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Robots are becoming integral to society and industries due to their enormous
advantages. Among the various categories of mobile robots, including wheeled
robot, tracked robot, and legged robots, the latter stands out as a better choice
for most field applications due to their adaptability across various terrains. The
purpose of this review is to study the locomotion capabilities of quadruped robots
and judge their suitability for climbing applications as most unexplored
applications of automation and robotics are required to climb. This review
explores the locomotion capabilities of quadruped robots. It covers different
aspects of quadruped robots like types of legs, leg design, gait patterns, and their
mathematical formulations, and types of motions like omnidirectional motion
and body sway motion. It also emphasizes its fault-tolerant gait, adaptability, and
reliability. The paper also focuses on slope and stair climbing, outlining design
requirements and applications. The study includes an examination of the
applicability of various gaits under different conditions and the methods for
increasing stability without compromising speed. Overall, the review serves as a
valuable resource for future research in this field.

KEYWORDS

quadruped robot, climbing robot, legged robot, fault-tolerant design, gait planning,
dynamic analysis

1 Introduction

Robots are becoming integral to society and industries due to their enormous
advantages. Industrial robotic manipulators have already secured their position in many
automobile and electronic industries and are growing in numbers every year. Mobile robots,
which have pros in mobility and maneuverability, are also used in many applications like
interplanetary missions and nuclear power plants (Takano, 1990; Driewer et al., 2005;
Shiroma et al,, 2005). Quadruped robots have a high load carrying capacity and better
stability than biped or humanoid robots. Compared with multi-legged systems, they have
broader leg space, less mechanism redundancy, and a lower level of complexity but also
lower stability. Due to the emergence of AI and machine vision, the applicability of mobile
robots is increasing significantly. Mobile robots can be classified into wheeled robots,
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Varieties of quadruped locomotions.

tracked robots, and legged robots. Even after many technological
advancements in wheeled and tracked vehicles, their mobility is
limited to plain and less rough terrains. Even if we develop one robot
capable of traveling in rough terrain, speed must be compromised
heavily (Sintov et al., 2011; Pfotzer et al., 2017; Sun et al., 2017; Zhao
etal., 2018). To resolve the problem, we can look into the solution in
nature. All animals and humans can access much of Earth’s
landmass with their legs. Although it is less stable, slower, and
needs a complex blend of features, it has been the locomotion of
almost all creatures due to its phenomenal advantages. A legged
robot has a bionic structure, proven to be most efficient in theory,
and due to this reason, researchers have started exploring this
domain since the 1960s (Menon and Sitti, 2005; Zhang et al,
2014; Xu et al,, 2019; Zhang et al., 2019).

Even though many path-breaking experiments and simulations
have been carried out, the technology has not reached the mark to be
used extensively in prospective applications like defense, nuclear
plants, and assistance for people with disabilities. The reason behind
this lag is due to its complex system design. Although the legged
robot can have two, six, or more legs, the four-leg system is a good
trade-off between stability and complexity (Sun et al, 2017;
Digumarti et al., 2014; Suzumori and Faudzi, 2018). One of the
pioneer scientists who conducted research on legged robots, Shigeo
Hirose, reported that the “Quadruped robot is the best form of
legged robots from the aspects of stability, control difficulty, and
manufacturing cost.” Quadrupeds are logically a better choice for
most applications regarding stability and control. Decreasing legs
results in instability issues, and increasing portions makes control
critical (Pongas et al., 2007; Tsukagoshi et al., 2014; Chen et al., 2015;
Li, 2017). Figure 1 shows the different locomotion patterns available
for quadruped robots in research and development.

Quadruped locomotion is classified into categories of statically
stable and dynamically stable. The former is suitable for rough
terrain, where speed is to be compromised, but the actual purpose of
a legged robot, i.e., maneuverability, can effectively be explored. The
basic principle of the statically stable robot is that the vertical
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projection of the center of gravity of the robot on horizontal
ground must always fall inside the support polygon formed by
the supporting legs. Researchers have designed many kinds of such
walks, i.e., wave, discontinuous, body sway, zigzag, crab, spinning,
turning, and omnidirectional, sophisticatedly keeping this criterion.
In dynamics walk, the robot is not stable at every instant. Still, in a
run cycle, it is made stable dynamically by keeping the center of
pressure, ie., the resultant of all the forces inside the support
polygon (Gor et al, 2013; Giilhan and Erbatur, 2018). When
animals like tigers and leopards run, they follow this dynamic
gait in which speed can highly be increased.

In this study, statically stable gait is considered, and its
applicability under different conditions and the possibility of
increasing stability without compromising speed are explored.
Section 2 highlights the various legs and gait patterns for a
quadruped robot. Section 3 discusses the mathematical
formulation of different gaits for motion requirements. The
design requirements for the climbing application are discussed in
Section 4. Section 5 highlights the various applications of a
quadruped climber robot. Discussion and recommendations are
included in Section 6, and concluding remarks, along with the future

directions, are presented in Section 7.

2 Design of legs and gait pattern for a
quadruped robot

The varieties of leg designs that can be incorporated for
quadruped robots are presented in Section 2.1. The gait pattern
is the most crucial parameter for a mobile robot. Different gait
patterns for a quadruped robot are discussed in Section 2.2.

2.1 Various quadruped legs

The leg design of a quadruped robot is a crucial factor that
directly impacts its locomotion, stability, adaptability, and overall
performance. There are several leg design options for quadruped
robots, and the choice depends on the specific application and
requirements, some of which are discussed as follows.

« Rigid legs: Rigid legs are the simplest leg design and consist of
solid links connected by joints (usually rotary joints). They are
sturdy and straightforward, making them suitable for applications
with relatively flat terrain (Tedeschi and Carbone, 2014).

Articulated legs: Articulated legs have multiple segments
connected by joints, allowing more degrees of freedom. These

legs provide enhanced flexibility and can navigate uneven terrains
and obstacles effectively (Tsitsimpelis et al.,, 2019).
o Parallel mechanism legs: Parallel mechanism legs use
multiple linkages connected in parallel, providing increased
stability and load-carrying capacity. These legs are often used
in heavy-duty applications or scenarios where stability is
critical (Wang et al., 2013).
Insect-like legs: Inspired by insect locomotion, insect-like legs

have joints and segments that mimic the movements of real
insects. They offer high agility and adaptability to complex
terrains (Roennau et al.,, 2013).
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Capabilities of different legged robots.

Multi-degrees of freedom (DOF) legs: Multi-DOF legs have
more than three degrees of freedom, enabling sophisticated
movements and better grasping capabilities. These legs are
often used in research and advanced robotics applications
(Hashimoto, 2017).

Spring-loaded legs: Spring-loaded legs use mechanical

springs to absorb shocks and vibrations during locomotion.
They are suitable for rough terrains and can provide smoother
movements (Mooney and Johnson, 2014).

Hydraulic/pneumatic legs: Some hexapod robots use

hydraulic or pneumatic actuators in their legs for enhanced

power and load capacity. These legs are commonly found in
heavy-duty  industrial  applications  (Suzumori  and

Faudzi, 2018).

« Passive compliance leg: Passive compliance legs use flexible
materials or mechanisms to allow a certain level of compliance
during environmental interactions. This compliance helps
prevent damage to the robot and enhances safety.

o Bio-inspired legs: Biomimetic or bio-inspired legs take
inspiration from the anatomy and movement of animals,
such as mammals or arthropods. These legs often improve
performance in specific environments, such as climbing or
swimming (Vidoni and Gasparetto, 2011).

o Wheeled-leg hybrid: Some hexapod robots feature legs with

integrated wheels, providing both legged and wheeled

locomotion options. This design allows the robot to switch
between walking and rolling modes based on the terrain (Sun

et al,, 2017; Bai et al., 2018).

The selection of the leg design depends on factors such as the
application, terrain, payload capacity, speed requirements, power
source, and cost constraints. Each leg design has its advantages and
limitations, and researchers and engineers often choose or design leg
configurations that best suit the specific needs of the intended tasks
of the hexapod robots. Figure 3 shows the continuous gait pattern.
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FIGURE 3
Continuous gait pattern.

2.2

Varieties of quadruped gaits

Quadruped robots, or quadrupeds, use different gaits for
locomotion, each offering unique advantages and characteristics.

A comparison of various quadruped gaits is presented as follows.

Walking gait: In the walking gait, the quadruped moves, each
leg coordinated, mimicking the walking pattern of animals like
dogs and cats. This gait provides stability and is energy-efficient,
making it suitable for slow and steady movements (Yang, 20082).
Trotting gait: The trotting gait involves diagonal pairs of legs
moving together, while the other diagonal pair moves together
alternately. For example, the front left and back right legs
move together, while the front right and back left legs move
together. Trotting allows for faster locomotion than walking
while maintaining stability (Yang, 2008a).

Pacing gait: The pacing gait is similar to the trotting gait, but
the legs on the same side of the quadruped move together. For
instance, both left legs move together, followed by both right
legs. Pacing offers increased speed compared to trotting but
may sacrifice some stability (Article, 2015).

Bounding gait: In the bounding gait, the quadruped combines
walking or trotting, followed by a period of suspension or flight,
during which all four legs are off the ground. This gait provides
high speed and agility, but it requires more energy (Article, 2015).
Galloping gait: The gait is characterized by a sequence of one
hind leg, followed by the other back leg and the front legs
moving together. Galloping allows for high-speed locomotion
but can be less stable than other gaits.

Crawling gait: In the crawling gait, the quadruped moves with
its body close to the ground, using its legs to crawl forward.
This gait is suitable for navigating tight spaces and rough
terrains (Suzumori and Faudzi, 2018).

Climbing gait: Quadrupeds can employ specialized climbing
gaits when moving on vertical or inclined surfaces. These gaits
involve alternating movements of the legs to maintain stability
during climbing (Zoppi and Molfino, 2006).

Prancing gait: The prancing gait is high-stepping, where the
quadruped raises its legs higher than usual during each
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Discontinuous gait (De Santos and Jimenez, 1995). (A) Discontinuous gait pattern for Normal Surfaces (B) Discontinuous gait pattern for

uneven terrain.

step. This gait is often seen in certain breeds of dogs and can be
used for playful or showy movement.

The choice of gait for a quadruped robot depends on its
intended application and environment. For example, walking or
trotting gaits are preferred for stability and energy efficiency in
rough terrains, while bounding or galloping gaits are used for
higher speeds in more open areas. Quadruped robots can often

Frontiers in Mechanical Engineering

adapt their gaits to different situations, utilizing patterns based on
the specific task or user input.

3 Various quadruped motions

A rigorous literature review was carried out on different aspects
of quadruped locomotion. To start from the “Walking of Animals,”
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Omni-directional gait (Zhang et al., 2004).

mathematical formulations of different walking patterns like
continuous and discontinuous gait are studied. Then, the efforts
to increase stability using different body sway motions are
investigated, and omnidirectional walking using basic gaits is
reviewed. Apart from these, when robots undergo kinematic
failure, the coping strategies discovered by researchers, named
fault-tolerance gaits, are studied in detail. Then, control architects
designed for different quadruped robots are reviewed. Figure 2
shows the control capabilities of the different-legged robots.

The scientific study of the motion of a legged robot was initiated
in 1957, when researchers started analyzing the movement of
different animals. The first studies observed the walking patterns
of quadruped animals highlighted by Muybridge and Hirose
(Animals in Motion, 1957; Symmetrical Gaits of Horses). Using a
slow-motion camera, they captured the walking of different
quadrupeds like ox, goat, tiger, lion, cat, elephant, and dog. They
identified various walking (gait) patterns like trot, walk, pace, rack,
amble, gallop, and leap.

3.1 Continuous and discontinuous gait

This section includes the mathematical modeling of continuous
and discontinuous gaits.

3.1.1 Mathematical formulations of
continuous gaits

Based on identifications of “Animals in Motion,” 1957;
“Symmetrical Gaits of Horses,” one of the pioneer researchers of
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the domain, McGhee, worked on mathematical formulations of
quadruped gait planning (Mcghee and Flkask, 1968). His significant
contribution was to give terminologies to various locomotion
properties, i.e., stride, stroke, duty factor, phase, and stability
margin. During these formulations, they studied the stability
aspects extensively and gave the formulations of the static
stability margin. In the stability computation for different gaits,
they found that, out of the possible leg-swing sequences for a four-
legged system, only six are suitable for statically stable gait. Out of
those six, only one has a maximum stability margin. Furthermore,
surprisingly, it is the same as that used by natural quadrupeds while
walking at slow speed. This gait is denoted as the creep or wave gait.
This unique optimal gait and its generation method are stated in the
paper. In these studies, the motion is straightforward, and the terrain
is assumed to be flat and obstacle-free.

Another pioneering researcher, Hirose, presented key aspects of
gait control for rough terrain (Hirose, 1084). The theory of adaptive
gait control that he proposed can accommodate the key irregularity
of the terrain. He explained the theory with an analogy of an
“Artificial Horse,” for which the controller provides general
instructions on direction and pace, but the horse (machine)
realizes the terrain irregularities and obstacles by its own
algorithms. A quadruped walking vehicle is expected to attain the
same level of intelligence.

Regarding this, all the work for quadruped locomotion was for
generating a standard, straightforward gait. The procedure to
generate a crab gait, i.e., walking at some predefined angle, was
demonstrated by Lee and Shih (1986). From this stage onward, the
need for a three-degrees-of-freedom leg becomes necessary because,
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Body sway motion (Zhang et al.,, 2005).

in a two-degrees-of-freedom leg, the workspace of the foot tip will be
only a line, which will not be sufficient for displacing the foot tip at
some angle to move the robot at a crab angle. Majithiya and Dave
(2021a) developed an algorithm to produce a circular gait to rotate
the robot about an arbitrary point, i.e., turning center on the ground.
This turning center can be placed at an infinite distance to produce a
straightforward gait. In such a way, the same gait algorithm can
produce any standard gait demonstrated until that time. This gait is
considered a generalized standard gait for many future studies.

3.2.2 Mathematical formulations of
discontinuous gaits

Until now, all the formulations and experiments are carried out
based on the types of continuous gait, mainly wave gait, in which all
the legs, as well as the body, are in motion at the same time, which
means that the body will be in motion when one of the legs is lifted.
This gait is reasonably appropriate to start the study as it was
selected by nature for animals to walk at a slow speed. However, it
was also observed that when animals walk in difficult terrain
conditions, and when it becomes difficult to maintain stability,
they use intermittent body motion instead of continuous motion.
This observation led researchers to consider applying the same
walking pattern to artificial walking machines. This kind of gait,
named discontinuous gaits, became famous as it inherently
enhances stability by allowing controlled stable adjustment
during the maneuvering of complex terrains. This decreases the
chance of destabilization over uneven terrain.

Majithiya and Dave (2021b) and Majithiya and Dave (2022)
discussed a basic discontinuous gait and, for a straightforward crab,
turning walk, and systematically compared them with continuous
gait in terms of maximum achievable velocity and stability. Energy
requirements and the control scheme are also discussed in brief. The
significant difference in this discontinuous gait was that the body
moves only when all four legs are in the support phase. One of the
main advantages of using this kind of gait is that it is much easier to
implement. In terms of performance, it produces a better
longitudinal stability margin than wave gait and can walk at a
higher velocity in medium and large duty factors. The wave gait
was initially designed for flat terrain, but practically, each terrain has
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some level of irregularity, which makes the wave gait less effective.
However, this discontinuous gait can handle slight irregularities
easily. Furthermore, in continuous gait, all the legs, i.e., all the
actuators, are in motion every instant, whereas in discontinuous gait,
only a few actuators work at a time.

It is a fundamental understanding that the lesser the number of
instantaneous powered actuators, the lesser is the power
consumption. In this regard, in discontinuous gait, the body
moves during a very small cycle duration, when all the actuators
will be required to provide power. Hence, at all other times, only one
leg moves at a time. Due to this, instantaneous powered actuators are
much less than continuous gait. Furthermore, the higher the power
requirement, the more the weight of the power source, which
directly affects the efficiency of any mobile robot. In addition, if
we can apply a break to the non-moving actuators, power
consumption can be further reduced. Figures 4A, B show the
discontinuous gait pattern in the time frame for normal surfaces
and uneven terrain.

There are two options to follow in the predefined path for
implementing discontinuous gait and its different variations like
crab, spinning, and turning for path planning. In the first option, the
body orientation remains the same and keeps following the path by
keeping the longitudinal axis of the robot constant. This means the
body does not spin about its axis. In the second way, the body keeps
rotating about its axis and always keeps its longitudinal axis tangent
to the defined path. De Santos and Jimenez (1995) studied a path
following an arbitrary trajectory with discontinuous gait and
proposed its solutions. It has also been implemented on the
RIMHO robot. The results of the experiments showed that
discontinuous gaits are efficient in terms of energy consumption.
The control architect was designed in such a way that the leg, during
its transfer phase, stops only when it touches the ground, which
makes the walking adaptive to minor irregularities of the terrain.

In the above-stated discontinuous gaits, two-phase and four-
phase gaits are shown, in which the body moves two and four times,
respectively, in one locomotion cycle. Banos et al. (1992) attempted
to simplify the gait planning of quadruped robots. A novel gait with
only one center-of-gravity movement (COCM) in a cycle is
proposed, and its reliability and stability were verified in the
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FIGURE 7
Discontinuous zigzag gait (Taylor et al., 2012).

THU-WL robot. The initial foothold pattern, leg swing sequence,
foothold lift, and placement positions are derived considering the
omnidirectional stability margin. This gait reduces complexity and is
easier to apply than all previously proposed gaits. However, the
stride is to be compromised. In simulations and experiments with
the THU-WL robot, this gait plan proved reliable and stable and is
considered a remarkable simplification of the creeping gait.
Furthermore, a systematic analysis was conducted on the
geometrical model, and few conclusions were deduced based on
that. One important inference was that, for improving stability, the
length-to-width ratio of a quadruped robot should be near one, and
the reachable area of the leg should be as close as possible to the
center of gravity of the robot body.

3.2 Omni-directional gait control

Using the above standard gaits, a gait scheme for omni-
directional travel is proposed, which uses successive gait
transitions and standing posture transformation to plan the walk
in any direction in the least possible steps and time (Liu et al., 2013;
Hu et al, 2015; Zhang et al, 2004). Figure 5 shows an
omnidirectional gait pattern.

3.3 Body sway motion

All the continuous and discontinuous gaits discussed so far have
unidirectional body motion, ie., the body will travel in a straight
line, inclined line, or spin around an arbitrary point. Calculation of
the stability and maximum possible stride (distance traveled in a
cycle) are discussed in previous studies. However, the search for a
more stable gait led researchers to discover some novel gaits that
may not be biologically inspired and found in nature but might be
more suitable for the robots. The basic idea was to keep the COG of
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Moving Direction

Support
polygon

the robot at the most stable position in the support triangle. It
needed to move the robot in a lateral direction, known as COG
adjustment or body sway motion, which increases the stability. It
also proposes solutions for the straightforward gait and solutions for
the turning gait. This method of gait planning is validated by an
experiment with a TITAN VII robot while walking on a 15-degree
slope. Figure 6 highlights the body sway motion pattern.

A crocodile inspires the performance of the quadruped robot
on a static walk gait pattern. Novel algorithms are proposed by
Messuri and Klein (2015), who first demonstrated the benefits of
body sway motion, i.e., body movement in the lateral direction.
The gait planning shown in this paper is based on a regular wave
gait. It can be used on a slope and flat terrain to considerably
increase stability with the same configuration without losing
speed. One of the methods is Y-sway motion, in which the
y-component of COG is always taken to the y-component of
the center of the support polygon without worrying about the
stability margin.

In contrast, in E-sway motion, considering the energy stability
margin, the y-component of COG is brought to the point where
energy stability is equal. The former is easier to implement and
generates a better stable walk than regular wave gaits, and the latter
provides extra stability. Both the planning methods are simple
enough to be implemented in a robot in real time and are
validated through simulations for their effectiveness on even and
slope terrain.

The advantages of quadruped robots increase with the
roughness of the terrain. It becomes important to generate a
smooth walking pattern even in a rocky environment with
continuous velocity and acceleration profiles. Pongas et al. (2007)
demonstrated a flexible walking pattern generation, which moves
the body like the number 8 by implementing sinusoidal sway in
lateral and longitudinal directions using fifth-order spline curves.
The algorithm is tested in the LittleDog robot and is proven to have
enough balance, as well as smooth movement.
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Fault-tolerance gait (Krishnan et al., 2011).

To compensate for the decrease in the stability of periodic gait,
researchers worked on different gaits (intermittent crawl gait
[Tsukagoshi et al., 2014], E-sway [Giilhan and Erbatur, 2018],
and zigzag gait [Tsitsimpelis et al, 2019]). Even after applying
these gaits, a similar level of motion was not attained as that of
the animals. Furthermore, one of the main reasons for this was the
use of the waist joint in animals to revolve their front and rear parts
concerning each other as per the requirement. Cherig et al. (1999)
added a passive one-degree-of-freedom joint in the box, and the
COG and waist joint relationship is studied. Furthermore, the
proposed discontinuous zigzag gait was implemented in a
simulation environment and on an ELIRO-II robot, and its
superiority against a single-body robot, in terms of extra stride
and higher stability, is demonstrated on a flat surface. Figure 7 shows
the discontinuous zigzag gait.

Taylor et al. (2012) generated a COG trajectory based on the
ZMP stability criterion, represented as a series of quintic spline
segments, and COG trajectory generation was formulated as an
optimization problem to minimize the squared acceleration along
the trajectory, subject to continuity and ZMP stability constraints.

Systematic gait planning is one of the most important facets of
controlling a quadruped robot on various terrains and under
different conditions. Several COG adjustment techniques have
been implemented previously. The method shown is involves
planning in which continuous velocity and acceleration profiles
are guaranteed on a rough terrain. Kalakrishnan et al. (2010), using
this planning method, divided the COG movement into two parts.
During leg swing, the COG follows a straight line to avoid extra
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acceleration and jerks. During the supporting phase, which is named
the “COG adjustment stage,” COG follows a quantic curve for
maintaining a continuous acceleration at the starting and ending
points of the adjustment stage. In this real-time planning method,
constant velocity and acceleration profiles are observed in the
simulation results, and the stability margin is more than or equal
to the minimum predefined value.

Different researchers proposed various adjustment strategies,
but in all of them, either the stability margin is reduced or the
body retrieval, i.e., movement of the body in the opposite to
forward direction, takes place, which ultimately reduces the
forward speed and increases the energy consumption that
leads to a decrease in the efficiency of the robot. Zhang et al.
(2015) proposed a discontinuous crawl gait, which is good for
irregular terrain with grass or asphalts. In this method, the duty
factor is more than 0.75, and the body only moves when all four
legs are on the ground, similar to the traits of ordinary
discontinuous gait. The only difference is that the direction of
movement of the body and the stability criterion will be different
as per the next swing leg. Before the front legs swing, the body
moves sideways and reaches the point per the modified
longitudinal stability margin criterion. On account of this,
when the next supporting swing leg is on the hind side, the
body moves forward following the static stability margin
criterion. This planning method is sophisticatedly designed to
avoid the retrieval of COG and maintain maximum stability.

Li (2017) proposed an optimized discontinuous crawl gait, in
which the movement of the COG is divided into two types. When
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Stable slope-climbing gait (Majithiya and Dave, 2021a).
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FIGURE 10
Locomotion for slope climbing by a quadruped (Konno et al., 2003)

making a lateral motion, the COG searches for a minimal distancein 3.4 Fault-tolerant gaits
the lateral direction, which can ensure a stability margin, and while
in forward motion, it searches for the maximum moving distance in
the forward direction. This improves the forward velocity by  legged system, especially while working in a hazardous environment

reducing unnecessary lateral movement. The proposed method is  like volcanic explorations and prospective interplanetary missions,
where repairing or replacing a failed component is impractical. Two

Tolerating the fault is one of the prime aspects of control of the

validated in the simulation environment of websites, and it has
proven to be faster than the previous method while maintaining a  types of kinematic failures are possible in a leg. In the first type, the

predefined stability margin value. joint cannot tolerate any load, and the leg loses its support capacity.
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FIGURE 11
Stair-climbing quadruped gait (Majithiya and Dave, 2022)

In the second type, one of the joints of a leg is locked and fails to
change its angular position further. Initial works on fault-tolerant
gaits are started for the hexapod robot and then further
implemented on quadrupeds.

Xin et al. (2016) proposed a standard straightforward and crab
gait having fault-tolerant capability for regular terrain, and based on
that, Yang and Kim (1998) proposed a gait scheme that makes the
hexapod capable of walking on a two-dimensional irregular terrain
with forbidden areas where foot placement is not possible. The fault
considered in these studies is the one in which legs are prevented
from being maintained by the supporting state, either due to a failure
of the kinematic part of a leg or a communication failure. The
proposed gait is for an uneven terrain but was also applied on even
terrain and proven to be more efficient in terms of double stride
length and fewer body adjustment steps. For uneven terrain, the
proposed gait is based on a discontinuous follow-the-leader (FLT)
gait, in which the hind legs place the feet at the same points where
the front feet are kept, reducing the efforts to find possible foot
placement areas within the forbidden region. Computer simulations
are carried out to validate the effectiveness of the proposed method
on the even and uneven terrain. Hjalmarsson and Juditsky (2000)
compared the rectangular model and hexagonal model of the
hexapod robot for fault tolerance on even terrain and the
mathematical relation between these two models. Studies show
that the hexagonal model has better turning ability, higher
stability margin, and greater stride length under certain conditions.

All the above studies are for type 1 failure of the quadruped
robot. For type 2, i.e., locked joint failure of the quadruped, extensive
study has been done, and mathematical solutions for different gaits
have been proposed by Chu and Pang (2002), Yang (2005), Yang
(2006a), Yang et al. (2006), and Yang (2009).

In the quadruped robot, gait planning with type 1 failure is
practically impossible if one leg loses its capacity to be used as a
supporting leg. Only two legs will be in support when the third leg is
in the transfer phase, which makes the system kinematically
unstable. So, all the studies on fault-tolerant gait planning are for
the type 2 failure, i.e., locked joint failure.

Yang (2008b) reported that even though three degrees of
freedom are required in each leg for omnidirectional movement,
a stable walk can also be achieved if one of the degrees of freedom is
reduced from the system. Based on this fact, a fault-tolerant gait for
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Right side view

FIGURE 12
Stair-climbing quadruped (Zhang and Song, 1989).

the legged robot is proposed, first on the quadruped robot, which
can easily be applied further to a robot having more than four legs.
The workspace of the leg, a joint that is at fault, is reduced, which
becomes a critical aspect in designing a walking algorithm with the
reduced movement of that leg. This study became a starting point for
this kind of control planning of quadruped robots. It uses
discontinuous gait for better stability. In this systematic study,
first, the type of failure and behavior of the robot with the locked
joint of joints 1, 2, and 3 are explained, and then, the gait algorithm is
proposed. This basic work assumes that the robot moves in a straight
line and on even terrain. In the end, the scheme is applied to a
traditional wave gait to verify the effectiveness of the proposed
algorithm. It is proven applicable and capable of maneuvering the
robot under such conditions.

Based on the planning scheme proposed in previous research,
crab gait planning is presented by Yang (2002) for a robot having
one locked joint failure. As the workspace of the leg is constrained,
once one of the joints is locked, the planning procedure becomes
critical in maintaining static stability and maximizing the possible
stride. In this paper, first, the locked angle range is derived to achieve
the foothold position to follow the specific foot trajectory. If the
locked angle is out of range, the body height can be changed to get it
inside the range. Then, a strategy of gait planning is proposed, in
which the motion will be of a discontinuous type, and the failed leg
will be in the supporting phase, while the remaining three legs are in
the transfer phase one after another. Then, the failed leg is lifted, and
the body propels, while the other three legs are in the supporting
phase. As a case, a periodic wave gait is taken, and the fault-tolerance
gait is implemented between wave gaits. Furthermore, an
adjustment procedure for changing the leg configuration from
wave gait to the proposed fault-tolerant gait is explained. The
initial and final positions and stride lengths of the legs are
calculated analytically. The proposed leg is stable and has the
maximum stride in a cycle.

The author’s previous work proposed fault-tolerant quadruped
gaits, straightforward (Yang, 2006a) and crab walking (Yang et al.,
2006). In both solutions, dead-lock conditions are defined, for which
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WAREC 1 [24]

FIGURE 13

Ladder Climbing
Robot [72]

Tower Climbing
Robot[73]

Ladder-climbing robot for vertical tower applications. (A) WAREC-1 (Hashimoto, 2017). (B) Ladder-climbing robot (Goel et al., 2015). (C) Tower-

climbing robot (Shah et al., 2022a).

the direct solutions of gait planning are unavailable and post-failure
walking could not be realized. Yang (2012) proposed an amended
fault-tolerant gait scheme to avoid the dead-lock kinematic
constraint. In this method, the walking pattern can be generated
under any condition without any constraints. The motion trajectory
of the failed leg changes so that the available foot points can be
obtained on the trajectory of the robot motion. Furthermore, to gain
a non-zero stability margin, the trajectory of the opposite leg is
changed as well. Here, the body trajectory is the same, and there is no
compromise in walking speed than the previously proposed fault-
tolerant gait planning.

Yang (2008a) stated that, in the gaits mentioned above, the
performance of the gait was not up to the mark in terms of speed,
terrain adaptability, and stability as those are based on one-phase
discontinuous gait, i.e., the body moves only once during the cycle.
Furthermore, the above studies are not appropriate for irregular
terrain, which is one of the main focuses for the legged robot and in
which the probability of failure is more. In this study, the two-phase
discontinuous gait is used as a fault-tolerant gait, and its better
performance is shown using simulation. For walking on irregular
terrain, one of the cases of ditch crossing and avoidance is taken, and
an algorithm is developed for it using the gait proposed in this paper
and previous papers of the author. The effectiveness of both ditch
crossing and avoidance is validated using a simulation study. The
study of fault-tolerant gait was upgraded from the flat terrain to
constant slope terrain (Yang, 2006b).

In fault-tolerant gait planning proposed in the literature so far,
the geometry of the robot is used to maintain static stability by
always keeping the projection of COG inside the support polygon,
but as the irregularity of the terrain increases, the need for a higher
stability margin increases, which is constrained to the speed of the
vehicle. If we increase the margin, the leg stride decreases, ultimately
reducing the vehicle speed. In all the above studies, the COG of the
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robot is assumed at the geometric center of its body. Yang (2005)
and Pana et al. (2008) proposed a novel idea, in which a moving
appendage was placed on the robot body, which changes the
position of COG as per the requirement, and solutions of the
gait scheme for straight and crab walking are discussed. The
proposed robot model has proven to deliver a more stable walk
without compromising the vehicle speed. Figure 8 shows the fault-
tolerant gait.

Apart from articulated legs, fault-tolerant gait for hydraulic legs
was proposed by Yang and Kwak (2013) and Chen et al. (2015). In
the discussed motion planning, failure up to two joints in two
different legs is tolerated as well.

3.5 Slope and stair and ladder climbing

The stability margin criteria, like static stability margin and
longitudinal stability margin based on geometry, are applicable
for flat terrain only, whereas for sloped locomotion, the criteria of
the COG being nearest to the center of the support polygon are
not the most stable position. For that, Zhang et al. (2005)
proposed the energy stability margin, which provides the most
stable position for the given configuration. Based on that, Chen
et al. (2014) proposed a normalized stability margin, which
provides the tool to find the most desirable posture even in
rough inclined terrain. Majithia et al. proposed a stable static gait
for climbing slope (Majithiya and Dave, 2021a). It is very
important to climb up on the slope with payload and without
tilting the torso of the robot. Figure 9 shows the slope
climbing solution.

Considering this idea while following the static or longitudinal
stability margin criterion in locomotion on a slope, there will be an
imbalance in the energy on both sides of the robot as these criteria
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TABLE 1 Comparison of design parameter requirements based on the terrains.

Comparison

parameter

Walking on a flat
surface

Slope climbing

Stair climbing

10.3389/fmech.2024.1448681

Ladder climbing

Leg mechanism

Efficient leg movement
mechanisms to move forward
and backward and turn smoothly

Good grip and traction to climb
slopes without slipping

Legs that can articulate and adjust
their height to climb stairs step by
step

Specialized gripping mechanism or
claws to grip and climb ladder
rungs securely

Weight distribution and
stability

Sensors and safety needs

Control system

A low center of gravity and a
wide base for stability on flat
surfaces

Sensors such as proximity
sensors or cameras may be used
for obstacle detection and
navigation

Robust control system is needed
for precise movements and path
planning

Stability mechanisms are
required to prevent the robot
from tipping over on inclined
surfaces

Sensors needed to identify slopes
and flat surface

Advanced control algorithms are
needed to adjust leg movements
and maintain balance on slopes

Strong and stable frame is crucial for
navigating stairs without toppling

Sensors like inclinometers and
pressure sensors are useful for
detecting stairs and adjusting leg
movements

Complex control strategies are
necessary for coordinating leg
movements and maintaining
stability on stairs

Proper weight distribution is
essential to prevent the robot from
becoming unbalanced during
ladder climbing

Mechanisms such as emergency
brakes or automatic shutdown in
case of a fall are important

Precise control is needed to
synchronize leg movements and
gripping actions for efficient ladder
climbing

Motion algorithm

Power requirements

Simple

Less

Moderately complex

More than a flat surface

Complex

Extremely complex

High-power requirements High-power requirements

only consider the vertical projection of COG on the horizontal
ground. Furthermore, as the slope angle increases, the effectiveness
of these criteria decreases. Hence, based on the energy stability
margin (Liu et al,, 2013), a new intermittent crawl gait is proposed by
Tsukagoshi et al. (2014) because energy balance on both sides can be
maintained equally. Hirose and Yoneda (2001) proposed adaptive
gait for slope maneuvering, in which the slope angle need not be
known, and it is automatically calculated based on the contact force
sensed from the force sensor attached to the feet. The effect of slope
on the COG position is incorporated by the term SCOG,
i.e., substantial center of gravity. Some studies (Zhang et al,
2004; Hu et al, 2015) proposed omnidirectional walking on a
slope using successive gait transitions.

One of the novel ideas for sloped locomotion was proposed by
Konno etal. (2003), who added a vertical waist joint to the robot body.
There are two fundamental ways of sloped maneuvering, i.e., either
keeping the body parallel to the slope or keeping it horizontal. The
former has a higher stride and lower stability, whereas the latter has a
softer stride and higher stability. To achieve an advantage in both the
parameters, i.e., stride and stability, this waist joint is added, which
keeps the front portion parallel to the slope and the hind portion
horizontal. Using computer simulations, slope traversing up to 20°
was demonstrated. Figure 10 shows the quadruped locomotion for
climbing a slope.

Park and Lee (2022) proposed a concept of a walking chair, in
which, based on a quadruped platform, straight-line, turning,
and stair-climbing gait schemes are proposed, with the
constraint of always keeping the body horizontal, due to its
application. In one of two stair-climbing methods, the robot
advances one stair in a cycle and, in the second, two stairs in a
cycle. The work was extended for different geometries by Wang
et al. (2013) and Yang (2006a) Figures 11, 12 show the stair-
climbing quadruped robot.

Using the above standard gaits, systematic control schemes are
designed for quadruped robots, especially rough terrain, with
hierarchical structures (Kolter et al., 2008; Chen et al., 2012).
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Climbing vertical towers, masts, pipes, and poles is again a
difficult task. The ladders attached to the poles are perfectly vertical.
Robots climbing ladders are subject to stability issues. These
climbing solutions are highly desired as many industrial
applications require ladder-climbing robots (Goel et al, 2015;
Shah et al, 2022a). Ladder-climbing robots for inspections of
telecom towers are highlighted in Figure 13.

4 Design requirements for climbing

Quadruped robots designed for climbing applications are highly
specialized and equipped to navigate vertical or inclined surfaces.
Many industrial applications require stable climbing on walls and
vertical ladders. Applications where climbing robots are important
are highlighted by Shah et al. (2021), Shah et al. (2022b), and Shah
and Dave (2023). These robots often feature advanced locomotion
and gripping mechanisms to ensure stability and traction during
climbing. Design and controlling algorithms mostly depend on the
applications, sources of power available, and environment and safety
considerations. Signature verification, organic farming, and line
follower robot control strategy are the emerging areas for
robotics applications. For climbing on uneven surfaces, an
intelligent controlling algorithm is needed (Ramya et al, 2021;
Darshita Shah et al., 2022; Mahalakshmi et al., 2022; Shaik et al.,
2022). Some key features and considerations for quadruped robots
used in climbing applications are as follows:

o Climbing mechanism: Climbing quadruped robots have
specialized gripping mechanisms allowing them to adhere
to various surfaces securely. These mechanisms can include
retractable claws, adhesive pads, or suction cups to ensure a
reliable grip on different climbing surfaces (Jerril Gilda and
Jose Anand, 2023).

o Leg design: The leg design is crucial for climbing robots. Legs
with multiple degrees of freedom and flexible joints allow the
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robot to adapt to irregular surfaces and negotiate obstacles
during climbing (Toussaint et al., 2009).

o Limb actuation: Quadruped climbing robots often utilize
powerful and precise actuators for limb movement. High-
torque motors with position and force control capabilities are
commonly used to provide the necessary force for climbing
and maintain stability (Batayneh et al., 2010).

« Sensor suite: Climbing robots require a range of sensors for
feedback and navigation. These may include cameras, depth
sensors, and contact sensors on the feet to detect surface
irregularities and ensure proper grip (Silva et al., 2008).

« Stability control: Climbing robots must maintain stability
during vertical ascents. Advanced control algorithms are used
to adjust the posture and limb movements to ensure a balanced
and stable climbing motion (Widanagamage et al., 2014).

Adaptive gait control: Climbing quadrupeds may use
specialized climbing gaits that adapt to the terrain and
surface conditions. These gaits allow the robot to adjust its
leg movements for optimal climbing performance (Zoppi and

Molfino, 2006).

o Power and energy efficiency: Climbing robots must be
designed for energy efficiency as climbing often requires
more power than walking on a leveled ground. Efficient
actuators and lightweight materials are used to maximize
battery life and climbing duration.

o Safety mechanisms: Safety is critical for climbing robots,
especially when operating at heights or on unstable
surfaces. Emergency stop features, fail-safe mechanisms,
and collision detection systems are integrated to prevent
accidents and protect the robot.

« Remote operation and autonomy: Climbing robots may be

remotely operated for certain tasks, especially in hazardous

environments. However, they can also have varying degrees of
autonomy for autonomous exploration and navigation.

Application-specific modifications: Depending on the

specific climbing application, quadruped robots may be

customized with additional tools or sensors. For example,
robots used for inspection tasks may have cameras or sensors
for data collection.

Climbing quadruped robots have applications in a wide range of

10.3389/fmech.2024.1448681

(Tsukagoshi et al, 2014), dams, buildings (Majithiya and
Dave, 2022), and towers (Zhang and Song, 1989). They can
access difficult-to-reach areas and perform visual inspections,
structural assessments, and repairs (Schmidt and Berns, 2013;
Wang and Kawamura, 2015; Hinderer et al., 2017; Gecko
Robotics, 2020).

« Search and rescue: Quadruped climbing robots are valuable
for search and rescue missions, especially in disaster-stricken
areas. They can navigate through debris and rubble, searching
for survivors or assessing the structural integrity of collapsed
buildings (Richardson et al., 2013; Saputra et al., 2019; Ito
etal,, 2020; Melenbrink et al., 2020). These robots are specially
equipped with sensors to search for people stuck in a disaster-
struck environment.

« Exploration and surveying: Climbing robots can be deployed
in exploration missions to collect data in rugged terrains,
caves, or areas with challenging access. They can survey
geological formations, collect samples, and provide valuable
information for scientific research (Majithiya and Dave, 2022;
Liu et al.,, 2020; Sakuhara et al., 2020).

« Environmental monitoring: Quadruped climbing robots

equipped with sensors can be used for environmental

monitoring in remote or hazardous locations. They can
collect data on air quality, temperature, humidity, and
wildlife, aiding in environmental research and conservation
efforts (Wang and Kawamura, 2015; Cai et al., 2019; Sharma
and Doriya, 2021).
Industrial inspections: Climbing robots are utilized in

industrial settings to inspect equipment, pipelines, and tall
structures. They can assess the condition of industrial assets
and identify potential maintenance issues (Driewer et al., 2005;
Lee and Shih, 1986; Sakuhara et al., 2020; Diirr et al., 2019;
Gerdes et al., 2020).

« Surveillance and security: Quadruped climbing robots can be
used for surveillance and security purposes in both indoor and
outdoor environments. They can patrol areas, monitor
activity, and provide real-time video feeds to operators
(Karimov et al., 2019).

o Agriculture: Climbing robots are used for crop monitoring,
pesticide application, and harvesting. They can navigate
through fields and provide data on crop health and yield

industries, including inspection and maintenance of infrastructure, (Zoppi and Molfino, 2006; Schmidt and Berns, 2013; Osswald
and Iida, 2013).

rugged terrains, and even space exploration on planetary bodies. o Entertainment and performances: Climbing robots are

search and rescue missions in disaster-stricken areas, exploration of
Their ability to navigate challenging environments makes them sometimes used in the entertainment industry for robotic
valuable assets in various climbing-related tasks. performances, art installations, and interactive displays.

Research and development: Climbing robots serve as valuable

) ) platforms for research in robotics, artificial intelligence, and
5 Applications of a quadruped
climbing robot

bio-inspired locomotion. Researchers use them to explore new
algorithms, control strategies, and advanced locomotion
techniques.

Quadruped climbing robots are versatile machines capable of « Space exploration: Climbing robots have potential applications
performing various tasks in challenging environments. Some of the in space exploration, assisting in planetary exploration missions,
functions that can be accomplished with quadruped climbing robots such as on Mars or other celestial bodies, where they can
include the following: navigate rough and challenging terrains.
« Inspection and maintenance: Climbing robots can be used These tasks highlight the versatility and adaptability of

for inspecting and maintaining infrastructure such as bridges =~ quadruped climbing robots. Their ability to navigate complex
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environments and reach locations that are difficult for other robots
or humans to access makes them valuable tools in a wide range of
applications.

6 Discussion and recommendations

Quadruped robots are most popular nowadays for their versatile
application in agriculture, space applications, services, and more.
The purpose of this review is to identify the present locomotion
capabilities of the quadruped robot and explore new ways to impart
locomotion to quadrupeds (Xiao and Wang, 2015; Sun, 2019; Ajeil
et al.,, 2020; Buchanan et al., 2021). An exhaustive literature review
helped identify the future research directions in the locomotion of
quadruped robots, which are as follows:

o Mammal-type fault tolerance for locked joint failure

Very little literature reports have highlighted locomotion
capabilities in the case of locked joint failure in mammal-type
fault-tolerance gait patterns.

« Walking after the failure of the whole leg

The ability to walk after leg failure is a very important feature
while the quadrupeds perform operations in the field. Possibilities of
walking after one-leg failure are very rare in the literature.

«Scope of increasing stability by deliberately planning a body
sway gait scheme

The stability of the robot highly depends on the terrain. Legged
locomotion can travel through uneven or rough terrain. It is found
through the literature that the strength of a quadruped robot
compromises in the uneven terrain.

o Scope of better planning stair and slope climbing

An essential feature of a legged robot in the application is to
climb stairs or slopes. The robot must be static and dynamically
stable while moving through the stair or a slope. Very less literature
studies focus on the motion dynamics while climbing (Vidoni and
Gasparetto, 2011; Wang et al,, 2017). Very few literature studies
highlight climbing solutions on vertical ladders. Certain applications
like inspections of towers of electricity, telecommunication, and
light mast climbing seem to be the future scopes for quadruped
climbing robots.

The quadruped robots capable of navigating varied terrains
require a combination of mechanical design, sensing
technologies, control algorithms, and power management to
ensure stability, mobility, and safety in each scenario. A
comparison of design requirements for varieties of terrains is
given in Table 1. The comparison provided in Table 1 is only the
variations in the design parameters based on the motion type that
are recommended for the development of quadruped robots for
applications.

The above discussion provided an insight into further research

directions like determining the gait pattern in the case of failure of
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any joint or a whole leg. The dynamic stability analysis is highly
important for precision-controlled motion in uneven terrain and
stair and slope surfaces (T. climbing Robots, 2008).

The climbing robots available in the literature have certain
limitations regarding certain specific aspects. The design must
accommodate  mountings of  sophisticated  mechatronics
components, manufacturing aspects, and material considerations
(Davim, 2011; Zhang, 2013). Developing a quadruped robot for
climbing applications is a multi-disciplinary task that requires
proper integration of hardware and software with safety and
stability (Davim, 2012). The precise motion control algorithm,
coordination of sensors and actuators, and design of a robot with
space and environmental constraints are important parameters for
quadruped robot development for climbing applications (Davim
and Habib, 2013; Pawar et al., 2023).

Compared to wheeled and tracked mobile robots, legged
mobile robots are selected due to their challenging locomotion
planning and phenomenal advantages in maneuvering different
terrains (Bhole et al., 2023). Furthermore, out of 2, 4, 6, and 8-
legged robots, the 4-legged robot, i.e., quadruped, is selected as it
has good stability and complexity. Different aspects of the
quadruped, like fault tolerance, stability improvement, and stair
and slope climbing, have many scopes of enhancement, and many
novel ideas can be incorporated into the design and gait planning,
which can ultimately result in the superior performance of the
quadruped robot.

7 Conclusion

In the era of Industry 5.0, the industrial world is shifting towards
robotics and artificial intelligence. Around three million industrial
robotic manipulators in the world suggest the huge advantage of this
technology. Still, the domain of mobile robots has not reached that
level, even though it can be proven more beneficial in thousands of
applications. The research in the field of mobile robotics is going on
in many domains like kinematic design, navigation, and path
planning, which is one of the best domains to contribute to research.

This review provided a comprehensive overview of the
The paper
showcased the significance of design considerations, such as leg

locomotion capabilities of quadruped robots.
structure and gait patterns, and elucidated the variety of legs and
gaits available for different scenarios. The exploration of slope and
stair climbing spotlighted the practical applications of quadruped
climbing robots in real-world scenarios. As we move forward, it is
evident that this field holds enormous potential for addressing
challenges in fields as diverse as search and rescue, inspection,
and exploration.

Some key research findings including research gaps and future

suggestions from the study are as follows:

« Having higher stability and control than wheeled and tracked
robots, the quadruped robot is an ideal choice for climbing
applications.

« The dynamic gait patterns are more suitable for plain terrain,
whereas for climbing operations, static gait, especially

becomes

discontinuous  static

higher stability.

gaits, superior due to
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« Fault tolerance in the quadruped robot is a critical area of
research as the probability of failure is higher due to a greater
number of actuators. Most of the gaits presented by different
researchers can be modified to fault-tolerant gaits to improve
the performance of the robot.

« The sway motion of the robot significantly improves stability,
which can be applied to different gait patterns.

The recommendations outlined in this paper offer valuable
insights for researchers and engineers to further advance the
capabilities of quadruped robots, making them more versatile
and effective in climbing applications. The prospects for the
continued development of quadruped robots remain promising,
with ample room for innovation and progress.
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