so it is not toxic once printed. It has a shrinkage rate of between 0.8 and 1.6%, 

which is perfectly manageable through a slight increase in flow. It does not absorb 

water, so it does not deteriorate. It is ideal to be used for objects subjected to 

mechanical stress, it is a soft, extremely resistant, and flexible material. It has an 

excellent coefficient of adhesion with road surfaces, and its high elasticity is the 

most interesting feature, which allows the creation of rubbery objects. It is 

extremely resistant to the actions of chemicals, acids, fats, and oils. Like most 

elastomers, it is commonly used to make seals, gaskets, and hoses. It can also be 
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present in over-molded plastic pieces due to its ability to provide superior grip or 

dampen vibrations. In Table 4-4 some mechanical properties of the TPU are 

reported. 

Table 4-4 TPU Features [180] 

Relative density 1,22 𝑀𝑃𝑎 

Tensile modulus 26,0 𝑀𝑃𝑎 

Stress to break 39,0 𝑀𝑃𝑎 

Stress at yield 8,6 𝑀𝑃𝑎 

Poisson's ratio 0,4 

Flexion modulus 78,7 𝑀𝑃𝑎 

Flexural strength 4,3 𝑀𝑃𝑎 

 

4.2.3 The spinal column of the robot 

The first sub-assembly (Figure 4-10) is represented by the spine of the 

SnakeTrack. Since the robot is completely modular, the number of vertebrae can 

be varied according to the required task, resulting in a further variation of the 

space available for the payload. 

The vertebral system constitutes the internal structure of the robot; the 

adjacent vertebrae are suitably connected by intervertebral joints which are 

characterized by low resistance to rotation, which allows minimizing the energy 

consumption necessary to allow the lateral flexion of the robot. 

The structure of the individual vertebrae was designed so that it could house 

electronic components in the appropriate spaces between the side supports, such 

as the motor, the control unit, the battery, and sensors. The sensors have not been 

inserted at the moment; if necessary the robot can be equipped with two additional 

environmental sensors and carry out various tasks. 

Table 4-5 shows, in the form of a list, the components indicated in the figure 

below. 
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Figure 4-10 3D view of the vertebral column. 

Table 4-5 components indicated in Figure 4-10 

Components Symbol shown 

End modules EM 

Vertebrae (vertebras) V 

Track actuator TA 

Steering actuator SA 

Battery B 

Voltage regulator VR 

camera CA 

 

Figure 4-11 shows the 3D model of the configuration assumed by the robot 

while turning 90 °. The angle taken is the maximum allowed by the intervertebral 

joints, i.e. +/- 9 °; with this curvature, the track reaches the minimum allowed 

radius equal to about 255 mm, calculated from the center of rotation with respect 

to which the robot is turning. The lateral flexion of each joint equal to +/- 9 ° causes 

flexion of the entire robot by 90 ° being, in this case, ten vertebrae. 
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Figure 4-11 3D models when turning to the right with a minimum radius 

The figure below (Figure 4-12) shows the 2D CAD of the track in the maximum 

steering condition, in this case for a left bend of the robot. The angle that is formed 

between the adjacent modules is 18°, unlike the 9° assumed during linear 

movement; in addition, the value of the turning radius is reported for a 90 ° bend 

of the track. 

 

Figure 4-12  Geometric diagram with the minimum turning radius 

4.2.4 The motorized end modules 

As previously stated, the vertebral column is made up of ten central vertebrae 

and two motorized modules placed at the ends. Figure 4-13 shows the top view of 

the final modules of the SnakeTrack robot and the side ropes that cross the entire 

vertebral system. As can be seen from the figure, the ropes end at one end wound 

on the pulleys, which are connected to the motors that allow the robot to steer. 

Driven by the motors, the pulleys, rotating in the opposite direction, pull and 
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loosen the ropes in order to allow the curvature of the vertebral system according 

to the needs of the robot. 

 

 

Figure 4-13 Top views of the end modules 

In order to maintain the symmetry of the robot, the modules placed at the ends 

have been made identical to each other; they house several important elements for 

functioning. Among these, we have two actuators, two toothed wheels, two pinions, 

and a pulley. The two actuators have different functions, the traction actuator 

(Figure 4-14, TA) allows the linear movement of the robot and is connected to a 

toothed wheel, which by transmitting the motion to a second wheel allows the 

further reduction of speed, at the expense of an increase in the torque delivered. 

In this way, the motion is transmitted from the traction gearmotor to the output 

shaft on which the pinions are mounted, according to the transmission ratio 

imposed by the two toothed wheels. 

The second actuator allows the steering of the robot (Figure 4-14, SA); it is 

directly connected to the pulley on which the rope is wound which allows the entire 

vertebral system to follow the imposed trend. The torque delivered by the 

gearmotor is transmitted directly to the pulley without the presence of interposed 

external gears. 

 

 

Figure 4-14  End modules of SnakeTrack 
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The side ropes cross the side holes present in each vertebra and have the 

purpose of making the robot bend in one or in the other direction; therefore, the 

robot can steer only by pulling the rope which is on the side of the center of rotation 

with respect to which you want to bend. The gearmotors are mounted to rotate in 

the opposite direction; their movement causes the consequent rotation of the 

pulley and therefore also of the rope that is wound on it; one rope will be stretched 

more while the other is loosened. 

For this reason, the movements of the pairs of actuators are not independent. 

The two traction actuators, connected to the toothed wheels, must necessarily 

rotate at the same speed to allow linear movement of the robot; likewise, to carry 

out the bending of the robot, the gearmotors present at the two ends rotate in the 

opposite direction to allow the lateral ropes to follow the direction of bending 

imposed. 

As can be seen from Figure 4-15, bending to the right, the gear motor at the 

head of the robot loosens the rope wound on the pulley to which it is connected, at 

the opposite end the other gearmotor operates producing the opposite effect on the 

rope on the right.  

 

Figure 4-15 Front view of the SnakeTrack in full steering configuration 

 

4.2.5 The geometry of the track 

4.2.5.1 Summary of track geometry 

The robot track is made up of a succession of modules, specially made to be 

able to connect to each other. The connection of the lateral ends takes place by 

means of joints whose geometry has been designed to allow the variation of the 

relative angle between the connected ends and allow the robot to turn. 

Figure 4-16 shows the 3D model of the external track of the SnakeTrack, 

hiding the vertebral structure and the motorized parts. It is noted how the creation 

of the single track that wraps the entire body of the robot was allowed by the 

connection between the ends of each module. 
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Referring to a vertebral system consisting of ten vertebrae, 34 modules were 

needed to build the entire track; remember that since the track is completely 

modular, the number of modules can be varied to respond to the different tasks 

required for the robot. 

 

Figure 4-16 3D model of the track 

The initial geometry of the modules was different from how it was finally 

made; Figure 4-17 shows the 2D CAD from which we started to design the module 

design. The quotas indicated were pre-established, and our design was based on 

modifying the design while maintaining the initial sizes. The modules were made 

entirely with the PTC Creo 3D drawing software, while the CAD shown in the 

figure was created with the Solid Edge drawing software. 

 

 

Figure 4-17 Initial geometry of the module 

Particular attention was paid to the creation of the connecting joints between 

the track modules; these joints have been designed so that they can allow the 

modules to follow the motion of the robot even when it is bending. 

In this regard, it was decided to make the joints as shown in Figure 4-18. The 

female end is represented by an 8 mm diameter sphere coupled with the male end 
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of the joint represented by a fork, specially made to accommodate the sphere. The 

connection between the two ends was obtained by making the centers of the joints 

coincide. In order to maintain the preset values for the geometry of the module, 

the joints were made so that the intersection points of the respective central axes 

were 40 mm from each other. 

The details regarding sizing and construction of the joints will be discussed in 

chapter 4.3. 

 

 

Figure 4-18 Top views of track-connected modules 

Each module has a central opening that allows the cameras mounted on the 

final modules to monitor the progress of the robot. Visibility is intermittent, as it 

is achieved when the module window is aligned with the camera. 

The vision of the video camera is active during the movement of the robot only 

when the camera is in front of the central opening. Considering a speed of 0.1 m/s, 

with a field equal to 40 mm, the view of the camera can be updated 2.5 times per 

second; this frequency is sufficient to drive the robot at this speed even if there is 

no continuous view. 

If continuous monitoring is required, the robot can stop with the central 

opening of the track module aligned with the chamber and ensure the view. 

 



DIME - Dipartimento di Ingegneria Meccanica, Energetica, Gestionale e dei Trasporti P a g e  128 | 189 

 

 

Figure 4-19 Rear views of SnakeTrack 

Figure 4-20 shows a section of the robot in order to better understand how its 

internal structure was made. At the base of each module of the track, two elliptical 

pegs have been made that slide through the lateral profiles of the vertebrae. The 

side profiles have been designed with the aim of providing support and creating a 

sliding guide for the track pegs when the robot is in motion. In this way the track 

follows the course of the vertebral system even when it is bended.  

 

Figure 4-20 Sectioned view of SnakeTrack 

At the base of each module, 8 non-through holes have been made (Figure 4-21), 

with a diameter of 12 mm and a height of 4 mm, in order to lighten the piece and 

save material used in the printing phase. The module is perfectly symmetrical 

with respect to the central vertical plane. 

Figure 4-22 shows the 3D model of a single module, as you can see, 

parallelepiped-shaped elements with a height of 4 mm have been created, to avoid 
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direct contact of the track with the ground and therefore wear. These are all 

equally spaced and symmetrical with respect to the central plane. 

 

 

Figure 4-21 Bottom views of a single module of track 

 

Figure 4-22 3D model of a single track module 

4.2.5.2 The positioning of the centers of the joints 

Figure 4-23 shows the front view of three track modules connected to each 

other. The coupling between the two male and female ends of the joint is achieved 

by making their central axes coincide. A focal point in the construction of the track 

was the centering of the joints, as previously mentioned the centers of the two ends 

are 40 mm apart, and are lowered with respect to the base of the module of 1.72 

mm. 
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Figure 4-23  Side view of three connected modules 

4.2.6 Static analysis of the thrust exerted by the actuators when it 

moves on a 60 ° inclined plane 

The SnakeTrack robot has been designed to move on preferably rigid terrains, 

this does not exclude the possibility of advancing on terrains with different 

inclinations. In order to study the thrust exerted by the robot when it is moving 

on land with different slopes, the example studied in the case where the ground 

has an inclination of 60 ° is shown below. As explained in the previous pages, the 

material with which the robot was printed is PLA+, this material does not 

guarantee a sufficient coefficient of friction between the track and the ground to 

allow the advancement with such a slope. For this reason, the study reported 

refers to a Snake Track prototype, the values of the quantities used are typical of 

the real model. In this first phase of design, the fundamental aspect on which we 

based was to guarantee the movement of the robot and the possibility of steering, 

while more sophisticated aspects, such as guaranteeing the holding of the robot on 

the inclined ground, have been neglected for the moment. 

Once these aspects of primary importance have been perfected, further 

improvements will be made, including choosing a material that can allow the robot 

to advance on land with greater slopes. 

Figure 4-24 shows the robot advancing on the inclined ground. The external 

force components have been applied, these are basically the weight force, broken 

down into the two components x and y, respectively parallel and normal to the 

surface of the track, and the component of friction that is established between the 

robot track and the ground. 
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Figure 4-24 SnakeTrack prototype reaching a ramp 

Recalling that the robot has a total mass of 3.5 kg, the components of the 

weight force have been calculated according to the x and y axes: 

 𝐹𝑃,𝑦 = 𝑚 ∙ 𝑔 ∙ sin (𝛼) 52 

 𝐹𝑃,𝑥 = 𝑚 ∙ 𝑔 ∙ cos (𝛼) 53 

where is it, 

m = mass of the robot, 

g = gravitational acceleration, 

α = inclination of the plane. 

Furthermore, the friction component, which is established between the ground 

and the track, is calculated: 

   𝐹𝑎 = 𝑓𝑣 ∙ 𝐹𝑝𝑦 54 

where, 

𝑓𝑣 = coefficient of viscous friction 

By substituting the value of the force components obtained, the resisting force 

that would oppose the advancement of the robot on the plane is obtained: 
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 𝐹𝑟 = 𝐹𝑃𝑥 + 𝐹𝑎 55 

By substituting the value obtained from (55) it is possible to obtain the 

moment that each of the two pairs of pinions exerts, which is why there is a factor 

of 2 in the denominator: 

 𝐶𝑝 = (𝐹𝑟 ∙ 𝑟𝑐) /2  56 

where is it, 

𝐶𝑝 = moment generated by the pair of pinions, 

𝑟𝑐 = track radius. 

To evaluate the torque that is delivered by the traction gearmotor during the 

advancement on the inclined plane, the value obtained from (56) has been reported 

to the gearmotor according to the following transmission ratio: 

 
𝜏𝑡 =

𝜔𝑝

𝜔𝑚𝑟

=
𝐶𝑚𝑟

𝐶𝑝

=
𝑧1

𝑧2

 
57 

where is it, 

z1 = number of teeth of the drive wheel, 

z2 = number of teeth of the driven wheel, 

𝜔𝑚r = rotation speed of the traction gearmotor, 

𝜔𝑝 = speed of rotation of the pinions, 

𝐶𝑚r = torque delivered by the traction gearmotor, 

𝐶𝑝 = torque generated by the pinions. 

 

Using equations (56) and (57), it is possible to calculate the torque delivered 

by the traction gearmotor: 

 𝐶𝑚𝑡 = 𝐶𝑝 ∙ 𝜏𝑡 58 

From equation (57) it is also possible to obtain the value of the rotation speed 

of the pinions, known from the catalog the value of the rotation speed of the 

gearmotor. The traction speed of the robot is thus calculated: 

 𝑣 =  𝜔𝑝 ∙ 𝑟𝑐 59 

Table 4-6 shows the values obtained from the quantities examined. 
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Table 4-6 Values obtained, and quantities used to carry out the calculations 

𝐹𝑝𝑥  Component of the weight force according to the x-axis 29,735  N  

𝐹𝑝𝑦  Component of the weight force according to the y-axis 17,168  N  

𝐹𝑟  Resistant force 31,451  N  

𝑓𝑣  Viscous coefficient of friction 0,1  -  

𝐹𝑎  Frictional force 1,717  N  

𝑟𝑐  Track radius 0,055  m  

𝑧1  Number of driven wheel teeth 48  -  

𝑧2  Drive wheel teeth number 20  -  

𝑑1  The pitch diameter of the driven wheel 48  mm  

𝑑2  Drive wheel pitch diameter 20  mm  

𝜏𝑡  Transmission report 0,417  -  

𝐶𝑝  The torque generated by the pinions 0,865  Nm  

𝐶𝑚𝑡  The torque generated by the traction gearmotor 0,360  Nm  

𝜔𝑝  Rotation speed of each pinion 1  rad/s  

𝜔𝑚𝑟  Rotation speed of the traction gearmotor 2,41  rad/s  

𝑣  Traction speed of the robot 0,055  m/s  
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4.3 Detailed design 

4.3.1 Design of the joints 

4.3.1.1 The connection joints for the vertebral elements 

The intervertebral joints have been made of TPU material to allow greater 

lateral flexion. They are used to connect the adjacent vertebrae together and to 

create a connection between the end modules and the vertebrae placed at the ends. 

The choice of TPU material was made to give the piece lateral flexion but also 

sufficient stiffness. 

When the robot advances linearly, the intervertebral joints assume the 

configuration shown in Figure 4-25. This figure shows the upper view of the 

vertebral column hiding the upper profiles of the vertebrae that normally isolate 

the joints from the external environment. 

 

 

Figure 4-25 Top views of the robot spine, showing the internal structure of the vertebral elements 

Figure 4-26 instead shows the same representation of the robot hiding the 

profiles that cover the central elements. The configuration shown is assumed by 

the robot when it performs the maximum lateral flexion of curvature of the robot 

is +/- 90°. 
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Figure 4-26 Top view of the spinal column when the robot turns 90° 

4.1.2 The connection joints for the track modules 

The robot track is made up of a succession of modules, connected to each other 

by joints. As announced, the connection joints were made at the lateral ends of 

each module. The connection between the two ends, male and female, of the joint, 

is made as discussed in the following. 

The female end consists of a sphere with a diameter of 8 mm (Figure 4-27); the 

axes of the sphere intersect at a distance of 20 mm with respect to the central 

plane of the module; this, to maintain the 40mm dimension as the distance 

between the center of the two lateral ends. 

This sphere was not made aligned with the rest of the module, but its center 

was lowered by 1.72 mm with respect to the base of the module; as we will see, 

these values have been respected to allow the coupling between the track and the 

sprockets. To make the connection between the sphere and the module, a 

connection element was therefore made; this is 6 mm high, equal to the height of 

the module, and is inclined so that its central axis intersects the center of the 

sphere. This element also has the function of incorporating the sphere and making 

the connection more stable. The figure shows the 3D model of the module, the 

elements just described are indicated. 
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Figure 4-27 Male ends of the connection joints between the track modules 

The female end of the joint consists of two identical elements. Figure 4-28 

shows the 3D model of the module again, referring to the opposite end of the joint. 

As can be seen, this element is represented by a single piece, made with a 

compatible geometry to make the connection with the sphere. To make this 

possible, a sphere of 8.6 mm diameter was created by material removal, with the 

center aligned with the opposite end; in this way, the two elements have been 

suitably shaped to allow the connection with the sphere, with a tolerance of 

0.6 mm. 

 

 

Figure 4-28 Female ends of the connection joints between the track modules 

4.3.2 The modules of the tracks 

The track is made up of 34 modules, designed to be connected to each other 

through the joints. Being the robot is completely modular, even the number of 

modules, as for the vertebrae, can be varied according to the required tasks. By 

adopting a number of vertebrae equal to ten, the track is made up as follows: 

- ten modules in correspondence with the vertebrae 

- seven modules covering the final elements 
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The particular geometry of the modules was thus designed to allow the robot 

to steer without the adjacent modules being worn during contact. This contact is 

obtained only when the condition of maximum lateral flexion occurs, for a 90° 

curvature of the robot. 

For the initial design of the modules, the values of the quantities assumed in 

the first design phase of the track geometry and were maintained. The respective 

length is 150 mm, while the width is 40 mm, calculated with respect to the points 

placed at a maximum distance, while the four sides of the module are inclined by 

4.5° with respect to the horizontal. The length of the vertical sides was calculated 

by difference. 

Figure 4-29 shows a 1:1 scale reproduction of the top view of two track modules 

connected to each other, omitting the true geometry of the joints for simplicity. 

Furthermore, it can be noted that the angle created between the sides of the 

module when the robot advances linearly are equal to 9°. 

 

Figure 4-29 Scale drawing of the top view of two connected modules 

 

Figure 4-30 top views of the module; the four holes at the lateral ends allow the coupling of the track 

with the sprocket teeth 

As can be seen from Figure 4-31 the four side holes have a trapezoidal shape, 

this choice was made to allow coupling with the teeth of the four sprockets made 

with the same geometry. The major base of the hole measures 9.10 mm, while the 
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height is 6 mm, the value of the minor base was calculated by difference since the 

oblique sides are inclined by 107 °. 

Each hole has a tolerance of 0.5 mm with respect to the greater base of the 

pinion teeth; moreover, the holes are 7mm wide, while the sprockets are 6mm. The 

trapezoidal shape was chosen to facilitate insertion between the track and pinion 

when the robot is in motion. 

 

Figure 4-31 Side section view of the track module 

4.3.3 FEM analysis of stresses and displacements that occur at the 

connection end of the module 

The track of the SnakeTrack robot, as has already been explained in the 

previous chapter, is made from a succession of modules connected to each other 

through joints specially designed to allow them to be connected. The ends of the 

module have been made to make this connection possible and to allow the spheres 

not to come out of the caps inside which they are positioned during the robot's 

advancement. 

In order to better understand what happens during the movement of the robot 

inside the caps where the spheres are housed, a simulation was created with the 

Creo Simulate tool to analyze the displacements and Von Mises stresses that are 

established in the piece. 

Figure 4-32 shows the detail of the mesh made at a connection end of a track 

module. Figure 4-32 shows the FEM analysis of a track module; before carrying 

out the analysis loads and constraints were applied and a more accurate mesh was 

created in the areas that were considered most interesting to analyze. The module 

was constrained to the base, in correspondence with the rungs, constraining the 

translations in the three directions; while the forces were applied to the spherical 

caps with an inclination of 45°. To apply the forces, two portions of spherical caps, 

1.5 mm wide, were cut out, since during the traction of the robot the contact 

between the sphere and the cap occurs mostly at the ends. The applied components 

derive from the breakdown of the maximum traction force exerted by the pair of 

pinions. These force components were identified by tracing the normal to the 

tangent planes identified with respect to the outer edges of the two caps. 
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Figure 4-32 FEM analysis of single module  

Figure 4-33 shows the detail of the mesh made at a connection end of a track 

module. The mesh was made for the areas indicated in the figure; each area was 

divided into tetrahedral elements whose sides measure 0.5 mm. 

 

 

Figure 4-33 Detail of the FEM mesh made at the connection end of the track module 

The following are the calculations performed to obtain the value of the force 

components applied to the caps. 

The value of the traction force was obtained as follows: 

 
𝐹𝑚𝑎𝑥 =

𝐶𝑚𝑎𝑥

𝑟𝑐
 

60 

 

where is it, 

𝐹max = traction force exerted by the sprockets on the output shaft, 

𝐶max = nominal torque generated by the sprockets, 

𝑟𝑐 = track radius. 
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The torque generated by the pinions is obtained by reporting to the output 

shaft the value of the torque delivered by the gearmotor according to the 

transmission ratio expressed by equation (57): 

 
𝐶𝑝 =

𝐶𝑚𝑟

𝜏𝑡
 

61 

The value of the transmission ratio 𝜏𝑡 is known, as it is calculated as the ratio 

between the number of teeth, z1 and z2, of the toothed wheels that make the gear 

between the axis of the gearmotor and the output shaft where the sprocket. 

Obtaining the value of the traction force from (60), the decomposition of the force 

into the two components at 45 ° is immediate from the rule of the triangle of forces. 

The table (Table 4-7) shows the results of the calculations performed and the data 

that were necessary for their performance. 

Table 4-7 Results obtained from the calculations carried out 

𝐶𝑝 1,224 𝑁𝑚 

𝜏𝑡 0,4167 

𝑟𝑐 0,055 𝑚𝑚 

𝐶𝑛 1 𝑁𝑚 

𝐹𝑡 22,255 𝑁 

𝐹45° 11,127 𝑁 

Once the values of the applied force components were obtained, the analysis 

was performed with applied loads and constraints. Figure 4-34 shows how the Von 

Mises stresses are distributed in the track module. The piece is represented 

divided into elements, it can be seen that the most stressed areas are at the end 

of the module; in this area, the size of the elements that make up the component 

is very small, 0.5 mm, since the mesh, as it has been said initially, has been 

thickened in the areas of greatest interest. 

 

 

Figure 4-34 Von Mises stresses (track traction) 

In order to better understand what happens in the most stressed areas, a 

detailed zoom is shown in Figure 4-35 alongside the voltage values recorded 

following the analysis carried out. As can be seen from the comparison with the 

data reported, the maximum voltage values recorded in the piece are close to 24 
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Mpa. This value was not considered worrying for the purposes of the material 

resistance, as the average value of the breakdown voltage for PLA is equal to 39 

Mpa, while the reference value is 60 Mpa. 

 

 

Figure 4-35 Detail zoom of the Von Mises tension 

After carrying out the simulation, the displacements recorded in the module 

as a result of the forces applied due to the traction of the robot were also analyzed. 

Figure 4-36 shows again a 3D view of the module, this time analyzing the reported 

displacements. As the figure shows, the most stressed areas are naturally near the 

connection ends as they are affected by the force components applied. 

 

 

Figure 4-36 Displacements recorded for the track module 

A detailed zoom of the areas of greatest interest was also reported for the 

analysis of the movements. We can see from Figure 4-37 below, that the 

displacements gradually increase from the center of the module to the end of the 

joint. By comparing the different colors that characterize the stressed areas with 

the data shown on the side, we can find that the greatest displacement is just over 

a tenth of a millimeter; considering that the areas of the spherical caps, where the 

spheres made at the opposite end of the module will be housed, have a depth of 0.6 
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mm, the recorded movements are not such as to cause the possible spheres to 

escape during the advancement of the robot. 

 

Figure 4-37 Detail zoom of the areas most subject to movement 
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4.3.4 Constructive design of the vertebral joints 

For the realization of the vertebral joints, several alternatives have been 

considered, starting from the functional requirements of limited stiffness in the 

yaw direction (for actuated lateral flexion with low energy consumption) and 

higher stiffness in the pitch direction (for passive retroflection) and in the roll 

direction (for passive torsion). Passive retroflection and torsion of the vertebral 

column are needed to obtain a flexible structure that adapts to terrain unevenness, 

improving traction. 

The most widespread approach for realizing compliant joints in robotics is to 

realize lumped elastic elements in which compliance is concentrated. For 

universal joints, several possible designs are considered in [181]. In Figure 4-38, 

two possible solutions are represented: the two-axis flexure joint (Figure 4-38a) 

and the compliant Cardan U joint (Figure 4-38b). Such compliant realizations of 

universal joints also allow compliance along x (roll torsion), therefore they can be 

used as vertebral joints for SnakeTrack. 

 

Figure 4-38 Possible realizations of compliant universal joints: two-axis flexure joint (a) and compliant 

cardan U joint (b); revolute joint with superelastic insert (c). 

The two-axis flexure joint is the extension to two axes of the revolute flexure 

hinge, and has the same main drawback: the stress is highly concentrated in the 

central section, and this lowers its mechanical resistance. Different stiffness along 

y and z can be obtained by adopting a rectangular central section (Figure 4-38a). 

The compliant Cardan U-joint of Figure 4-38b reduces the stress concentration 

issue, since strains and stresses are evenly distributed along the flexure plates fy 

and fz, which usually have constant thicknesses. Different stiffnesses along y and 

z can be obtained by adopting different thicknesses and lengths for the fy and fx 

flexure plates. The mechanical resistance of this joint can be further improved by 

replacing the flexure plates with inserts in super-elastic materials (Figure 4-38c), 

as proposed in [182], [183], but this greatly increases the joint size and weight 

because it can’t be realized in a single part. On the other hand, the practical 

realization of a flexible cardan U joint is rather complex even with additive 

manufacturing techniques. An alternative approach to design a 3-DoF compliant 

joint is represented by beam-based compliant mechanisms [184], but they not very 

compact, are not suited for the present application. 
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An alternative solution, which greatly simplifies the design of the vertebral 

joints, is to use the soft robotic paradigm, adopting a compliant joint without 

shrinkages, exploiting the hyperelasticity of materials such as thermoplastic 

polyurethane (TPU). 

Figure 4-39 represents the design of the proposed compliant joints. Each 

vertebra is composed of a central core (C) and two external plates (P), fixed by 

bolts. A central TPU elastic element (EE) connects two adjacent vertebrae; the two 

external plates P lock the elastic element EE. Moreover, the contact of the profiles 

of the plates P of two adjacent vertebrae, with a limited gap when EE is 

undeformed (0.13 mm), limits the relative pitch and roll motion and consequently 

the passive retroflection and torsion, while lateral flexion and is almost not 

affected by the plates P. 

This design has the following advantages: low cost, resilience to shocks much 

higher than conventional compliant joints, and the possibility of easily tuning the 

range of retroflection by changing the shape of the plates P and consequently the 

gap between the plates of two adjacent vertebrae. 

 

Figure 4-39 Design of the compliant vertebral joints: core (C), external plates (P), lateral supports 

(LS) TPU elastic element (EE). 

The vertebral element consists of the assembly of the following components: 

- two side profiles 

- the central profile, designed to accommodate the intervertebral joints 

- two profiles to cover the central element 

The side profiles have been made with a geometry that allows the passage of 

the track pegs when the robot is in motion. Figure 4-40 shows three vertebral 

elements connected in succession, we can glimpse the connection joints positioned 

within the two adjacent vertebrae, and the figure shows the configuration 

assumed in the case of linear robot movement. 
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Figure 4-40 Top view of the spinal column of the robot 
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4.3.5 The motorized end modules 

The ends of the robot consist of two motorized modules, also made perfectly 

symmetrical in order to maintain the prerogative established for the Snake Track 

robot. These modules, as shown in Figure 4-41, are obtained by assembling 

different components, some of these are indicated in the figure and explained in 

Table 4-8. 

Among the components present in the end modules, there are two of the four 

motors with which the robot is equipped. The traction actuator (Figure 4-41, TA) 

is represented by a gearmotor, controlled by the Motor Driver component (located 

in the spaces between the vertebrae). 

This gearmotor is connected to a toothed wheel whose pitch diameter is 20 mm 

(Figure 4-41, G), which produces a gear with a second toothed wheel with a 

diameter of 48 mm, made integral with one of the two pinions. The gear just 

described has the task of further reducing the speed in order to increase the 

transmissible torque to the output shaft where both pinions are mounted. 

The actuator that allows the robot to turn (Figure 4-41, SA) consists of a 

gearmotor connected to a pulley (Figure 4-41, P) on which the rope that crosses 

the lateral holes present in all the vertebral elements are wound and allows the 

robot to steer. 

 

Figure 4-41 Top views of one of the two motorized modules placed at the ends of the robot 

Table 4-8 shows the components used necessary for the realization of the 

module; pins and bolts used to fasten some components to the frame have been 

excluded from the list. 
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Table 4-8 components present in the robot end modules 

Components Symbol shown 

sprocket S 

Chassis (head chassis) CH 

Track actuator TA 

Steering actuator SA 

Rod RD 

Pulley PU 

Hub HB 

Vertebral joint VJ 

joint cap JC 

spacer SP 

camera support CS 

camera C 

gear G 

washer W 
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4.3.6 The robot Sprockets 

Figure 4-42 shows the front view of one of the four pinions; the 2D drawing of 

the pinions was made starting from an octagon, tangent to an internal 

circumference with a diameter of 100 mm. 

The pinion teeth were made taking the sides of the octagon as a basis. Each 

tooth has its own axis translated by 7.55 mm with respect to the central axis; the 

eight pairs of teeth are rotated 45 ° with respect to the adjacent pairs. 

To facilitate the insertion of the sprockets inside the track modules during the 

movement of the robot, at the eight edges, spikes of a height equal to the track 

itself have been created. 

A 5 mm diameter hole was made in the center of the pinion to allow coupling 

with the output shaft; in addition, eight triangular-shaped cavities were made 

positioned at 22.5 ° from each other. 

 

Figure 4-42 Front views of one of the four sprockets in the robot 

To make known the dimensions used in the realization of the four pinions, the 

2D CAD model of one of the eight sides of the polygon is shown in Figure 4-43. As 

can be seen from the figure, the teeth have a trapezoidal shape and their symmetry 

axes are at a distance of 7.55 mm from the central reference, while the height is 

5.5 mm. This dimension has been designed so that the teeth of the sprockets are 

not at the same height as the track, but rather have 0.5 mm of tolerance; this value 

was again imposed between the pinion teeth and the holes made at the base of 

each module, to facilitate the sliding of the track. 

The oblique sides of the teeth have an inclination equal to 107 °, the same as 

for the holes in the modules; over 2 mm in height, the pinion teeth have a more 
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pronounced inclination to facilitate their insertion into the track; the value 

relating to the inclination was calculated by the difference after establishing the 

minor base of the teeth equal to 1.5 mm. 

A perfect match was made between the eight sides of the sprocket and the 

length of the straight sides of the track modules; as shown in the figure, the dotted 

line is lowered by 1.72 mm with respect to the track support base; this value, which 

was discussed when discussing the positioning of the connection joints, represents 

how much their centers are translated with respect to the base of the modules. 

The intersections between the dotted line and the oblique sides of the pinion 

represent the points where the centers of the joints are located. We can note that 

these intersections are located 40 mm from each other, that is, the distance 

between the centers of the connection joints. This value, which had already been 

found by treating the initial geometry of the track, was maintained in the 

construction of the sprockets to allow the correspondence between the track 

modules and the four sprockets during the movement of the robot. 

 

Figure 4-43 2D CAD of one side of the polygon 

The geometry of the sprockets is the same for all four, the only difference 

between the two pairs of sprockets lies in the way they are mounted on the central 

rod. Figure 4-43 shows the rear view of the 3D model of one of the four pinions; we 

can see the presence of a toothed wheel made concentric to the pinion. 

The toothed wheel has a pitch diameter of 48 mm and makes the gear with a 

second toothed wheel with a diameter of 20 mm keyed onto the motor shaft. This 

gear is characterized by the following transmission ratio τt: 

 
𝜏𝑡 =

𝑧1

𝑧2

=  
𝑑1

𝑑2

 
62 

where: 

z1 = number of driven wheel teeth, 

z2 = number of drive wheel teeth, 

d1 = driven wheel pitch diameter, 

d2 = driving wheel pitch diameter. 
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Figure 4-44 shows a 3D view of the gear made in the two end modules between the 

toothed wheel connected to the traction gearmotor and the second toothed wheel 

connected to the pinion. This gear has the purpose of further reducing the output 

speed in order to obtain an increase in the transmitted torque. 

 

Figure 4-44 3D view of the gear interposed between the gearmotor shaft and sprockets axis 
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4.3.7 Sizing of the actuators 

4.3.7.1 The gearmotors  

The SnakeTrack robot is equipped with four gearmotors located in the two 

modules placed at the ends of the robot. These modules each house two gearmotors 

that allow traction and steering. The traction motor is mounted on the input shaft, 

which is connected via a gear, integrated with one of the two pinions, to the output 

shaft. This gear was used to transmit motion, with a given speed reduction, to the 

output shaft in order to produce an increase in the torque to be transmitted to the 

pinions. The curvature of the robot is achieved thanks to a second gearmotor; 

which is directly connected to a pulley on which the rope is wound, which allows 

the vertebral system to steer with respect to the direction you want the robot to 

follow. By controlling the gearmotor, you decide how much to make the robot bend 

and in what direction, pulling the relative rope. 

The two traction gearmotors were selected from the RobotItaly catalog, while 

the steering gearmotors were chosen from the Micromotors catalog. 

The main characteristics of the two gearmotors are shown below; the 

calculations performed for their sizing are also reported. 

4.3.7.2 Steering Actuators (SA)  

The characteristics of the gearmotor chosen to allow the robot to turn are 

shown in Table 4-9; the values refer to room temperature (20 °) and have a 

tolerance of +/- 10%. 

Table 4-9 Gearmotor technical data 

Typology 

Nominal 

tension 
length 

Reduction 

ratio 
Nominal torque 

The speed at 

rated torque 

Electric 

Power 

V mm  Nm rpm w 

L149 12 90 12 41 90,3:1 0.08 18 0.5 

As previously explained, the lateral ropes that allow the curvature of the 

vertebral system are wound on two pulleys placed at the two ends of the robot, 

connected to the steering gearmotor. In order to know the speed with which the 

rope relative to the internal radius of curvature of the robot is stretched, the 

following is the calculation of the robot's steering speed: 

 𝑣𝑠 = 𝜔𝑚𝑟 ∙ 𝑟𝑐 63 

Where is it: 

𝑣𝑠 = robot steering speed, 

𝜔𝑚𝑟 = rotation speed of the gearmotor 

𝑟c = radius of the pulley on which the rope is wound (0.008 m). 
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The calculation of the steering force provided by the gearmotor in nominal 

conditions, which can be used to overcome the resistance, given by the 

intervertebral joints, to lateral flexion is reported: 

 
𝑆𝑠 =

𝐶𝑛

𝑟𝑐

 
64  

where: 

S𝑠 = force exerted by the robot to steer, 

Cn = nominal torque delivered by the gearmotor. 

Table 4-10 shows the values obtained from the gearmotor sizing and the 

quantities that were necessary to perform the calculations. 

Table 4-10 Characteristic quantities of the gearmotor and useful data for sizing 

Pulley radius 𝑟c 0,008 m 

Number of 

gearmotors 
N 1 - 

Nominal torque 𝐶𝑛 0.08 Nm 

Output speed from 

the gearmotor 
𝜔𝑚𝑟 1.884 Rad/s 

Track steering speed 𝑣𝑠 0.015 m/s 

Track steering force S𝑠 10 N 

Length l 41 mm 

Approximate weight m 55 g 

 

4.3.7.3 Track Actuator (TA)  

The gearmotor chosen for the traction of the robot is equipped with a VDR 

noise suppressor on the manifold, the gears inside it are made of metal, and the 

rear axis of the motor protrudes for the application of the encoder. This gearmotor 

is equipped with a Hall effect encoder, and three pulses are generated for each 

revolution of the motor. 

This gearbox and metal case allow for very high torque and maximum 

reliability. The values shown in Table 4-11 refer to the ambient temperature 

condition (20°) and have a tolerance of +/- 10%. 

Table 4-11 Technical characteristics of the traction gearmotor 

Typology 
Nominal 

tension 
length Reduction ratio 

Nominal 

torque 

The speed 

at rated 

torque 

Electric 

power 
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V mm  Nm rpm w 

Rh158 12 75 12 66.5 76,84:1 0.5 55 8.2 

To know the speed assumed by the robot during traction, the value of the 

nominal rotation speed of the gearmotor at the output shaft is reported, according 

to the transmission ratio expressed by (3.6). Once the radius of the track is known, 

equal to 0.055 m, the traction speed of the robot is calculated as follows: 

 𝑣𝑡 = 𝜔𝑛 ∙ 𝑟𝑐 
65  

where,  

𝑣𝑡 = robot traction speed, 

𝜔𝑛 = speed of rotation of the pinions, 

𝑟𝑐 = track radius. 

The calculation relating to the thrust that the robot exerts during traction is 

shown below, assuming an efficiency value of 0.8, and again reporting the nominal 

torque delivered by the motor, to the output shaft on which the pinions are 

mounted, according to (3.6), we obtain: 

 
𝑆𝑡 =

𝑁 ∙ 𝐶𝑛 ∙ 𝜇

𝑟𝑐
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where is it: 

S𝑡 = traction force exerted by the robot, 

𝑁 = number of traction motors, 

𝐶n = torque generated by the pinions. 

Again, Table 4-12 shows the values, relating to the traction gearmotor, 

obtained from the sizing and the quantities necessary for carrying out the 

calculations. 

The values obtained, compared with the results of Table 4-6 concerning the 

study of the robot advancing on a ground inclined by 60 °, prove that the chosen 

motors can support the given slope. The resisting force component is lower than 

the traction component exerted by the robot, furthermore, the required torque is 

lower than the nominal torque delivered by the RH158-12-75 traction gearmotor. 

Table 4-12 Characteristic quantities of the gearmotor and useful data for sizing 

Track radius 𝑟𝑐 0.055 m 

Number of traction 

motors 
N 2 - 
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Track performance 𝜇 0.8 - 

Transmission 

report 
𝜏𝑡 0.4166 - 

Nominal torque 

delivered by the 

gearmotor 

𝐶𝑚𝑟 0.5 Nm 

The torque 

generated by the 

pinions 

𝐶𝑝 1.224 Nm 

Nominal rotation 

speed of the 

gearmotor 

𝜔𝑚𝑟 5.757 Rad/s 

Speed of rotation of 

the pinions 
𝜔𝑝 2.399 Rad/s 

Traction speed of 

the robot 
𝑣𝑡 0.322 m/s 

The traction force of 

the robot 
𝐹𝑡 34.909 N 

Length 𝑙 66.5 mm 

Approximate 

weight 
m 190 g 
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4.4 KINEMATICS OF THE UNDERACTUATED STEERING 

The steering system of Porcospino is highly underactuated; as a matter of fact, 

the lateral flexion of the whole vertebral column is driven by the tension of a single 

rope, but the vertebral column is characterized by several compliant joints. 

Consequently, the definition of the time-varying profile of the column, even 

with the hypothesis of the robot lying on a flat surface, is a complex problem, which 

involves the friction conditions between each track module and the ground. In the 

case of uneven terrain, the problem is even more complex, not planar, and not only 

the yaw rotations of the compliant joints but also their pitch and roll rotations, 

have to be considered. 

Nevertheless, some useful kinematic relationships can be obtained 

considering the following assumptions (Figure 4-45): 

• the robot stands on a flat horizontal surface (planar problem); 

• the gap between the plates (Error! Reference source not found.) is n

eglected, and the compliant joint is considered as a pure revolute joint placed in 

the geometric center of the undeformed elastic element EE; 

• the yaw rotation is equal () for all the joints. 

The third assumption is a reasonable approximation on flat and uniform 

surfaces since the elastic return forces of the compliant joints tend to distribute 

uniformly the curvature along the vertebral column; this fact is confirmed by the 

experimental results (section 4.4.1 and section 5.3). 

 

Figure 4-45 Relative orientations of adjacent vertebrae in a straight position (left) and steered position 

(right) of the vertebral column. 
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Figure 4-45 represents the geometry of the vertebral column in undeformed 

(left) and steered position (right). In the figure, three vertebrae are represented, 

but in general, n is the number of vertebrae. 

In the steered position the length of the rope on the external side of the curve 

(lext) is represented by the broken line from Aem to Dem, plus a constant cr which 

depends on the geometry of the end modules and the attachment of the rope on 

the winch. The length of the rope on the internal side of the curve (lint) is 

represented by the broken line from Bem to Cem, plus cr. 

Considering the geometry of Figure 4-45, it is possible to obtain the following 

relationships: 
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In equations (67) to (71) the constant geometrical parameters p (the vertebral 

pitch), wr and   characterize the geometry of the vertebrae, while the variable 

angle   is the angular displacement of each vertebral joint; the angle   is limited 

by the geometry of the plates between 0 and 2 . 

When the vertebral column is rectilinear,   is null and: 

2 tan= = + + =ext int r r medl l np w c l  72 

Consequently, the variations of the lengths of the external rope (positive) and 

the internal rope (negative) are respectively: 
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For the Porcospino prototype, n = 10, p = 40 mm, wr = 43.5 mm, and a = 4.5°. 

Figure 4-46 shows the graphs of Δlext and Δlint as functions of σ with these 

parameters. 

 

Figure 4-46 Variations of the rope lengths as functions of the yaw angle of the vertebral joints. 

 

It is possible to notice that: 

the maximum magnitudes are similar but not perfectly equal: lext,max = 74.8 

mm, lint,min = -75.3 mm; 

the relationships are almost linear. 

In order to evaluate the linearity of the equations (73) and (74), Figure 4-47 

shows the differences elext() and elint() between lext() and lint() and their 

linear approximations passing through the endpoints at  = 0 and  = 2. 
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Figure 4-47 Differences between the variations of the rope lengths and their linear approximations as 

functions of the yaw angle of the vertebral joints. 

It is possible to note that these differences are negligible (the maximum values 

are respectively 0.09 mm for elext and 0.03 mm for elint); consequently, it is 

evident that for real-time control purposes, it is convenient to use the linear 

approximations. 

Considering the geometry of Figure 4-45 (right), it is possible to observe that 

the center of the circular trajectory of the vertebral column is the intersection of 

the transversal axes of the vertebrae (dash-dotted in Figure 4-45); this allows us 

to calculate the turning radius rt of the vertebral column as a function of : 

2 tan
2


=

 
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 

t

p
r  

75 

Figure 4-48 shows the turning radius rt as a function of : for  = 0 the column 

is rectilinear and rt tends to be infinite; for  = 2 the turning radius is minimum 

(254 mm). 

 

Figure 4-48 Turning radius as a function of the yaw angle of the vertebral joints. 
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4.4.1 Prototyping 

4.4.1.1 The preliminary prototype of the SnakeTrack robot 

After 3D-printing the components designed for the robot, they were properly 

assembled, adding other components. The commercial components were bought 

and also mounted on the robot. 

Figure 4-49 shows the overall view of the SnakeTrack robot, on its right, there 

is the remote control used in this first phase of experimentation to control the 

movement of the robot. 

 
Figure 4-49 The SnakeTrack robot and its remote control 

Figure 4-50 shows, with a top view, the system of vertebrae that makes up the 

spinal column of the robot. It is possible to see the electronic components placed 

in the appropriate spaces between the profiles of the vertebrae, and next to the 

robot we find the radio control. The figure on the right shows the top view referring 

only to the electronic components, in order to better understand where they are 

located and how they are connected to each other. We can see the presence of the 

radio receiver, characterized by a blue LED, which receives the signal from the 

radio control and is connected in turn to the Motor Driver Controller. It allows to 

control up to four DC motors and communicates with the voltage regulators PWM, 

which control the supply voltage for the four 12V motors. Power is supplied by a 

4s Li-Po battery capable of delivering 14.8 V, higher than the 12V necessary for 

the motors, to ensure the required voltage even in the event of an incomplete 

charge. 



DIME - Dipartimento di Ingegneria Meccanica, Energetica, Gestionale e dei Trasporti P a g e  160 | 189 

 

 

Figure 4-50 Left: the top view of the spinal column of the robot with the radio control, Right: electronic 

components positioned in the spaces between the robot's vertebrae. 

The first image on the left of Figure 4-51 shows the lateral structure of the 

vertebral column. It is possible to see how the lateral profiles of the vertebrae have 

been specially designed with the aim of creating a sliding guide for the pegs made 

at the base of the track modules. These modules are clearly visible in the right 

image of Figure 4-51, where the lightening made at the base of the modules is 

highlighted. The central opening of tracks which allow the camera to view, is not 

visible in the figure, but will be mounted at the ends of the robot and subsequently 

connected to the Raspberry Pi controller. 
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Figure 4-51 Left: view of the lateral profiles of the vertebral elements; Right: robot track modules 

The vertebral profiles were made by assembling several components; the side 

profiles, as can be seen from the figure, are fixed by a pin and the relative bolt to 

the central element of the vertebra. The connection between the vertebrae is 

established through joints, positioned at the ends of the central elements to realize 

connection. Figure 4-52 shows how the elements are connected to each other and 

where the intervertebral joints are inserted. It can be seen that the elements were 

made with two different materials; in fact, the vertebra element was printed in 

PLA, while the joints, to allow greater flexion to the vertebral system, were 3D 

printed in TPU. 

 
Figure 4-52 Top view of two central elements of the vertebrae connected by TPU joints 



DIME - Dipartimento di Ingegneria Meccanica, Energetica, Gestionale e dei Trasporti P a g e  162 | 189 

 

In Figure 4-53 there are two views of the SnakeTrack robot, depicting it in the 

steered configuration. 

 
Figure 4-53 Views of the SnakeTrack robot when it assumes the steering configuration 

The first prototype of the SnakeTrack has been realized. The first tests have 

confirmed the overall functionality of the proposed mechanical design and in 

particular the capability to steer using lateral flexion (Figure 4-54, left) and to 

move by adapting to terrain unevenness by means of the passive retroflection and 

torsion of the vertebral joints (Figure 4-54, right). A supporting video of the 

experimental tests is available at [175]. 

 
Figure 4-54 Preliminary experimental tests on the SnakeTrack prototype: steering (left) and locomotion 

on uneven grounds (right). 
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4.4.2 Conclusion 

The functional design of a small size tracked robot for surveillance and 

inspection of unstructured and narrow spaces has been presented. It is 

characterized by a modular structure composed of a vertebral column and a single 

peripherical track revolving around it. The vertebral column can perform actuated 

lateral flexion for steering, while passive retroflection and torsion are allowed by 

the compliant vertebral joints to adapt to terrain unevenness. Thanks to the 

modular architecture, the length of the robot can be adapted to the payload 

necessary for the specific task. 

The robot is fully symmetric and can continue operating after a capsize; 

moreover, if it falls on its flank, it can restore the correct position by combining 

lateral flexion, to lift on the track ends, and track motion. The conceptual design 

of the robot has been presented and the embodiment design of the vertebral joints 

has been discussed. The experimental results have confirmed the robot's capability 

to walk and steer while adapting to uneven grounds and suggested possible 

refinements in the detailed design of the tracks and of the steering system. In the 

next steps of the research, these modifications will be implemented in order to 

obtain further prototypes with higher technology readiness levels. 
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SPINED SINGLE-TRACK MOBILE ROBOT FOR 

INSPECTION OF NARROW SPACES AND PIPELINES 
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5.1 Summary 

This chapter discusses the design and the experimental tests on Porcospino, a 

bio-inspired single-track ground mobile robot for surveillance and inspection in 

unstructured environments characterized by narrow spaces. It is an evolution of 

the SnakeTrack, a single-track robot with steering capabilities; differently from 

SnakeTrack, the track modules of Porcospino are characterized by elastic spines, 

which improve traction on unevenness and irregular terrains. The main body is a 

vertebral column, comprising a series of vertebrae and two end modules, connected 

by compliant joints. Each end module carries two actuated sprockets, sharing a 

common axis, which drives the single peripherical track. Moreover, each end 

module hosts two actuators, one for the track rotation and one for pilot steering. 

The remaining mobilities of the vertebral column allow it to cope passively with 

the terrain profile, to enhance traction. The control unit, batteries, drivers, and 

environmental sensors are placed along the vertebral column. Both the end 

modules are equipped with a camera for intermittent vision, which is possible 

thanks to openings realized on the track modules. In this section, the experimental 

campaign on the first Porcospino prototype is discussed, highlighting the 

differences with its early version. 
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5.2 FUNCTIONAL DESIGN OF PORCOSPINO 

Although Porcospino has certain similar functionalities with SnakeTrack but 

in terms of guiding pegs in track modules (Figure 5-3, GP) the design improved 

and locked the track inside the latteral support (Figure 5-3, LS). This 

improvement prevent the track from moving out of its path when crossing obstcles 

and improve the stability in steering. Additionally, each tracks has 12 spines 

which has 60 degree inclined with respect to the horizental plane of tracks. These 

spines 3D printed with TPU which is soft material and could be used instead of 

supension and help the robot to btter crossing obstcles. Furthermore this spines 

could help the stability of robot in rocky and sandy terrains and slops by craping 

the rocks.   

Figure 5-1 represents the external view of the Porcospino robot, with an 

overall size of 670 mm (length) × 165 mm (width) × 145 mm (height). Its main 

structural parts are the vertebral column and the track. The robot is a bit bigger 

than SnakeTrack but with higher maneuverability and satbility.  

A detail of the track modules is shown in Figure 5-3. They are characterized 

by central openings (Figure 5-3, O) that allow, during the track motion, an 

intermittent view using the two cameras mounted on the end modules (Figure 5-2 

and Figure 5-3, CA). The guidance of the tracks along the vertebral column is 

assured by lateral supports attached to each vertebra (Figure 5-3, LS), and by the 

guiding pegs (Figure 5-3, GP) attached to the track modules (Figure 5-3, TM). The 

track modules are connected by spherical joints (Figure 5-3, SJ), composed of a 

male spherical part (Figure 5-3, SJM) and a female part (Figure 5-3, SJF), printed 

directly on the tracked module; the two parts of the spherical joint can be 

assembled thanks to the elasticity of the female part. On the contrary, the track 

spines (Figure 5-3, S) and the guiding pegs of the track modules (Figure 5-3, GP) 

are printed separately and then assembled by interference fit. 
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Figure 5-1 External view of Porcospino: straight position (left) and steering position with minimum 

turning radius (right). 

 

Figure 5-2 Vertebral column of Porcospino. 
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Figure 5-3 Detail of the track modules with a central opening (O) for camera vision (left); transversal 

section of the track guidance system (right). 
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5.3 PROTOTYPING AND EXPERIMENTAL TESTS 

The experimental tests on the Porcospino prototype are in progress, by now 

with the robot radio-controlled by an operator. The tests have confirmed the 

overall functionality of the proposed mechanical design, and the capability to steer 

using lateral flexion while adapting to terrain unevenness thanks to the passive 

retroflection and torsion of the vertebral column. Figure 5-4 shows Porcospino 

moving on uneven and grassy terrain during the inspection of a pipe with a 300 

mm diameter. 

The first frame sequence of Figure 5-5 (1a – 4a) shows the capability of quickly 

changing curvature direction even on irregular terrain. Frame 2a shows an 

intermediate position while switching curvature direction: it is possible to see in 

frame 2a that the vertebral column is not perfectly aligned, since it is 

underactuated, as discussed in section 4.4, and its dynamic behavior is influenced 

by the interactions with the ground irregularities. The second frame sequence of 

Figure 5-5 shows the Porcospino climbing on an obstacle exploiting the passive 

compliance of its vertebral column. 

An important issue for mobile robots moving in unstructured environments is 

tip-over. Some researchers try to prevent tip-over through proper motion planning 

[185]; a different approach is to design robots that can recover operativity after a 

tip-over [14]. Porcospino follows this second approach. The frame sequence of 

Figure 5-6 shows the capability of recovering a correct locomotion position after a 

90° capsize on a flank. The maneuver is performed by curving the vertebral column 

through the steering actuators, until the robot reaches an unstable position, 

suspended on its ends (frame 3); then, a small motion of the tracks causes the fall 

on the correct locomotion position (frame 4). 

 

Figure 5-4 Experimental tests: locomotion on uneven grassy terrain (left) and inspection of a pipe with 

diameter of 300 mm (right). 
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Figure 5-5 Experimental tests: quick change of direction on uneven terrain (frame sequence 1); passive 

adaptability of the vertebral column on terrain irregularities (right). 

 

Figure 5-6 Experimental tests: recovery maneuver after a capsize on a flank. 

These tests have shown the overall functionality of the Porcospino design, even 

if refinements of the detailed design are necessary to improve the reliability of the 

track guiding systems. With respect to the prototype, the SnakeTrack, without 

spines on the tracks [13], the experimental campaign has shown the effectiveness 

of the spines to improve traction on irregularities in presence of firm ground, and 

a certain degree of shock absorption. Nevertheless, spines are counterproductive 

on soft and yielding terrains, since they reduce the contact surface with the 

ground. However, the robot concept is fully modular, and not only the robot length 

can be varied based on the specific task, but also the track type. A supporting video 

of the experimental tests is available at [186]. 
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5.4 CONCLUSIONS AND FUTURE DEVELOPMENTS 

The overall design of Porcospino, a small-size tracked robot for surveillance 

and inspection of unstructured and narrow spaces has been presented. The 

functional design of the robot, the embodiment design of the vertebral joints, and 

the kinematics of the steering system have been discussed. 

The Porcospino structure is fully modular, composed of a vertebral column and 

a single peripherical track revolving around it. The vertebral column can perform 

actuated lateral flexion for steering, while passive retroflection and torsion are 

allowed by the compliant vertebral joints to adapt to terrain unevenness. 

Exploiting its modularity, the length of the robot can be adapted to the payload 

necessary for the specific task. 

Thanks to its small turning radius (254 mm), its maneuverability in narrow 

spaces is good. It can’t pivot around a vertical axis, but this is not a remarkable 

limitation, due to the full bi-directionality. 

The symmetry of Porcospino brings another useful functional feature: it can 

continue operating after a 180° capsize; moreover, if it falls on its flank (90° 

capsize), it can restore the correct position by combining lateral flexion, to lift on 

the track ends, and track motion. 

The first experimental results confirmed the robot’s capability to walk and 

steer while adapting to uneven grounds and suggested possible mechanical 

refinements in the detailed design of the tracks and the steering system. 

Porcospino is the evolution of SnakeTrack; the main difference with respect to 

SnakeTrack is the presence of flexible spines on the track modules, which are 

particularly effective to improve traction on uneven but firm terrains, and 

introduces a certain degree of shock absorption which increases the overall 

structural resistance of the robot. Other improvements are refinements of the 

shape of the track guidance system (lateral supports, LS, Error! Reference s

ource not found., and guiding pegs, GP, Figure 5-3). As a matter of fact, the 

track guidance system is the main weak point of the concept, and further work 

must be done to reach a degree of reliability sufficient for real applications. 

Provided that these issues are solved and a proper technology readiness level 

is obtained, the proposed design seems to be interesting for inspection of narrow 

unstructured environments, such as pipelines or collapsed buildings, thanks to its 

small front section and adaptability to unevenness. 

In the future of work, another important topic to be addressed is the 

development of an active retroflection system to increase the obstacle climbing 

capability. 
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6 Conclusion 

 

In the next decade, the global market for mobile robots is anticipated to grow 

significantly, exceeding the market for industrial robotics in terms of sales and 

units. These robots gained a lot of attention in recent decades, mainly due to their 

vast usage in uneven, multi-structured environments. Homeland security, 

surveillance, demining, reconnaissance in risky situations, and agriculture are 

significant application areas. In general, designing mobile robot locomotion 

systems for unstructured environments is difficult, especially when the robots 

must navigate rough or soft terrain or overcome obstacles [32]. 

In the fast-growing and quickly evolving scenario of mobile robotics, tracked 

ground mobile robots are attracting the attention of many researchers in the 

industrial and academic worlds. Tracked locomotion is particularly suited in 

presence of soft and yielding terrains, but by adopting hybrid solutions the range 

of profitable applicability of crawlers greatly extends. 

In section 3 the design and prototyping of the WheTLHLoc robot are 

presented. This robot is a small-scale hybrid locomotion robot for surveillance and 

inspection, capable of combining tracked locomotion on soft terrains, wheeled 

locomotion on flat and compact grounds, and high obstacle crossing capability 

(ratio between the maximum climbable step and the robot height higher than one). 

The limits on the robot size (track length of 300 mm and width of 350 mm) have 

been selected as a compromise between two conflicting requirements: sufficient 

compactness to explore narrow spaces and to stand on the tread of a standard 

indoor stair, and the capability to climb a standard stair using tracks, legs, and 

wheels. The step climbing capability and motion planning are discussed 

analytically and then verified by experimental tests.  

Section 4 presents the functional design of a small-size mono-track robot, 

“SnakeTrack”, for surveillance and inspection of unstructured and narrow spaces. 

It is characterized by a modular structure composed of a vertebral column and a 

single peripherical track revolving around it. The vertebral column can perform 

actuated lateral flexion for steering, while passive retroflection and torsion are 

allowed by the compliant vertebral joints to adapt to terrain unevenness. Thanks 

to the modular architecture, the length of the robot can be adapted to the payload 

necessary for the specific task. 

The robot is fully symmetric and can continue operating after a capsize; 

moreover, if it falls on its flank, it can restore the correct position by combining 

lateral flexion, to lift on the track ends, and track motion. The conceptual design 

of the robot has been presented and the embodiment design of the vertebral joints 

has been discussed. The experimental results have confirmed the robot's capability 

to walk and steer while adapting to uneven grounds and suggested possible 

refinements in the detailed design of the tracks and of the steering system. In the 

next steps of the research, these modifications will be implemented in order to 

obtain further prototypes with higher technology readiness levels. 
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Ultimately, Section 5 discusses the overall design of Porcospino, an evolution 

of SnakeTrack. Like SnakeTrack, Porcospino is fully modular, composed of a 

vertebral column and a single peripherical track revolving around it. The main 

difference with respect to SnakeTrack is the presence of flexible spines on the 

track modules, which are particularly effective to improve traction on uneven but 

firm terrains, and introduces a certain degree of shock absorption which increases 

the overall structural resistance of the robot. Other improvements are refinements 

of the shape of the track guidance system. As a matter of fact, the track guidance 

system is the main weak point of the concept, and further work must be done to 

reach a degree of reliability sufficient for real applications. Provided that these 

issues are solved and a proper technology readiness level is obtained, the proposed 

design seems to be interesting for inspection of narrow unstructured 

environments, such as pipelines or collapsed buildings, thanks to its small front 

section and adaptability to unevenness. 

Another development for Porcospino is to design an active retroflection system 

to increase the obstacle climbing capability and unify the main body of the robot 

using a compliant mechanism and sustainable design to improve the retroflection 

and reduce mechanical complexity. These aspects are under development right 

now, exploiting a collaboration with the Nottingham Trent University. 
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