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Ground mobile robots operating in outdoor environments face multiple challenges, being overcoming obstacles
on uneven terrain a prominent one. This challenging task has been addressed by numerous researchers who have
developed robots employing various strategies, all aimed at efficiently overcoming increasingly higher obstacles.
This article describes 108 robots designed for this purpose, incorporating the principle of rolling for locomotion
and obstacle overcoming. These robots have been categorized into six major groups based on their operating
principle and strategy for overcoming obstacles. After conducting a meticulous review and comparison, it has
been determined that both the definition of the strategy robot will use to overcome an obstacle and the optimized
robot design from the early stages of its development through clearly established requirements are the elements
that hold the greatest significance in enabling a mobile robot to efficiently overcome an obstacle. In this regard,
specific requirements and parameters have been identified that must be considered in the design of the robot to
fulfill its purpose. Among these, key considerations include dimensional optimization, robustness, adaptability,

energy efficiency, sensory capability, and appropriate navigability.

1. Introduction

Since the emergence of ground mobile robots for outdoor applica-
tions, they have gained significant prominence in both the academic and
professional contexts. Currently, it is common to find mobile robots
participating in a wide range of activities, such as mining, exploration in
hazardous and hostile environments [1], military tasks like mine
detection and removal [2], surveillance [3], search and rescue opera-
tions [4], inspection, fruit harvesting [5], and firefighting [6]. All the
accumulated experience in handling ground mobile robots in outdoor
environments has found its zenith in the robots used for planetary
exploration. In February 2021, the Perseverance rover landed on planet
Mars, weighing over 1000 Kg and equipped with state-of-the-art loco-
motion systems, equipment, and instruments necessary for its monu-
mental task: exploring the hostile surface of this desert-like planet [7].

As can already be seen, the navigation of ground mobile robots in
outdoor spaces, where the terrain is characterized by multiple in-
clinations and irregularities, is a fundamental topic. The efficiency of the
robot’s movement over the terrain greatly determines the success of any
task assigned to it. Therefore, the study of locomotion systems that can
enhance the robot’s navigability is crucial in the development of these
devices. In this regard, there are three common locomotion systems used
by ground mobile robots. First, there is wheel traction, which allows the
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robot to move quickly and efficiently when navigating on hard and rigid
surfaces. However, this efficiency decreases when encountering gran-
ular materials (e.g., sand) and obstacles, as theoretically, such a robot
cannot overcome an obstacle higher than the wheel’s radius. These
limitations led to the development of other locomotion systems, such as
track traction, which improves the robot’s grip on the ground, making it
more efficient on terrains with loose particles (e.g., sand). However, this
system consumes a significant amount of energy, which is a valuable
resource, especially when the energy source for these robots is often
limited.

Lastly, robots with legs emerged, enabling them to overcome almost
any type of obstacle. However, these systems come with the significant
drawback that the required mechanical and control systems are more
complex, and, in many cases, the forward speed is slower [8]. Each
system has its advantages and disadvantages, which has led to the
development of hybrid systems that combine, for example, legs with
wheels, legs with tracks, or even a combination of legs, wheels, and
tracks in a single robot. These systems also share a common goal:
improving the robot’s ability to overcome obstacles, which are prevalent
in uneven terrains. However, despite the existence of these combina-
tions, wheeled robots maintain their prominence, as evident, for
example, in the Perseverance rover on Mars, which is wheel-driven.

Therefore, this work focuses on wheeled robots and their ability to
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overcome obstacles. 108 designed robots have been reviewed and
analyzed, finding that, in general, the problem of obstacle traversal by
ground mobile robots has been approached from two perspectives. On
one hand, there is the design of robots with suitable physical features for
performing this task. On the other hand, there is the programming of
appropriate strategies to enable the robot to execute actions that facil-
itate obstacle traversal. Additionally, this review has highlighted the
close interconnection between these two approaches, as the robot’s
design is directly influenced by the obstacle traversal strategy to be
implemented. Conversely, the feasibility of employing a strategy relies
on the physical capabilities incorporated into the design. In the end, the
description, analysis, and categorization of the design principles
necessary for constructing robots capable of performing this task, along
with the principles defining obstacle traversal strategies, constitute the
primary contribution of this study.

2. Mobile robots capable of overcoming obstacles

In this section, the wheeled robots are classified based on the design
developed for obstacle traversal (see Fig. 1); where each design is
described, the associated obstacle traversal strategy will be mentioned

2.1. Robots with suspension systems

According to [9], suspension systems enhance comfort and maneu-
verability characteristics during steering; specifically, they isolate the
robot from terrain irregularities, "regulate the vertical movement of the
wheel, and ensure tire-to-ground contact to maintain steering maneu-
verability" (p. 121). Suspension systems used in mobile robotics are
primarily classified into two categories based on the type of control
implemented:

2.1.1. Passive suspension
This type of suspension has predefined parameters and is not
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adjustable automatically; therefore, the system’s dimensions are fixed,
as are its constants that govern stiffness and damping. Within this type of
suspension, there are two commonly used configurations:

a. Spring - damper: According to Hurel et al. [9], these systems "are
characterized by not receiving any direct application of external
energy. They store energy through springs and dissipate it through
dampers" (p. 122). An example of such systems is presented by Zhang
et al. [10], which describes a robot with a suspension consisting of a
triangular structure, where one leg of the triangle is attached to the
chassis, and a spring is incorporated along the hypotenuse (see
Fig. 2a). With this mechanism, the robot can adjust the height of its
wheels to overcome larger obstacles and, when driven, can surmount
these obstacles. Another example of this type is presented in [11],
where a four-wheeled robot is composed of three bodies connected
by 8 bars and four pairs of spring/damper systems. Additionally,
each wheel has independent suspension and is connected to a system
consisting of two arms (upper and lower) along with a spring/-
damper array. These two systems (body articulation and wheel sus-
pension) enable the robot to adapt to uneven terrains and overcome
obstacles.

b. Rocker Bogie and other Linkage Mechanisms: This group includes
robots with passive mechanisms consisting of linkages and wheels
without the presence of springs or dampers. These mechanisms are
designed to adapt to terrain irregularities, allowing the wheels to
independently overcome obstacles. Notably, the Rocker Bogie
mechanism is highlighted in this group, as implemented by NASA in
its Planetary Exploration Rovers. In [12], it is explained that the
mechanism consists of two parts: the Rocker, which is connected to
the robot’s chassis through a rotational joint, along with a differen-
tial system that links it to the opposing Rocker, causing one to move
in the opposite direction to the other. For example, if the front left
wheel goes up, the front right wheel is pushed down the same dis-
tance. The Bogie is a component with two wheels that rotate freely
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Fig. 1. . Classification of mobile robots for obstacle traversal.
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Fig. 2. Mobile robot with passive suspension: (a) Triangular structure suspension [10]; (b) Robot with 8 spring/damper pairs [11].

around a pivot point attached to the Rocker, ensuring that both of its
wheels always seek contact with the ground (see Fig. 3). This
mechanism is exhibited by all NASA-manufactured rovers: Sojourner
[131, Opportunity, Spirit [14], Curiosity [15], and Perseverance [7]. It
is also used in non-space rovers like Scarecrow and SSTB-Lite [15], as

quadrilateral (Fig. 4b). Together, they provide the robot with six
levers connected to three wheels, allowing the explorer to navigate
obstacles while keeping the chassis in a horizontal position.

On the other hand, the WMR (Wheeled Mobile Robot) shown by [19]

well as in robots such as ATV, designed for generating 3D maps in consists of a six-wheeled robot with a four-bar mechanism on each side
natural environments [16]. (see Fig. 4c). This mechanism has a single degree of freedom (DOF) but

Likewise, there are other robots with analogous mechanisms can adapt to uneven terrain and climb stairs. Finally, the robot described
composed of linkages that enable them to adapt to terrain irregu- is the Shrimp, presented by Siegwart and Nourbakhsh [20], which is
larities and overcome obstacles. For instance, Workpartner [17] is a composed of six wheels (two on each side, one in the front and one in the
robot equipped with a traction mechanism consisting of four legs and back). The lateral wheels are connected to a rocker-type mechanism,
four wheels attached to the tips of the legs (see Fig. 4a). This and the front wheel is linked to a four-bar mechanism with a spring to
configuration, known as "Rolking", allows for rolling movement. ensure continuous contact with the ground, including the surface of an
However, when encountering a small obstacle, the leg in contact obstacle, which is surmounted by the action of this mechanism along

with it lifts the robot over the obstacle by applying force, facilitating with the push provided by the other wheels (see Fig. 4d).
its traverse. Another system designed for a lunar explorer [18] fea-
tures two lever mechanisms: a positive quadrilateral and a negative

g)

Fig. 3. Robots with Rocker Bogie mechanism: (a) mechanism; (b) Sojourner [13]; (c) Spirit y Opportunity [14]; (d) Curiosity [15]; (e) Perseverance [7]; (f) Scarecrow
[151; (g) SSTB-Lite [15]; (h) ATV [16].
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Fig. 4. Robots with linkage mechanisms for passive suspension: (a) Workpartner [17]; (b) Lunar Explorer [18]; (c) WMR [19] y (d) Shrimp [21].

2.1.2. Active suspension

According to Hurel et al. [9], "an active suspension stores, dissipates,
and introduces energy into the system through actuators, whose oper-
ation is regulated by sensors and controllers" (p. 122). In this regard, it is
noted that the addition of this new element (actuator) will produce a
different effect depending on the mechanism on which it is imple-
mented. This effect is described for the two most commonly used con-
figurations in mobile robotics:

a. Spring-Damper-Actuator: In this configuration, a typical spring-
damper system is supplemented with an actuator coupled in series
or in parallel. For instance, in [22], a crewed lunar rover is presented
with a suspension system of this type for every two pivot wheels (see
Fig. 5a). Its use allows for: adding force to the wheel to ensure ground
contact, balancing the height of all 6 wheels to maintain the robot’s
tilt, lifting a wheel when it’s stuck or to overcome obstacles,
absorbing vibration, and improving crew comfort.

. Linkage and Actuator Mechanisms: In this case, the suspension
system is primarily composed of a set of linkages, and the actuator is
attached to these to change their position as required. For example,
in [23], the Jet Propulsion Laboratory Sample Return Rover (SRR) is
described, which features a system with two linkages on each side of
the robot, with a wheel attached to the tip of each linkage (see
Fig. 5b). This system is complemented by an actuator that allows for
the adjustment of the opening angle between the two linkages on the
same side, which in turn modifies the wheel’s contact point with the
ground, potentially enhancing the robot’s compliance with the
terrain. The same principle is described by Shang et al. [24] in a
six-wheeled robot (three on each side), with each wheel attached to a
linkage. The opening of the two front linkages on the same side is
adjustable by means of an installed actuator (orange linkages in
Fig. 5¢), while the position of the last linkage can be controlled
through another actuator or allowed to move freely via a differential
system when the actuator is locked.

2.2. Robots with a single propulsion system

As mentioned previously, there are three propulsion systems avail-
able for terrestrial mobile robots: wheels, tracks, and legs. Below, we
describe robots developed to overcome obstacles (and their strategies)
that utilize a single propulsion system:

Upper arm
Lower arm

Springs/dampers

Motor
Ball screw
Reducer
Brake

2.2.1. Robots with wheels

According to Kang et al. [25], wheels allow robots to be efficient on
hard terrain, but traction capability is lost on wuneven and
obstacle-ridden surfaces since the maximum obstacle height to over-
come is equal to the wheel’s radius. However, innovative applications
have been developed for wheeled robots to increase this maximum
height and conquer progressively higher obstacles. These robots and
their strategies are described below:

a. Wheels on Rotational Structures: This group includes robots whose
wheels are assembled concentrically on a rotational structure that,
when turned, moves the wheels in a circular motion with a radius
larger than the wheels’ radius, allowing them to reach greater
heights to overcome more demanding obstacles. Typically, these
systems have 2 DOFs (Degrees of Freedom): one allows the structure
to rotate and another provides traction to the wheels, which receive
torque from a gear system. For example, [26] describe the Octal
Wheel robot, which has a total of eight wheels (four on each side),
grouped in pairs (two on each side) which are attached to a linkage,
when rotated near an obstacle, enables one wheel to be positioned on
it to overcome it (see Fig. 6a). Similarly, in [27], the Epi.q robot
family is presented, where each robot has 12 wheels grouped in trios
and assembled on triangular structures, with each wheel being
powered through a planetary gear system for rotation (see Fig. 6b).
Additionally, the robot’s body is divided into two parts with 1 DOF to
provide greater mobility to the robot. Finally, in [28], they added an
additional DOF to the joint that connects the two parts of the robot’s
body to improve its maneuverability.

A similar case is presented by Shiroma et al. [29], who describe the
Hanzo robot; it has two wheels on each side, but only one is mounted
at the tip of a linkage, whose opposite end pivots around the center of
the other wheel, which is directly attached to the robot’s chassis.
This allows the wheels moving on the linkage to be in a position
higher than the obstacle to overcome (see Fig. 6¢). Finally, there’s
the robot described in [30], which has two bodies connected through
a passive joint. The rear body has two driven wheels, and the front
body has two linkages (one on each side), attached at their centers to
the body using a free rotational joint. Each linkage has two wheels at
its end powered through a system of planetary gears, with the sun
gear in the center of the linkage, fixed to it. These linkages move
freely until the front wheels encounter an obstacle, obstructing their
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Fig. 5. Robots with active suspension: (a) Lunar Rover [22]; (b) Jet propulsion Laboratory Sample Return Rover [23]; (c) Robot with six wheels [24].
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Fig. 6. Robots with wheels on rotational structures: (a) Octal Wheel [26]; (b) Epi.q-1 [27]; (c¢) Hanzo [29]; (d) Six-wheeled robot [30].

rotation due to friction. This results in an increase in torque on the
sun gear, causing the arm to rotate and position the other wheel of
the arm over the obstacle, allowing it to be overcome later (see
Fig. 6d). In [31], this design was modified by adding an active joint
between the two bodies.

. Wheels with Appendages: This category of wheels is bio-inspired,
designed by considering the shape of legs in terrestrial insects.
Therefore, some researchers refer to them as legs rather than wheels.
However, in this research, we align with the criteria of Mertyiiz et al.
[32], which categorize them as segmented wheels. In this design, the
wheel lacks a perimeter edge and, instead, features a circular base
that rotates around an axis, with appendages projecting from it that
rotate along with the circular base. These protrusions can take
various shapes, including those resembling insect legs, like cock-
roach legs, which assist the robot in overcoming obstacles taller than
the wheel’s radius. This is achieved as the appendages, when
rotating, can hook onto the upper edge of an obstacle and lift the
robot’s body to overcome it (see Fig. 7a). In designing these robots,
[33] has coined them "Whegs," a blend of the terms "Wheel" and "Leg."
Although these robots enhance their ability to climb obstacles, [32]
notes that they are less stable and maneuverable than traditional
wheeled robots.

Whegs I is the first robot of this kind, which has 6 wheels, each with
three appendages. These appendages are configured to create a
tripod-like footprint (similar to cockroaches), meaning three ap-
pendages touch the ground simultaneously (2 on one side of the
robot and 1 on the other side). Another robot in the same line is
Whegs II, developed by Lewinger et al. [34]. In this case, the robot’s
body is divided into two parts and joined through a rotational joint to
emulate the body of a cockroach that can flex up or down (see
Fig. 7b). With this new joint (connected to an actuator), the robot can
flex its body during obstacle climbing, improving its ability to
overcome them. Another robot of this type, called Asguard, is
described in [35], featuring 6 wheels with 5 appendages each. Apart
from the number of appendages on each wheel, this robot’s
distinctive feature is the division of its body into two parts joined by
arotational joint that allows the robot to simulate a twist in the body,
significantly enhancing ground traction (see Fig. 7c). Another robot
called Levo is presented in [36], with two segmented wheels, each
with three curved spokes. Additionally, two regular motorized
wheels were incorporated for traveling on uneven terrain. To switch

between the segmented and regular wheels, the robot has a linear
actuation mechanism that raises or lowers the segmented wheels to
bring them into contact with the ground (Fig. 7d).

The next design shown corresponds to the IMPASS robot [37],
where each wheel has three rods that attach to the central structure
of the wheel from an intermediate position to ultimately generate 6
appendages or "spokes." These spokes have variable length because
the connection to the central wheel structure is achieved through a
system of chains, gears, and pulleys that, through an actuator, can
extend one spoke’s length (while shortening the other side of the
spoke) (see Fig. 7e). With this feature, the robot can overcome larger
obstacles and also improve compliance with the ground, as long as
the length of each spoke can adapt to the irregularities present in the
terrain.

The last two robots presented in this group are hexapods (with six
wheels): in the first one, each wheel is formed by three curved spokes
shaped like a half-circle [38] (Fig. 7f). In the second one, called
Q-Whegx, each wheel is made up of a circular sector spanning 240°
[39] (see Fig. 7g; although these wheels do not have appendages per
se, they are classified within this group as segmented wheels). In
both cases, the robots ensure their progress by providing a tripod-like
footprint with 3 wheels in contact with the ground. In the case of
obstacles, they can overcome them by hooking the upper edge of the
obstacle with the end of an appendage or the straight edge of the
segmented wheel.

. Transformable Wheels: In this type of robots, the ability to overcome

obstacles is enhanced by transforming the wheels into a multi-link
element that, as a whole, exhibits an effective radius greater than
the wheel’s own radius. By rotating around the center of the wheel,
they can reach and overcome taller obstacles. An example of this is
presented by Bai et al. [40]: the Land Devil Ray robot has two wheels
that can transform into "legs" (three links for each wheel) through a
four-bar mechanism that enables passive transformation when the
wheel encounters an obstacle or active transformation through an
actuator connected to a clutch that activates the transformation
mechanism (Fig. 8a). On the other hand, in [41], the Step robot was
developed. It’s a robot with two wheels that can transform into three
"legs" by deploying circular lobes through a 5-bar mechanism that
provides the wheel with 2 DOFs (increased radius and lobe reor-
ientation, see Fig. 8b). Additionally, each wheel has a 4-bar mech-
anism to ensure independent traction during the transformation.

¢)

f)

Fig. 7. Wheels with Appendages: (a) Whegs I [331; (b) Whegs II [34]; (c) Asguard [35]; (d) Levo [36]; (e) IMPASS [37]; (f) Hexapod robot [38]; (g8) Q-Whex [39].
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Likewise, in [32], Fuhar is described, a 4-wheeled robot where
each wheel can transform to deploy 6 "fingers." In this case, each
wheel has 2 DOFs: one for wheel traction and the other for driving
the transformation through a 4-bar mechanism (Fig. 8c). In a similar
sense, [42] describes OmniWheg, a robot with four wheels, where
each wheel can transform into four legs using 4-bar mechanisms (one
per leg). The novelty in this case is that 16 rollers have been installed
on the legs to make the wheels omnidirectional before deploying the
legs (Fig. 8d). On the other hand, [43] describes the SWheg robot,
whose wheels can also transform into two segments using 4-bar
mechanisms. The important feature in this case is the existence of
a "tendon" system that can drive the transformation of all wheels
using a single actuator (Fig. 8e).

Additionally, in [44], the TurboQuad robot is described, which has
four wheels, and each wheel can transform into two "legs" by sepa-
rating the wheel into two parts (Fig. 8f) through a 2-DOF mechanism
(one for traction and another consisting of a pinion and two racks to
drive the transformation). Similarly, in [45], there is a robot with
two wheels and a mechanism that can deploy three legs around the
wheels using a system of linkages, a gear, two racks, and a servo-
motor for both wheels (Fig. 8g). Likewise, in [46], a robot with two
wheels is described, and each wheel can transform into 5 legs using a
gear mechanism (pinion - crown) and a cam; in this case, there is one
actuator for traction and another connected to the pinion to drive the
transformation (Fig. 8h). Continuing with this type of robots, [47]
presents a-WaLTR, which has two wheels, and each wheel has a
central gear plus three leg segments, each containing a partial gear.
The central gear is connected to the motor that provides traction, and
when it rotates clockwise, it triggers the transformation to deploy the
legs; if it rotates counterclockwise, the transformation is reversed

Forces in Mechanics 16 (2024) 100283
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Fig. 8. Robots with transformable wheels: (a) Land Devil Ray [40]; (b) Step [41]; (c) Fuhar [32]; (d) OmniWheg [42]; (e) SWheg [43]; (f) TurboQuad [44]; (8)
Wheel-Legged robot [45]; (h) Military Surveillance Robot [46]; (i) a-WaLTR [47]; (j) Wheel-legged hybrid robot [48]; (k) Self-morphing robot [49].

(Fig. 8i).

A different mechanism is showcased by Tao et al. [48], where a
robot can transform each of its two wheels into three legs through a
motor that drives a mechanism consisting of a tri-radial link, two
springs, and permanent magnets. When this mechanism rotates
around the wheel’s hub, it forces the deployment of the three legs
onto the wheel (Fig. 8j). Finally, in [49], a robot with two wheels that
can deploy 3 rotational legs (each) is described. In this case, each leg
is held in the closed position (wheel) due to the action of a magnet.
However, when the robot encounters an obstacle, it is programmed
to increase the wheel’s rotation speed, causing the centrifugal force,
along with the torque generated by a torsional spring, to overcome
the magnet’s attraction, resulting in the transformation (Fig. 8k).

. Wheels on tiltable structures: This particular case was presented by

Tadakuma et al. [50], who developed the VmaxCarrier2 robot, which
features 4 structures on its main body called Omni-Discs. Each one
consists of two discs connected by a rotational hinge joint, and un-
derneath the lower disc, a set of non-steerable wheels is attached
(Fig. 9a). The key feature of this design lies in the middle of the two
discs, where a pneumatic actuator is housed. When pressurized with
air, this actuator tilts the lower disc along with its wheels, preparing
it to overcome obstacles with a height greater than the wheel radius.
To enable the complete robot to overcome the obstacle, a sequence is
executed in which each Omni-Disc is consecutively pressurized with
air.

. Wheels with additional supporting linkages: This case is presented

by a robot called Transleg, developed by Wei et al. [51], and it con-
sists of a set of four wheels, where each wheel is attached to a 1-DOF
leg that is contained within the circle formed by the wheel. When the
robot encounters an obstacle, this leg can be deployed by an
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Fig. 9. Robots de ruedas con sistemas especiales: (a) VmaxCarrier2 [50]; (b) Transleg [51].

actuator/pulley/cable system to extend beyond the circular perim-
eter of the wheel and lift it to a greater height, allowing it to reach the
top of the obstacle (Fig. 9b). This leg can be retracted again using the
actuator/pulley/cable system along with a torsion spring that gen-
erates the necessary force to retract the leg.

2.2.2. Robots with tracks

According to Kang et al. [25], the use of tracks in mobile robots has
allowed them to improve traction on uneven terrain or loose particles,
but it results in higher energy consumption due to the friction involved.
In the case of standard tracked robots, the maximum height of obstacles
that can be overcome corresponds to the radius of the wheel to which the
track is attached. However, some modifications have been developed to
increase this height. These improvements are described below:

a. A pair of enhanced tracks: A simple yet effective modification is
presented by Tao et al. [52], who describe a robot where the front
wheel of the track has been replaced by two smaller wheels arranged
in a way that the track now has a sloping front with an appropriate
"angle of attack" to contact obstacles at their upper edge, which is a
fundamental premise necessary to overcome them (Fig. 10a). With
this modification, the track can contact the upper edge of taller ob-
stacles, thus increasing the robot’s ability to overcome them. On the
other hand, [53] describes a mechanism included in the Dual--
crawler-driven robot, where each track is attached to the robot’s body
through a single joint (located on the axis of the drive wheel).
Additionally, each track has an actuator and a planetary gear system
that allows the track to have two movements: traction or the entire
track’s rotation pivoting on the axis of the driving wheel. The change
from traction to rotation is automatic and depends on the friction
conditions produced when the robot encounters an obstacle that
blocks its progress. At this point, the tracks induce rotation, lifting
the robot’s body to a position on the top of the obstacle, allowing the
obstacle overcoming (Fig. 10b).

b. Multiple tracks: This group includes robots that have more than one
pair of tracks. Firstly, we have the ROBHAZ-DT3 robot developed by
[54], which is composed of two bodies joined by a passive rotational
joint (Fig. 11a). Each body has two tracks (right and left), but the two
tracks on each side are driven by the same motor independently of

the body they belong to. The passive joint produces an inclination
between the two bodies due to gravitational effects, allowing the
robot to better adapt to uneven terrains and obstacles to increase its
traction and improve its ability to overcome them. An additional
advantage of this robot is the attack angle in the tracks belonging to
the front body, which further enhances its obstacle-crossing capa-
bilities.

In the same line, [55] introduces the RAPOSA robot, which has
similar characteristics to the ROBHAZ-DT3. The difference in this
case is that the joint connecting the two bodies is actuated by a
motor. This allows the robot to lift one of the bodies (the smaller one)
to a position over a high obstacle and then, through traction, com-
plete the crossing (Fig. 11b). Another robot belonging to this group is
the "Connected Crawler Robot" presented by [56], which consists of
three bodies following the same principle implemented by RAPOSA.
This increases the capability to overcome even taller obstacles since
with more bodies, a strategy combining traction and relative incli-
nation between the bodies is used to ensure that one reaches the top
of the obstacle, regardless of its height (Fig. 11c). Later on, in [57],
more bodies were added to the robot (5 bodies), further enhancing of
its already described capabilities.

Another robot with multiple tracks called TAQT Carrier was
developed by Hirose et al. [58]. This robot has two tracks on each
side, which are attached to the chassis by an actuated axle located at
the geometric center of the track, allowing them to rotate around this
point (Fig. 11d). This feature, along with a mechanism that allows
changing the position of the hopper attached to the robot, enables it
to overcome obstacles and climb stairs while maintaining stability
(since the position of the COG varies when changing the hopper’s
position). Another robot with different features is described in [59],
this Firefighting robot also has two tracks on each side assembled on
articulated structures that additionally have a shock-absorbing
spring-damper system. These structures allow the relative orienta-
tion of the tracks with respect to the robot’s main body, providing
better terrain adaptability. Additionally, the front tracks have an
angle of attack to increase their ability to overcome obstacles
(Fig. 11e).

Finally, the robot Track Walker, developed by Nagatani et al. [60],
is described. It consists of a main body with one track and two lateral
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Fig. 10. Robots with tracks: (a) Track with attack angle [52]; (b) Dual-crawler-driven [53].
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bodies, each with an independent traction track (Fig. 11f). The
connection between the main body and the lateral bodies is made
through a 3-crank mechanism, allowing the lateral bodies to describe
a forward trajectory relative to the main body, generating a
"walking" movement between the lateral tracks and the main body.
Additionally, each lateral body can rotate around an axis near one of
its ends through an additional motor, allowing these tracks to rotate
to position themselves over high obstacles and overcome them.
. Reconfigurable Tracks: This group includes robots with tracks that
can change shape and dimension. Firstly, we have the LMA robot
developed by Ben-tzvi et al. [61], which features an extendable arm
within each track that rotates around the geometric center of the
track and has a pulley at its end (Fig. 12a). The arm’s length is
regulated by a prismatic joint containing a preloaded compression
spring, which exerts a force to keep the track taut. When the arm
rotates, it allows for a change in the track’s shape (both sides’ arms
rotate synchronously) to achieve different attack angles when over-
coming obstacles or to present other shapes for better adaptation to
the obstacle as it is being traversed. This same principle was followed
by Liu and Liu[62] in developing their RLMA robot (Fig. 12b).
Another robot following the same principle is called VSTR, pre-
sented by Choi et al. [63]. It’s a robot that has two 1-DOF links in
each track, each with a pulley at one end, and both are attached to
the robot’s chassis from the geometric centers of the track pulleys
(Fig. 12c). When both links are actuated simultaneously in opposite
directions, the shape of the track is altered, allowing it to present two
suitable attack angles (one in front and one behind the robot) for
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Fig. 11. Robots with Multiple Tracks: (a) ROBHAZ-DT3 [54]; (b) RAPOSA [55]; (¢) Connected crawler [56]; (d) TAQT Carrier [58]; (e) Firefighting robot [59]; (f) Track
Walker [60].

ascending obstacles or taking a shape appropriate for terrain adap-
tation. Additionally, in [64], the RTMBot was introduced, which also
features two arms within each track but interconnected to form a
4-bar linkage mechanism. This means the two arms rotate in the
same direction and sense around their rotation axes, creating an
attack angle only at the front of the tracks, suitable for overcoming
obstacles (Fig. 12d). This robot offers an additional advantage in that
its control system allows for different configurations between the left
and right sides of the robot, enabling it to adapt to navigate uneven
terrains.

A final case is presented by Gao et al. [65], who designed a robot
that originally has two large wheels, and each wheel’s perimeter is
surrounded by a band that is both sturdy and flexible. Inside each
wheel, there are two links with 1 DOF each, and they have a pulley at
their unarticulated end. These links can extend from inner part of the
wheel to press on the band and stretch it, transforming each wheel
into a track with variable and appropriate attack angles for over-
coming obstacles of different sizes (Fig. 12e).

2.2.3. Robots with legs

They usually base their design on bioinspiration and can have 2 legs
(bipedal) [66], 4 legs (quadrupedal) [67], 6 legs (hexapods), or 8 legs
(octopods) resembling some living beings. According to Kang et al. [25],
these robots can better navigate certain obstacles, but the design,
implementation, and control of the robot are more challenging in this
case, as the legs typically have multiple joints that must be controlled
simultaneously, and coordination is required among all the legs to make

e

Fig. 12. Robots with reconfigurable tracks: (a) LMA [61]; (b) RLMA [62]; (c) VSTR [63]; (d) RTMBot [64]; (e) Flexible track [65].



J.M. Garcia and F.G. Duarte

the robot "walk." The field of legged robotics is extensive; however, this
research does not delve into it in depth because its emphasis is on the
obstacle-surmounting capabilities of ground robots that rely on rolling,
whether with wheels or tracks.

2.3. Robots with multiple locomotion systems

Hybrid robots use two or more locomotion systems simultaneously
(wheels, tracks, or legs), enabling them to perform increasingly
demanding tasks, including navigating highly uneven terrains and
overcoming more complex obstacles. Below, we describe some hybrid
robots according to their combination of locomotion systems:

2.3.1. Legs with wheels

This group includes robots that have legs designed to execute modes
of movement similar to those of living beings with legs (walking, trot-
ting, jumping), but at their extremities, they have wheels that allow
them to switch to wheeled locomotion. According to the mode of
movement described by their legs, these robots are classified into two
groups:

a. Rolling/Walking: These robots are characterized by changing their
mode of locomotion between rolling and walking when the terrain
irregularities demand it. There are multiple robots in this group, and
It will be described organized according to the complexity of their
legs: In [68], the PAW robot was developed, consisting of 4 legs, each
with two DOFs: one for rotating the leg forward (or backward) and
"scaling" obstacles with rolling (the leg always touches the obstacle
and rolls over it), and another for wheel traction at the end of its legs
(Fig. 13a). On the other hand, the Complios robot, built in [69], also
has 4 legs with 3 DOFs each: the first corresponds to wheel traction,
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the second is a rotational actuator to lift the leg and position it on the
obstacle; the third is a passive rotational joint formed by springs at
the knee of each leg that allows flexion and absorbs horizontal loads
(Fig. 13b). An additional degree of freedom divides the body into 2
parts to provide greater maneuverability to the robot. Likewise, the
MHT robot was presented in [70], which is a larger and heavier
hydraulic robot with 4 legs, each having 3 DOFs: 2 parallel rotational
joints at the hip and knee, in addition to wheel traction (Fig. 13c).
Overcoming obstacles is achieved by positioning each leg on the
obstacle.

On the other hand, in [71], the Hylos robot is described (Fig. 13d),
while [72] presented the Hylos II robot, both robots with differences
in size and mass (Hylos weighs 10 Kg, whereas Hylos Il weighs 20 Kg),
but with similar constituent features: each of them has 4 legs, with 4
DOFs each: two for moving the leg through actuated rotational joints
with linear actuators, while the other two DOFs are used for steering
and driving the wheel. To overcome obstacles, the robot bends its
legs forward to "scale" using the front wheels for rolling and then
bends the legs backward to scale using the rear wheels. Likewise, in
[73], the ANYmal robot is described, which originally had 4 legs but
was modified to add wheels at its ends. Each leg has 4 DOFs: two for
moving the hip in two directions (abduction/adduction and flex-
ion/extension), one for moving the knee, and one for driving the
wheel Fig. 13e). To overcome obstacles, the robot lifts each leg
alternately to position it on the obstacle.

The number of DOFs in the legs can increase in other robots. For
instance, in [74], the Sherpa robot was developed, which has 4 legs
with 6 DOFs each: 2 active DOFs for lifting and laterally displacing
the leg, 2 passive DOFs in the leg-wheel junction (for tilting the
wheel depending on the terrain irregularity), and finally, 2 more
active DOFs for steering and driving the wheel (Fig. 13f).

Fig. 13. Robots with legs and wheels that walk and roll: (a) PAW [68]; (b) Complios [69]; (¢c) MHT [70]; (d) Hylos [71] and Hylos II [72];(e) ANYmal [73]; (f) Sherpa
[741; (g) SherpaTT [75]; (h) MAMMOTH [76]; (i) Momaro [771; (j) Octopus [78]; (k) Six-legged/wheeled mechanism [79]; (1) BIT-NAZA [80].
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Overcoming obstacles in this case involves lifting each wheel to
position it over the obstacle. Subsequently, in [75], the Sherpa robot
was improved to introduce SherpaTT, which differs in its design
optimization resulting in reduced mass (while Sherpa has a mass of
200 Kg, SherpaTT has 166 Kg). Additionally, the number of DOFs per
leg was reduced: SherpaTT has 4 DOFs, as the two passive DOFs in the
leg-wheel junction were eliminated (Fig. 13g). Finally, the obstacle
traversal process is the same as in the case of Sherpa.

Following the same principle for overcoming obstacles, in [76],
the MAMMOTH robot was introduced, which has 5 DOFs in each leg:
3rotational joints for leg movement (hip, upper and lower thigh) and
2 for wheel control (drive and steering, see Fig. 13h). Similarly, in
[77], the Momaro robot was developed, featuring 4 legs with 5 DOFs
each: 2 dedicated to wheel control (drive and steering) and 3
distributed along the leg (hip, knee, and ankle), with the particu-
larity that all of them are rotational joints with parallel axes of
rotation (Fig. 13i).

It’s worth mentioning three additional robots that have the leg/-
wheel locomotion system but with completely different action
mechanisms: in [78], the Octopus robot was developed, which has 4
legs formed by 2 links each (arm and forearm), and it also has 2
driven wheels on each leg: one at the end and another at the elbow
(Fig. 13j). In total, the robot has 15 DOFs, of which 8 correspond to
the wheels and the rest are distributed among its legs. Its design al-
lows it to touch the ground with all 8 wheels at once and overcome
very tall obstacles by using its rear legs to lift the entire body of the
robot along with the front legs, as the two rear legs can generate 4
points of contact with the ground.

On the other hand, the robot described by Liu et al. [79], who
outlines a mechanism (not yet built) for a 6-legged robot with
wheels, has 4 legs (at the ends) with actuated prismatic joints and 2
legs (intermediary) without joints, all assembled into a robot formed
by two bodies connected by an actuated rotational joint (Fig. 13k).
With this mechanism, the robot could overcome obstacles by using
the rotational joint to lift the front half of the body along with the
front legs to position them on the obstacle. Subsequently, through
this joint, the rear half of the robot’s body is raised along with the
rear legs to complete the operation.

Finally, in [80], the BIT-NAZA robot was developed and further
improved and presented as BIT-NAZA-II by [81]. It consists of a large
robot (385 Kg) with 4 legs, each formed by a parallel robot mecha-
nism with 6 DOFs in each leg (there are 6 linear actuators in each leg,
see Fig. 131). At the end, there is a pair of symmetrical wheels with 2
DOFs (traction and steering). It overcomes obstacles by blocking the
wheel traction and walking with its legs, positioning each one on the
obstacle.

b. Rolling/Jumping: In this group, robots are designed to move on flat
terrain using their wheels. However, when encountering obstacles,
they activate a jumping strategy with their legs to overcome the
obstacle. Two robots are included in this group: Handle from Boston
Dynamics [82], which has two-legged wheels at its ends and moves
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by balancing on its wheels while manipulating loads with an
attached arm (Fig. 14a); and Ascento, developed by Klemm et al.
[83], which has two motorized leg-wheels for rolling (achieved by
balancing on its two wheels, see Fig. 14b). In addition, each leg has a
hip motor and a torsion spring in the knee that, together, execute a
rapid leg contraction and extension movement, allowing the robot to
generate jumps to overcome obstacles in its path.

The same jumping principle is followed by the robot presented in
[84], which also has two driven wheels attached to the end of two
4-bar mechanisms forming its legs (see Fig. 14c). This robot moves by
swinging (although it can also be supported by 4 additional passive
wheels), and to overcome obstacles, it activates the two motors
installed in its hips to cause a rapid leg extension and subsequent
jump.

2.3.2. Legs and wheels

This group includes robots that use legs and wheels separately, either
by combining both mechanisms or by alternating between them for
locomotion. Among the robots that use both mechanisms together is
SCARAB developed by Mabuchi et al.[85], which has 2 rear legs with 2
DOFs each defined by prismatic joints. It also has two passive front
wheels to provide stability to the robot. Additionally, it has a pair of
small arms with 1 DOF located between the two wheels, which are used
to lift the robot’s body when it ascends an obstacle (by pressing the arms
against the ground), while the rear legs contribute to propelling the
robot (Fig. 15a). Following this same principle, [86] presented the
Wheeleg robot, which follows the principle of a wheelbarrow: it has 2
front legs with 3 DOFs each, including two prismatic and one rotational
joint. It also has two active rear wheels to improve stability and traction
(Fig. 15b). To overcome obstacles, the robot alternately positions its legs
on the obstacle to lift its body, which is propelled by the wheel traction
as well.

Furthermore, in [87], Crank-wheel was introduced, a robot with 4
active wheels and 4 legs with hooks attached at their ends. Through two
mechanisms, the legs are connected to the wheels in a dependent
when the wheels turn, the legs perform oscillatory
up-and-down movements, allowing them to hook onto obstacles or
move across very uneven terrain (Fig. 15c). Finally, in [88], the HyTRo-I
robot was developed, which has 4 wheels (two active and two passive)
and 4 legs, each with three active rotational joints and one passive linear
joint (with a spring to absorb impacts). For its operation, this robot al-
ternates between the two mechanisms: to move on regular terrain, it
raises its legs and rolls forward, but in the presence of obstacles, it po-
sitions its legs on the ground and walks, alternating between the legs
(and even wheels) to overcome the obstacle (Fig. 15d).

manner:

2.3.3. Legs with tracks

In this group, there are robots that have legs with incorporated tracks
within them, allowing the robot to perform complex actions like walking
or crawling and also to advance using the traction provided by the
tracks. Among the robots in this category are Tehzeeb [89], Kenaf [90],

Fig. 14. Robots with legs and wheels that roll and jump: (a) Handle from Boston Dynamics [82]; (b) Ascento [83]; (c) Robot described in [84].
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Fig. 15. Robots with legs and wheels: (a) SCARAB [85]; (b) Wheeleg [86]; (c) Crank-wheel [871; (d) HyTRo-I [88].

MINBOT-I [91], MINBOT-II [92], and the robot shown by [93]. In these
five robots, the operating principle is the same: they have two tracks
attached to their main body, and additionally, they have 4 arms with 1
DOF each attached to the body. Each arm also has a track that, along
with the tracks on the robot’s body, enhances traction by allowing them
to better adapt to the terrain’s irregularities (Fig. 16a—e). Moreover,
when obstacle traversal is required, the arms function as legs, enabling
the robot to walk and position these "legs" on the obstacle.

Another similar robot called Telerob Telemax is presented by Brunner
et al. [94]. It also features four arms with tracks, but in this case, the
tracks on the robot’s main body are eliminated. Nevertheless, this robot
can walk with its arms to overcome obstacles and does not lose its
traction capabilities. The design of the tracks is conceived to maintain a
good ground contact area while using this mode of locomotion
(Fig. 16f). On the other hand, in [95], the robot ResQuake is introduced,
which has two tracks on its main body and four arms attached to the
robot. The difference in this case lies in the arms, as each one has two
links actuated by a single actuator that moves them at different speeds
(using gears with different transmission ratios). Additionally, each link
has its own track (Fig. 16g). Although this robot can walk, it is more
effective to implement a strategy for overcoming obstacles, which

involves using an angle of attack on the arms’ tracks to make contact
with the obstacle and climb it.

Another robot in this group with some special characteristics is called
Elf and was presented by Yamauchi et al. [96]. This robot also has 4
arms, each with two links, two independent active rotational joints, and
a track only on the end link of the arm. This feature provides greater
maneuverability with its arms for walking and overcoming obstacles.
Additionally, its body (which also has two tracks) has an active joint that
separates it into two parts and allows one of the tracks to be raised
higher than the other to better adapt to the terrain (Fig. 16h).

In the same group, the robot iRobot PackBot, described in [97], ap-
pears. This robot, which has two tracks on the main body, has two arms
with 1 DOF each that rotate on rotational joints. Each arm has a track
attached, allowing the robot to move with combined locomotion modes:
using all the tracks, including those on the arms, to adapt to uneven
terrain, or using the arms as independent legs to climb obstacles (hook
onto them, see Fig. 16i). The same principle is employed by the robot
developed in [98] (Fig. 16j). However, in this case, a future improve-
ment is proposed by adding a hydraulic mechanism for arm extension,
which increases obstacle-crossing capability by 16.7 %.

1))

W Actual robot
C):Cﬁ Future improvement

Fig. 16. Legged robots with tracks: (a) Tehzeeb [89]1; (b) Kenaf [90]; (c) Robots with 4 legs [93]; (d) MINBOT-I [91]; () MINBOT-II [92]; (f) Telerob Telemax [94]1; (g)
ResQuake [95]; (h) EIf [96]; (i) iRobot Packbot [971; (j) Tracked rescue mobile robot [98].

11



J.M. Garcia and F.G. Duarte

2.3.4. Legs and tracks

This group includes robots that have both of these locomotion sys-
tems but separated from each other. An example is the Quadruped
tracked robot presented by Fujita et al. [99], which has two tracks
attached to its main body and four independent legs with 4 DOFs each
(Fig. 17a). When the robot is on flat or sandy terrain, it raises its legs and
moves using the tracks. However, when it encounters an obstacle, it
positions its legs on the ground, lifts its body, and walks over the
obstacle.

2.3.5. Legs with wheels/Rocker Bogie

This unusual combination of different traction systems was found in
the Spider-leg robot presented by [100], which has 8 wheels and com-
bines passive and active suspension: 2 wheels per side (4 in total) are
attached to the bogie of the Rocker Bogie mechanism, which allows them
to move freely and adapt to the terrain’s irregularities. The remaining 4
wheels are connected to 4 legs (one per leg), each with 1 DOF, formed by
a 4-bar mechanism, a linear actuator, and a shock-absorbing mechanism
(spring/damper, see Fig. 17b). With these legs, the robot can overcome
small obstacles using only the spring/damper and large obstacles by
lifting the legs to position them over the obstacle.

2.3.6. Legs, tracks, and wheels

This group includes those robots that combine the three common
modes of locomotion, such as the robots Azimut (Fig. 17c) and Mobit
(Fig. 17d) presented by Michaud et al. [101,102], respectively. Both of
them have 4 legs, 4 wheels, and 4 tracks combined in sets of three. This
means that on each leg, a track and a wheel are attached, with the wheel
positioned closer to the robot’s chassis. This configuration enables the
robot to move using four modes of locomotion: rolling, walking, using
the tracks, or combining all three to overcome obstacles. It can use some
wheels for propulsion while lifting its body off the ground with some of
its legs to overcome obstacles. An improvement to these robots is pre-
sented in [103], where two additional tracks are added to the robot’s
main body, enhancing traction when the robot navigates highly irreg-
ular terrains (Fig. 17e).

On the other hand, in [104], the robot WheTLHLoc is described,
which has two tracks, two legs with 1 DOF each (independent), and two
actuated wheels, with each wheel installed at the end of a leg. Addi-
tionally, the robot features two caster wheels installed at the rear of the
main body, enabling the robot to operate using all three modes of
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locomotion: with the wheels, lowering the legs so that the robot is
supported by only three wheels (two active and one passive), with the
tracks, or with the legs, primarily in operations to climb obstacles with
their assistance (Fig. 17f).

Finally, another robot belonging to this group was developed by Zhu
et al. [105], named the Wheel-track-leg Hybrid Robot. It has 4 tracks (two
on each side) that are attached to the robot through an active joint that
allows them to rotate and act as legs if necessary or reposition them-
selves to move the robot using the traction provided by the tracks.
Additionally, it has two support legs (front and rear) with 1 DOF each,
which can be positioned on tall obstacles and assist the robot in over-
coming them (Fig. 17g). It also has an additional mechanism with
wheels attached to the main body of the robot (independent of the tracks
and legs) that allows the robot to move on flat terrain. However, to do
so, the robot must lift the tracks and legs to prevent them from touching
the ground.

2.4. Modular robots

In this group, robots with segmented bodies composed of multiple
modules with similar physical characteristics are included. These mod-
ules are interconnected through actuated joints. Through this system,
these robots can take on various shapes and configurations that allow
them to better adapt to the irregularities of the terrain. In the case of
obstacles, they can assume positions or shapes that help overcome them.
Furthermore, the different modules can mutually propel each other to
advance over obstacles. Two subgroups have been identified based on
their locomotion system:

2.4.1. Modules with tracks

These robots consist of multiple modules with track-based propul-
sion systems. Two representative cases in this group are the AMOEBA-I
developed by Li et al. [106] and A-II (Amoeba II) developed by Li et al.
[107]. In the case of AMOEBA-I, it consists of three modules (one central
and two side modules), each equipped with a track. The side modules
are connected to the central module through a linkage and two rota-
tional joints (Yaw and Pitch), allowing them to change positions,
enabling the robot to assume various configurations, including serial,
parallel, and triangular positions (Fig. 18a). To overcome obstacles, the
serial or triangular configuration can be used, where one module is lifted
to position itself on the obstacle (using the active joint that connects the
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Fig. 17. Robots with multiple locomotion systems (less common configurations): (a) Quadruped tracked [99]; (b) Spider-leg [100]1; (c) Azimut [1011; (d) Mobit [102];
(e) Wheel-tracked mobile robot [103]; (f) WheTLHLoc [104]; (g) Wheel-track-leg Hybrid Robot [105].
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Fig. 18. 2.4.Modular Robots: (a) AMOEBA-I [106]; (b) A-II [107]; (c) JL-2 [109]; (d) Modular Robot with wheels [110].

modules), while the remaining modules act as counterweights to prevent
tip-over. Once one module has positioned itself on the obstacle, it can
pull the other modules, which contribute using their own traction.

In the case of robot A-II, the central module has been removed and
replaced with an articulation unit without a track, featuring two rota-
tional joints designed to facilitate the coupling with the side modules.
These joints are actuated by a single actuator that allows the simulta-
neous movement of the two side modules in the Yaw direction, changing
the shape of the robot from a serial configuration to a parallel one
(Fig. 18b). Each side module also has an actuated joint in the Pitch di-
rection, enabling one module to elevate relative to the central unit and
the other module. To overcome obstacles, the serial configuration is
used (similar to AMOEBA-I), but the operation is carried out using only
the side modules.

Finally, it’s worth mentioning the JL-I robots developed by Guan-
ghua et al. [108] and their improved version, JL-2, developed by Wang
et al. [109]. These robots are comprised of independent modules, each
with two tracks, and they can self-connect through a spherical joint with
3 controlled degrees of freedom (rotation in all three joint axes), forming
a serial robot (a succession of modules placed one after the other). To
overcome obstacles, one module is lifted using the rotational joint to
position it above the obstacle to be overcome, while the risk of the robot
toppling over is avoided due to the counterbalance exerted by the other
connected modules on the ground. Once one module has been posi-
tioned over the obstacle, it can pull the other modules, which contribute
using their own traction (Fig. 18c).

2.4.2. Modules with wheels

These robots differ from the previous group due to the locomotion
system used, which, in this case, consists of wheels. An example of this is
the robot presented by Zhou et al. [110], which is composed of two large
modules, each equipped with 4 wheels. These modules are connected
through a passive spherical joint that allows for relative yaw between
the two robots, and hydraulic cylinders that enable the robot to execute
a strategy for overcoming obstacles: By retracting the cylinders, the front
module can be lifted, assisted by the friction generated as it climbs over
the obstacle (Fig. 18d). Subsequently, the rear module is pulled by the
module that has already overcome the obstacle. However, for this to
occur, there must be sufficient tractive force in both the pulling and
pulled modules (with the latter climbing over the obstacle with the aid
of friction).

2.5. Robots with body repositioning

The principle used by these robots to overcome obstacles is based on

Original position

Overcoming obstacle
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repositioning the center of gravity (COG) to facilitate the execution of
the strategy. For example, the robot presented by Sim et al. [111] con-
sists of a platform with 4 wheels (each with traction and steering) that
can move the main body of the robot in two directions (pitch and roll)
because the body is articulated to the platform through a joint with 2
DOFs (Fig. 19a). When the robot is about to climb an obstacle, it tilts the
body backward, increasing the normal force of the rear wheels, while
reducing the friction/traction required to make the front wheels climb
the obstacle by scaling it.

Another analogous case is presented by the robot RSTAR [112],
which has two wheels and three wheels with appendages on each side
(to improve grip on very rough terrain). All these wheels are connected
to two mechanisms: a 4-bar mechanism (FBEM) that allows the body to
move backward or forward, and an additional one that rotates the entire
structure of the FBEM (along with the wheels) to increase the contact
area of the wheels with the ground. When the robot is in front of an
obstacle, it uses the FBEM to move the body backward, shifting the COG,
causing the robot to tip backward, lifting the front of the robot to an
appropriate height. In this situation, the robot advances with the rear
wheels until the front wheels are on top of the obstacle to overcome it
(Fig. 19b).

2.6. Robots with additional supports

These robots use an additional element to create an extra point of
contact with the ground, enabling them to exert pressure against the
ground to lift the robot’s main body to reach and overcome obstacles.
This additional support can be provided by an element provided for this
purpose or another element with different functions (e.g., manipulators)
that can also be utilized for this purpose. The following robots in this
group are described, classified according to the type of support they use:

2.6.1. Additional link

In this group, we have robots that have a dedicated link for the sole
purpose of generating support to lift the robot’s body and overcome an
obstacle. Typically, a fixed location for support is established according
to the designed strategy, making its use limited to certain obstacles with
predefined shapes and positions. An example of this group is the robot
developed by Chiu et al. [113] called FUMA, which has 4 wheels and an
articulated link with 1 DOF located at the rear of the robot, equipped
with a rigid element as the end effector (Fig. 20a). To overcome obsta-
cles, the robot must approach the object from its rear to allow the
additional link of FUMA to make contact with the obstacle and facilitate
lifting a part of the robot. The robot then advances so that part of its
body rests on the obstacle. Total overcoming is achieved through the
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Fig. 19. Robot with Body Repositioning: (a) 4-Wheeled Robot [111]; (b) RSTAR [112].
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Fig. 20. Robots with additional link: (a) Fuma [113]; (b) Robot with track on the additional link [114]; (¢) Mantis 2 [115]; (d) FlipBot [116]; (e) Dual-crawler-driven

with leg [117]; (f) Robot with oscillating arms [118].

traction of the wheels already positioned on the obstacle. Another robot
with the same principle was presented by Kececi [114], which has 6
wheels and a link located at the front of the robot for the same purpose.
In this case, the strategy used is the same as with the FUMA robot, but
now the additional link has a small caterpillar track that allows it to
generate rolling contact with the ground as the robot advances sup-
ported on this link (Fig. 20b).

In the previous cases, the additional link generates a point of contact
on the surface of the obstacle to be overcome. This principle is also
followed by the robot Mantis 2 described by Bruzzone et al. [115], which
has two wheels with traction and a small axle with two passive wheels at
its end to provide stability to the robot. Additionally, it has 2 leg-like
hooks that are attached to the robot through an active rotational joint
(Fig. 20c). When the robot encounters an obstacle, these two legs rotate
downward to make contact with the pinnacle of the obstacle, lifting the
robot’s body and pushing it forward (by latching onto the obstacle).
When the wheels complete a full 360° rotation, the robot will have
completely overcome the obstacle.

But not all robots in this group position the additional link on the
obstacle. The FlipBot robot presented by Seo et al. [116] is composed of
two tracks and a supporting leg formed by two links attached to the sides
of the robot and connected by a roller-shaped link to form a single leg
that rotates around the robot’s body through an active rotational joint
(Fig. 20d). When the robot encounters an obstacle, the tracks touch it
and begin to climb it due to friction. As this happens, the robot tilts but
does not overturn since the additional leg is positioned on the underside
of the obstacle, generating a reaction force that prevents tipping and
allows the tracks to continue climbing the obstacle until it is overcome.

Additionally, the case presented by Lan and Ma [117] is described,
where they developed a robot with tracks that are attached to the main
body through an actuated joint and can rotate relative to the body (as
previously shown in Fig. 10b). Now, a fixed leg has been attached to the
rear section of the robot, which has a small wheel as an end effector
(Fig. 20e). When the robot encounters an obstacle, the activation of the
joint that connects the body to the tracks induces a rotation of the ro-
bot’s body, lifting it to position it on the obstacle. This elevation is
assisted by the leg, which, in an uncontrolled manner, comes into con-
tact with the ground, generating a force that propels the body upward to
reach the top of the obstacle. Finally, another robot is presented, which
has four driven Swedish wheels and two swinging arms with passive
Swedish wheels at their ends [118]. When the robot encounters an
obstacle, two linear actuators are activated, extending the arms so that
the passive wheels touch the ground while the front of the robot is lifted,
leaving the front wheels on the obstacle (Fig. 20f). Then, to lift the rear
part of the robot and complete the obstacle crossing, the robot has two
linear actuators at the back, which extend two passive wheels that, upon
touching the ground, allow the rest of the robot to be lifted.
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2.6.2. Use of the arm

In this latter group, robots have an arm with DOFs>1, primarily used
for other functions (manipulation, etc.), but it is also utilized to create an
additional contact point with the ground, enabling the robot to assist in
overcoming obstacles. In comparison to the previous group (additional
link), these robots can create contact points in different positions using
their arms, providing them with greater maneuverability to overcome
obstacles of various shapes or positions. One example is the Helios VII
robot [119], which is a tracked robot with a 4-DOF arm that has two
passive wheels at the elbow and at its end (interchangeable with a
gripper). These wheels allow the arm to make rolling contact with the
ground to lift part of the robot’s body. If the obstacle is of low height, the
strategy positions the arm in front to raise the front part of the robot’s
body sufficiently to overcome the obstacle (see Fig. 21a). However, if the
obstacle is of significant height, the arm contacts the ground behind the
robot, inducing a rotation of the platform that will lift and rotate around
a point located at the front of the tracks to align parallel to the obstacle
(vertical). Subsequently, in a second movement, the arm presses down
on the ground again to produce a second rotation of the platform, which
afterwards rotate around the point on the tracks that contacts the
pinnacle of the obstacle, positioning it adequately to overcome the
obstacle through traction on the tracks.

The same principle is followed by the tracked robot HMR, developed
by Ben-Tzvi [120], which consists of a mobile platform from which a
2-link arm with 3 DOF and two passive wheels (elbow and end, see
Fig. 21b) can be deployed (and folded). This design allows it to execute
the same obstacle-overcoming strategy as described for the Helios VII
robot. Furthermore, the subsequent robots, Helios VIII [121] and Helios
IX [122], have also been developed based on the same principle of ac-
tion. In these cases, the wheels at the end have been removed, and only
the passive wheels at the elbow remain, which are still useful for
assisting the robot in overcoming obstacles according to the described
strategy.

On the other hand, the Alacrane robot (modified) designed for rescue
operations consists of a robust tracked platform and a 6-DOF hydraulic
manipulator with a rigid and sturdy metal claw as its end effector. This
claw can make contact with the ground to lift the front part of the robot’s
body and assist it in overcoming obstacles (Fig. 21c). Due to the robot’s
large size and the articulation limitations of the arm, a strategy was
designed in [123], which is executed sequentially and cyclically: the arm
in contact with the ground raises the robot’s body slightly, which then
advances to touch the obstacle. At this point, the arm loses contact with
the ground and is retracted/extended to reposition the COG and to
prevent tipping. Subsequently, it makes contact with the ground again to
lift the robot’s body a bit more, allowing it to advance over the obstacle.

Additionally, in [124], a strategy is described that is used by HEAP,
an excavator robot equipped with 4 wheels mounted on legs and
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Fig. 21. Robots with ground-contacting arm: (a) Helios series [119,121,122]; (b) HMR [120]; (c) Alacrane [123]; (d) HEAP [124]; (e) Lazaro [125].

provided with an arm with a rigid and sturdy shovel as its end effector,
which can also be utilized as a tool to assist the robot in overcoming
obstacles (Fig. 21d). In this case, the arm does not have the articulation
limitations of Alacrane. Therefore, the strategy for overcoming obstacles
includes the following steps: first, the arm makes contact with the
ground to lift the front part of the robot’s body, which, after advancing,
can be positioned on the obstacle. Subsequently, by relocating the end
effector of the arm, a new point of contact with the ground can be
generated to lift the rear part of the robot, allowing it to complete the
obstacle traversal. This same strategy is employed by the Lazaro robot
[125], which features an arm equipped with two joints and a wheel as its
end effector, designed especially to provide an additional point of con-
tact with the ground that can be used to enhance its stability against
tipping and for overcoming obstacles (Fig. 21e).

After examining the operation of 108 robots capable of overcoming
obstacles, Table 1 provides a summary of relevant parameters for a
group of these robots (those for which information was provided by the
researchers). In addition to basic information such as dimensions, mass,
maximum speed, and operational type, three key parameters stand out:
wheel radius (r; or pulley radius in tracked systems or nominal radius for
transformable or segmented wheels), maximum obstacle height the
robot can overcome (Ho), and the Ho/r ratio, which quantifies the ro-
bot’s ability to overcome obstacles independently of wheel size. In this
sense, it is verified under which procedure (source) the Ho/r ratio was
obtained, highlighting three alternatives: a theoretical definition
derived from equations and based on dimensional limitations of the
robot; definition through simulations, mostly conducted via multi-body
dynamic simulation, and finally, experimental definition through tests
where robots overcome obstacles of varying heights.

On the other hand, the number of degrees of freedom (DOFs) used by
the robot for obstacle traversal (including traction and articulations) is
also quantified. When analyzing these parameters, it is generally found
that a higher number of DOFs increases the robot’s ability to overcome
obstacles. This factor, while influential, is not determinative, as robots
with fewer DOFs were also found to have a good capacity for over-
coming obstacles, which is associated with appropriate design charac-
terized by the use of parts (e.g., links) with suitable lengths. This allows
the robot to enhance its ability to overcome obstacles despite having
fewer DOFs. Based on these findings, it can be concluded that the ability
to overcome obstacles, although associated with the implemented
obstacle traversal strategy, is also strongly dependent on appropriate
and optimized design.

Therefore, Table 2 is presented, listing some additional parameters
that designers have possibly considered for the design of the studied
robots. These parameters include: optimization in the sizing of the robot
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to achieve efficient overcoming of the obstacles considered as minimum
requirements; structural robustness to achieve high resistance to
demanding tasks; adaptability or the robot’s ability to adjust to the
obstacle to overcome it comfortably; energy efficiency, considered in the
selection of low-consumption actuators and in the optimal sizing of the
parts.

On the other hand, other parameters were also observed that some
authors took into consideration and are related to the operation of the
robot during the execution of the overcoming strategy. These include:
real-time performance, which involves evaluating processes at each
instant to ensure efficient task execution; optimization of the over-
coming process, adjusting movements and actions to achieve obstacle
overcoming with minimal energy consumption and/or processing;
handling of unknown obstacles, through sensory systems that allow the
characterization of any obstacle and its overcoming (as long as they do
not exceed the dimensional capabilities of the robot); applicability in
2D/3D, or the capacity of the strategy to allow the overcoming of fully
irregular obstacles (3D) or structured ones that can be modeled in 2D (e.
g., steps); scalability, or the ability to adapt to an increase in re-
quirements; and finally, the nature of the strategy, which can be delib-
erative or reactive; in this regard, it was observed that almost all studied
robots use reactive strategies based on the activation of behaviors and/
or movements when obstacles are detected. Only in some cases was a
deliberative strategy observed where a sequence of movements is
planned and executed to overcome the obstacle.

Finally, Table 2 includes a column indicating those robots that have
already been implemented in real-world applications where there are
irregular terrains with obstacles. These robots have mainly performed
tasks such as planetary exploration, search and rescue, agriculture, se-
curity, surveillance, counter-terrorism, firefighting, and cargo
transportation

3. Discussion

After reviewing all types of robots capable of overcoming obstacles
and describing all the strategies they employ, five principles have been
determined to define the strategies for overcoming obstacles. The design
of a strategy will be based on the use of one of these principles or their
combination. These are described below:

a. Adaptation to the obstacle’s shape: In this case, the robot has an
active or passive mechanism that allows the traction-generating
element (wheels or tracks) to adapt to the irregular terrain or ob-
stacle’s shape without losing contact with the ground, thereby
optimizing traction while avoiding instability due to discontinuous
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Table 1
Dimensions and characteristics of robots that overcome obstacles.
Name of robot Dimensions Mass (Kg) functioning V (m/s) r (m) H, (m) Hy/r Source Dof
L x W x H (m)

SLATS [10] 1.65 x 1.40 x 0.80 420.0 Passive suspension 0.196 0.225 0.27 1.20 S 6
Sojourner [12,13] 0.65 x 0.48 x 0.30 11.5 Rocker bogie 0.007 0.065 0.20 3.08 E 6
Spirit and opportunity [14] 1.50 x 2.30 x 1.50 176.5 Rocker bogie 0.046 0.125 0.20 1.60 E 6
Curiosity [15,126] 2.80 x 2.80 x 2.20 899.0 Rocker bogie 0.042 0.250 0.75 3.00 E 6
Lunar explorer [18] - - Links for passive suspension 0.090 0.150 0.28 1.87 S/E 6
WMR [19] 0.43 (L) - Links for passive suspension - 0.060 0.17 2.75 E 6
Shrimp [21] 0.60 x 0.20 (L x H) 3.1 Links for passive suspension - 0.055 0.22 4.00 S/E 6
Octal Wheel [26] - 15.0 Wheels on structures — 0.103 0.20 2.00 E 8
Epi.q-1 [27,127] 0.36 x 0.28 x 0.16 2.6 Wheels on structures 0.500 0.025 0.09 3.60 E 4
Hanzo [29] - - Wheels on structures 2.700 0.200 0.33 1.65 E 4
Six-wheeled robot [30] 0.40 x 0.36 (L x W) 10.7 Wheels on structures 0.010 0.078 0.09 1.16 S/E 4
Asguard [35] 0.95 x 0.50 x 0.44 9.5 Segmented Wheels 2.000 0.220 0.34 1.54 T 4
Impass [37] - - Wheels with appendages - 0.550 0.91 1.65 T 6
Hexapod robot [38] 0.50 x 0.40 x 0.14 4.3 Wheels with appendages 0.216 0.135 0.22 1.63 E 6
Q-Whex [39] 0.28 x 0.20 x 0.04 2.4 Segmented Wheels 0.067 0.12 1.86 E 6
Land Devil Ray [40] 0.3 (W) 1.5 Transformable wheels - 0.100 - 2.80 E 4
Step [41] - 30.0 Transformable wheels 0.333 0.125 0.12 0.96 E 2%
Fuhar [32] 0.44 x 0.25 x 0.27 9.8 Transformable wheels 2.200 0.044 0.17 3.96 S/E 8
OmniWheg [42] 0.51 x 0.47 x 0.25 5.5 Transformable wheels - 0.190 0.26 1.37 E 8
TurboQuad [44] 0.71 x 0.37 x 0.16 18.5 Transformable wheels - 0.105 0.14 1.38 E 8
Wheel-Legged [45] - — Transformable wheels 0.099 0.045 0.12 2.67 E 3
o-WaLTR [47] 0.72 x 0.59 x 0.30 11.0 Transformable wheels 0.500 0.110 0.22 2 E 4
Wheel-legged hybrid robot [48] 0.60 x 0.40 x 0.15 5.0 Transformable wheels 0.075 0.16 2.13 S 4
Self-morphing robot [49] 0.21 x 0.19 x 0.70 0.3 Transformable wheels 1.820 0.035 0.05 1.33 E 2
Transleg [51] 0.34 (L) - Links on wheels 0.055 0.055 0.09 1.71 S 8
Tracked Robot [52] - 62.0 Tracks 0.600 0.250 0.36 1.44 T 2
Raposa [55] 0.75 x 0.37 x 0.18 27.0 Multiple tracks 0.500 0.09 0.17 1.89 E 3
Connected crawler [56] 0.35 x 0.13 (L x W) 0.6 Multiple tracks - 0.02 0.15 7.50 E 4
LMA [61] 0.4 (L) 34.0 Reconfigurable tracks - 0.074 0.18 2.43 S/E 3
VSTR [63] 0.80 x 0.56 x 0.15 34.0 Reconfigurable tracks - 0.075 0.32 4.27 E 3
RTMBot [64] 0.70 x 0.50 x 0.30 - Reconfigurable tracks — 0.045 0.20 4.44 T/E 4
Paw [68] 0.49 x 0.17 (L x H) 20.9 Legs with wheels - 0.032 0.14 4.50 T/E 8
Hylos II [72] 0.70 x 0.45 (L x W) 20.0 Legs with wheels 0.600 0.075 0.19 2.53 E 12
Crank-wheel [87] 1.20 x 0.59 x 0.31 28.0 Legs and wheels 0.066 0.100 0.30 3.00 T 2
Tracked robot [91] 1.20 x 0.50 x 0.37 58.0 Legs with tracks 1.000 0.105 0.50 4.76 T/E 10
ResQuake [95] 0.80 x 0.40 x 0.26 25.0 Legs with tracks 0.320 0.130 0.40 3.07 E 6
Tracked rescue robot [98] 0.81 (L) 38.0 Legs with tracks - 0.100 0.19 1.9 E 3
Body Rotational Robot [111] 0.60 x 0.46 x 0.45 15.3 Body reposition 0.005 0.080 0.19 2.36 E 5
Rstar [112] 0.21 - 0.24 (L) - Body reposition 0.029 0.06 1.89 S/E 4
Fuma [113] 0.63 x 0.59 x 0.89 30.0 Additional link 1.000 0.150 0.33 2.20 E 3
Mantis 2 [115] 0.35 x 0.30 x 0.20 - Additional link 0.638 0.055 0.16 291 T/E 4
Swing arms robot 0.77 x 0.58 x 0.56 18.8 Additional links 5.200 0.073 0.23 3.2 T 8
Helios VII [119] 0.71 x 0.63 (L x W) 84.0 Arm touching the ground 0.200 0.115 0.59 5.13 S 6
Helios VIII [121] 0.54 x 0.49 (L x W) 43.0 Arm touching the ground 0.833 0.101 0.46 4.55 E 6
Helios IX [122] 0.57 x 0.49 (L x W) 38.0 Arm touching the ground 1.667 0.101 0.47 4.65 E 6
HMR [120] 0.81 x 0.63 x 0.18 65.0 Arm touching the ground 1.000 0.090 0.70 7.78 E 4
Lazaro [125] 0.47 x 0.43 x 0.25 26.0 Arm touching the ground 0.280 0.075 0.14 1.87 T/S/E 4

L x W x H:length, width and Height of the robot; r: track o wheel radius (nominal radius in case of robots with transformable or segmented wheels). V: max. velocity
of the robot; H,: Max. height of the obstacle that the robot can overcome; H,/r: Height-to-wheel-radius ratio; T: theorical; E: experimentation; S: Simulation; DOF:
actuated degrees of freedom involved in the process of overcoming obstacles (including traction and articulations).

(*) Steering is not possible for this robot.

ground contact. Some robots that use this principle are equipped
with passive and active suspension.

. Use of traction: These robots maximize the traction generated by
their wheels or tracks to overcome obstacles, mainly by creating
tractive forces resulting from friction large enough to provide the
thrust needed for some parts of the robot to scale obstacles upon
contact, even in cases where the obstacle’s shape does not facilitate
overcoming it (e.g., vertical obstacles). Additionally, traction allows
parts of the robot that have passed the obstacle to pull the rest of the
robot to complete the task. Examples in this group include robots
with angled attack tracks, reconfigurable tracks, some modular ro-
bots, and robots with body repositioning.

. Positioning parts on the obstacle: This is the most commonly used
mechanism and involves placing parts of the robot onto the obstacle,
even if those parts lose contact with the ground. In this case, stability
is ensured by the remaining parts of the robot that still touch the
ground, creating a viable support polygon to prevent tipping.
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Complete obstacle traversal is achieved either by the successive
positioning of parts on the obstacle (walking) or by using traction to
pull the rest of the robot and complete the task. These robots include
those equipped with wheels and legs, wheels with legs, legs and
tracks, transformable wheels, wheels on rotational structures, among
others.

d. Redistribution of reaction forces: This mechanism allows the robot

to modify the magnitude of reaction forces between the traction el-
ements of the robot and the ground, increasing some to enhance
ground friction and, consequently, traction, or decreasing them to lift
a part of the robot that contributes to overcoming obstacles. This
mechanism has been observed in some robots with active suspension
that increase or decrease reactive forces using an actuator that adds
energy to the suspension system and in robots with body reposi-
tioning that change the COG’s location, achieving the redistribution
of reaction forces between the robot and the ground.
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Table 2
Parameters considered in the design of robots for obstacle overcoming.

Name of robot Dimensional Robustness  Scalability =~ Adaptability =~ Energy Real-time optimization of the Handling of Applicability in Implementation in real-world
optimization efficiency performance overcoming process unknown 2D/3D applications
obstacles
Sojourner [13] v \/ \/ \/ Vv 3D Planetary exploration
SLATS [10] v v v 2D -
Spirit and YV v v v v v v 3D Planetary exploration
opportunity [14]
ATV [16] Y/ Vv Y/ 3D Forest exploration
WMR [19] % v v % % v v 2D -
Shrimp [21] \/ \/ 3D Mining, construction, agriculture
and search
Six-wheeled robot v/ Y/ 3D _
[24]
Epi.q-1 [27,127] v v v v v 3D -
Six-wheeled robot \/ \/ \/ 3D -
[30]
Whegs 11 [34] v v v v 2D -
Asguard [35] v v v v v v v 2D Security, surveillance
Levo [36] v v v v 2D -
Impass [37] \/ \/ 2D Search and rescue, reconnaissance
and anti-terrorist response.
Hexapod robot [38] v v v v 2D -
Q-Whex [39] v v v v v v 3D Search and rescue, reconnaissance
surveillance
Land Devil Ray [40] \/ \/ \/ \/ \/ \/ 2D Search and rescue
Step [41] Vv v v v 2D -
OmniWheg [42] v v v v v v 2D -
TurboQuad [44] v v v 2D -
Wheel-Legged [45] v v v 2D -
Military Surveillance v v v v 2D military surveillance
Robot [46]
Wheel-legged hybrid v v v v 3D Counterterrorism, detection and
robot [48] reconnaissance
Dual-crawler-driven v v 2D -
[53]
ROBHAZ-DT3 [54] v v v v v v 3D Search and rescue
RAPOSA [55] \/ \/ \/ \/ 3D Search and rescue
Connected crawler \/ \/ 2D -
[56]
TAQT Carrier \/ \/ \/ v 2D Freight transport
Firefighting robot \/ \/ \/ \/ 2D Firefighting
[59]
Track Walker [60] v v v v 3D Exploration
LMA [61] v v v 2D -
VSTR [63] v v v v v v v 3D Real rescue operations
RTMBot [64] v v v YV 2D -
PAW [68] v v 2D -
Complios [69] \/ \/ \/ \/ \/ \/ 3D -
MHT [70] v v v 3D -
Hylos II [72] v v v v 2D -
ANYmal [73] v v v v v v Vv 3D Exploration
MAMMOTH [76] v v 3D -
Octopus [78] \/ \/ \/ \/ \/ 2D -
6-leg/wheel v v v 2D -

mechanism [79]

(continued on next page)
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Table 2 (continued)

20nQ "D’ pup DRDD WL

Name of robot Dimensional Robustness  Scalability =~ Adaptability =~ Energy Real-time optimization of the Handling of Applicability in Implementation in real-world
optimization efficiency performance overcoming process unknown 2D/3D applications
obstacles
BIT-NAZA [80] v Vv v 2D -
Ascento [83] \/ \/ 2D -
Jumping robot [84] v v v 3D -
Wheeleg [86] v v 2D -
HyTRo-I [88] v v v v v 2D -
MINBOT-I [91] \/ \/ 2D Mine search and rescue
MINBOT-II [92] v v v v v 3D Mine search and rescue
Tracked rescue v Vv Vv v 2D Search and rescue
mobile robot [98]
Spider-leg [100] v v v v v 2D -
Azimut [101] v Vv v v Vv vV 3D -
Mobit [102] v/ v/ v YV -
Wheel-tracked v v v v 2D -
mobile robot [103]
WheTLHLoc [104] v v v v 2D -
AMOEBA-I [106] v v 3D -
JL-2 [109] v v v 2D -
Modular robot with v v v 3D -
wheels [110]
Four-wheeled robot v v 2D -
[111]
RSTAR [112] v v v v v v v v 2D -
FUMA [113] v v 2D Search and rescue
Mantis 2 [115] v \/ v v 3D Surveillance and inspection
Robot with swinging \/ \/ \/ 2D -
arms [118]
Helios VII [119] v v v 2D Search and rescue
Helios VIII [121] v v v v v 2D Search and rescue
Helios IX [122] v v v YV v 2D Search and rescue
HMR [120] v v v 3D Search and rescue, military

operations and inspections
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e. Jumps: This novel mechanism uses the principles of dynamics to
facilitate the complete elevation of the robot, meaning that all con-
tact points of the robot with the ground are simultaneously lost for a
brief moment. In this case, the robot is propelled to jump over the
obstacle and overcome it, landing in a position that allows it to
maintain stability and continue its journey. This mechanism was
observed in robots equipped with wheeled legs designed for this
purpose.

These principles greatly influence the morphology of the robot,
which must meet a set of requirements defined during the early stages of
robot development, and they have a significant impact on its efficiency
in performing the task of overcoming obstacles. Finally, the following
requirements are listed:

(a)

(b)

()

@

Definition of the operation principle and strategy for obstacle
overcoming: It is necessary to preselect the principle to be used
for overcoming the obstacle (according to the principles listed
previously). In this regard, new robots can be defined that
combine these principles in a way that allows for greater effi-
ciency and versatility. Based on this, a specific strategy must be
designed for the robot to follow in overcoming obstacles, ac-
cording to a chosen paradigm for its implementation: delibera-
tive, if all the robot’s actions are planned before starting the
obstacle overcoming; reactive, if the robot adopts unplanned
actions as it encounters obstacles; or hybrid, if there is a combi-
nation of both approaches.

Definition of mechanical systems and mechanisms: This includes
defining a morphology and DOFs according to the type of
obstacle to be overcome and the desired strategy to be imple-
mented. It is important to develop new mechanisms that consider
multiple motion systems, as they are effective for facing different
situations. Additionally, the design of deployable mechanisms
can be considered to place a component of the robot on the
obstacle to be overcome, as this facilitates the subsequent over-
coming process, according to the strategy to be implemented.
Robot sizing: The robot must have dimensions in its movable
and fixed parts, as well as sufficient joint limits to overcome the
obstacle. It is important to note that the dimensions and shape of
the obstacle should be obtained before starting the overcoming
strategy, so that it can be evaluated whether the robot has the
dimensional and joint capabilities to overcome it, knowing that
these capabilities are typically established in the robot’s design
phase.

Traction and suspension systems: The robot must have sufficient
mechanical capabilities to overcome the obstacle; these capabil-
ities are typically related to the mechanical limitations of the
actuators. For example, the maximum torques generated by the
traction motors must be sufficient to pull the robot over the
obstacle and facilitate its progress, or the maximum torques/
forces generated by other actuators must be sufficient to lift the
robot and overcome the obstacle. This requirement is usually
considered during the robot’s design phase and is defined
considering the maximum dimensions of the obstacle that is
intended to be overcome.

Additionally, the robot must have appropriate grip to enable it
to advance and overcome the obstacle. This requirement must be
addressed from two perspectives: firstly, defining appropriate
suspension systems that allow continuous contact of the traction-
generating elements (e.g., wheels) with the ground; secondly,
studying the terrain mechanics or contact characteristics between
the robot and the ground that must be evaluated before or during
the execution of the overcoming strategy based on aspects such
as: the type of terrain (hard, with particles) and its characteristics,
such as friction.
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(e) Use of advanced materials: The use of lightweight yet durable
materials such as carbon composites and advanced alloys ensures
durability without compromising maneuverability. For elements
in contact with the ground, materials with appropriate charac-
teristics such as friction coefficients should be selected to ensure
grip and traction. This is crucial for operations in hostile or un-
known environments.

(f) Perception systems and sensors: The robot must have a set of
appropriate sensors that allow it, first of all, to perceive the
environment to obtain data aimed at detecting an obstacle,
characterizing it, and estimating its dimensions. This includes the
integration of a set of state-of-the-art sensors, including LiDAR,
sonars, and stereoscopic cameras, which allow detailed percep-
tion of the environment to identify and classify obstacles. Addi-
tionally, the robot must have other sensors that allow it to
evaluate its state during the obstacle overcoming process, to
ensure that it operates within normal functioning parameters and
that the strategy is being executed as planned.

(g) Energy Autonomy: During the design phase, it is essential to
consider integrating an autonomous energy system, which will
undoubtedly require physical space for energy storage and/or
generation, affecting the sizing and weight of the robot. In this
regard, technologies such as solar power or new high-capacity
batteries can be considered to extend operations without the
need for frequent recharges.

(h) Robust Control: Robust control strategies must be developed to
enable the robot to respond to unexpected changes in the envi-
ronment and maintain navigability. These strategies should take
into account factors such as the slope of the obstacle, terrain
friction, and external disturbances.

(i) Standardized Evaluation Methods: Developing standardized
methods to compare the performance of mobile robots in over-
coming obstacles under various conditions is crucial. These
methods should include evaluation of design optimization, effi-
cient environment detection and characterization, operational
optimization, energy savings, and effectiveness in overcoming
obstacles.

(j) Experimental Validation: Prioritizing experimental tests in
realistic conditions over simulations is crucial. Simulations often
cannot replicate all the real variables that the robot will face in
environments such as planetary exploration, agriculture, and
outdoor surveillance. Conducting tests in these scenarios helps
evaluate the practical applicability of the developed robot.

(k) Adequate Navigability: the robot must meet criteria to ensure its
navigability or the ability to move on the terrain. This includes
aspects such as the robot’s ability to overcome the obstacle
without causing a rollover that would render the robot unusable
(rollover stability) [125,128]; the ability to move without losing
its position due to total slippage [129], and the ability to steer
[130], in cases where the robot needs to change its trajectory
during obstacle overcoming. These aspects should be evaluated
before or during the strategy execution (depending on the degree
of reactivity) to guarantee success in fulfilling this task.

(1) Integration of Artificial Intelligence: Finally, the use of Al is
enabling the development of innovative robots that can imple-
ment variable strategies for overcoming obstacles and adaptive
control, achieving adaptability, learning, and real-time decision-
making. This is essential for improving the navigability of robots
in dynamic environments with irregular and changing
topography.

4. Conclusions
This article provides a comprehensive review of 108 ground mobile
robots with wheels designed to overcome obstacles. The study classifies

these robots into six main categories based on their operating principle
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and obstacle avoidance strategy. From the analysis conducted, it was
found that both defining the obstacle avoidance strategy and optimizing
the robot’s design are crucial for achieving efficient obstacle over-
coming. This suggests that robot designers must carefully consider both
the physical aspects of the robot and the control algorithms that guide it.
In this regard, an analysis of the various requirements to design efficient
robots for the obstacle overcoming task was conducted.

Among these requirements, the importance of robot sizing, along
with the design of traction and suspension systems, stands out, allowing
for improved adaptability, maneuverability, and ground contact, espe-
cially on uneven terrains. Specifically, these systems enable the robot to
adapt to the irregularities of the terrain and maintain traction by
ensuring a normal contact force with the ground, which is essential for
overcoming obstacles. On the other hand, the study emphasizes the need
for robust control strategies that enable the robot to respond to unex-
pected changes in the environment and maintain navigability. These
strategies must consider factors such as obstacle slope, terrain friction,
and external disturbances.

Additionally, from this study, some relevant factors for the design of
future robots can be considered, including exploring new designs that
combine different operating principles and obstacle overcoming strate-
gies for greater efficiency and versatility. Furthermore, prioritizing the
need for experimental validation over simulation is crucial to evaluate
the practical applicability of designed algorithms since it considers
multiple factors that cannot be accounted for during simulations. It
would be worthwhile for this validation process to include realistic tests
in scenarios where these robots normally operate: planetary exploration,
agriculture, outdoor surveillance, search and rescue in disaster areas,
among others.

Moreover, it would be valuable to investigate more advanced
obstacle overcoming strategies that leverage artificial intelligence to
enhance adaptation, learning, and real-time decision-making. This
would improve the efficiency in the navigability of wheeled ground
robots in dynamic environments with irregular and even changing
topography, such as terrains with loose obstacles (rocks, logs, etc.) that
the robot needs to overcome. This should be associated with studies that
improve the integration of sensors and perception systems to increase
the situational awareness of the robot and its ability to navigate complex
terrains.

Finally, standardized evaluation methods should be developed to
compare the performance of different wheeled mobile robots for
obstacle overcoming under various conditions. These methods should
include the evaluation of design optimization, efficient environment
detection and characterization, operational optimization, energy sav-
ings, effectiveness in the obstacle overcoming process, among other
aspects.
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