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Doubt grows with knowledge.
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ABSTRACT

Directional Normalized Energy Stability Margin and
Non-Tumbling Gait for Robust Legged Locomotion

Evgeny Lazarenko

Dept. of Mechanical and Aerospace Engineering

Graduate School of Engineering, Tokyo Institute of Technology, Tokyo,
Japan

Multi-legged locomotion has always been an attractive research domain for
robotics scientists. Not only because of the challenge to create machines that
closely resemble living animals, but also because of significant advantages of
legged locomotion over wheeled one.

A great part of work on walking robots was focused on improving their sta-
bility. This includes research on stability margins, as well as improved ways of
motion control in order to increase robustness of motion.

This thesis focuses on the theory of stability. It proposes and discusses a
new criterion for quantitative estimation of stability of multi-legged locomotion,
called Directional Normalized Energy Stability Margin. Advantages of the cri-
terion are discussed and examined with consideration about previous research
and existing alternative stability criteria. New criterion is validated through a
simulation and a tumbling experiment.

Practical application of Directional Normalized Energy Stability Margin for

both static and dynamic gaits is suggested through Non-Tumbling Gait, a gait

1X



that prevents complete overturning of a robot and maintains a standing posture
even when a certain disturbing force is applied to robots body from any direction.

Usage of DNESM is illustrated through examining the locomotion stability of
Titan-XIII, a recently designed four-legged walking robot. Future improvements

to the research are proposed and briefly discussed.

Key words : Directional Normalized Energy Stability Margin, Walking
Robot, Quadruped, Legged Locomotion, Non-Tumbling Gait,
Stability Margin



Chapter 1

Introduction

1.1 Brief History of Multi-legged Robots

For centuries nature has been an inspiration for makers, tinkerers, and engineers.
Millions of years of evolution have forged the shapes and forms of organisms
inhabiting our planet into perfect fits for Earth’s ecosystems. Naturally, scien-
tists and engineers, who witnessed all variety and functional perfection of living
organisms, were lured into trying to imitate them and create artificial devices that
would in one way or another repeat either behavior or structure of animals.

This fascination with nature was reflected even in ancient Greek myths, such
as the myth about Deadalus who, according to the legend, was trying to fly with
the help of artificial wings.

After the end of the dark ages, heritage left by Leonardo Da Vinci: his draw-
ings and mechanical designs sparked an interest in hudnreds of artists and en-
gineers who wanted to create something resembling life. They started building
so-called “automatons”, non-electronic self-operating machines (Fig. 1.1).

Legends and historical anecdotes aside, engineers kept using the benefits of
natural design in their creations in our modern technological history as well.
Especially this is true for mobile vehicles. Most of our planet’s surface is covered
with obstacles that make conventional wheeled vehicles ineffective (e.g. ravines,
large rocks, slopes, and loose soil); the same is true for other bodies in our solar
system. Thus, vehicles with legs are most suitable for natural terrains.

Legged vehicles were first mentioned in scientific literature in the end of the

19th century in works of Russian mathematician P. L. Chebyshev (Fig. 1.2). In



Figure 1.1: Automaton trumpet player, created by Friedrich Kaufman, ca. 1810.

Figure 1.2: Chebyshev walking platform, 1850.

his work he tried to mimic natural walking through employing a certain four-bar
mechanism.

However, actual development of legged vehicles requires solving complex



problems in kinematics and dynamics. Therefore, only in the mid-20th century
the science of multi-legged locomotion started to gain significant traction. First
major works on walking machines date to 1940s, and focused on military legged
robots. By 1970s the research on multi-legged robots was going in all major

universities in the US, Japan, and Europe.

Table 1.1: Milestones in development of multi-legged vehicles.

Year | Researcher(s) Milestone

1850 | Chebyshev Design of the linkage mechanisms used
in early walking machines.

1872 | Muybridge First use of stop-motion photography to
document the gaits of running animals.

1893 | Rygg First patents for legged robots are filed
to the US Patent Office.

1945 | Wallace First patent of a legged vehicle for mili-

tary application: a hopping tank with re-
action wheels that provide stability.

1961 | Morrison Design and testing of the Iron Mule
Train.

1963 | Cannon, Higdon, Schaefer | Development of control systems for bal-
ancing single, double, and limber in-
verted pendulums.

1968 | Frank and McGhee Simple digital logic controls walking of
Phony Pony.

1968 | Mosher GE quadruped truck climbs railroad ties
under control of human operator.

1969 | Bucyrus-Erie, Co. Big Muskie, a 13,500-ton walking
dragline, is used for strip mining.

1977 | McGhee Digital computer coordinates leg mo-
tions of hexapod walking machine.

1977 | Gurfinkel Hybrid computer controls hexapod
walker in the USSR.

1980 | Hirose and Umetani Quadruped PV-II climbs stairs and

climbs over obstacles using simple sen-
sors. The leg mechanism simplifies con-

trol.

1980 | Kato Hydraulic biped walks with quasi-
dynamic gait.

1980 | Matsuoka Mechanism balances in the plane while

hopping on one leg.

1981 | Miura and Shimoyama Walking biped balances actively in
three-dimensional space.




1983

Sutherland

Hexapod carries human rider. Com-
puter, hydraulics, and human share com-
puting task.

1983 | Odetics Inc. Self-contained hexapod ODEX 1 is com-
mercially availabe.

1987 | Waldron and McGhee First demonstration of the ASV walking
robot.

1989 | Raibert First quadruped to perform trotting, pac-

ing, and bouncing gaits under dynamic
control.

Since the beginning of the 20th century up until now, the number of multi-

legged robots that is built around the world each year has been steadily increas-

ing. However, an absolute majority of those machines are laboratory prototypes

that are still very far from widespread commercialization. There is still a lot of

research to be done until walking robots become as ubiquitous as their wheeled

counterparts.

Currently, around 20% of walking robots being produced for research and

other purposes are quadrupeds. There has been a lot of development in creating

four-legged machines, and this thesis focuses on them as well.




1.2 Advantages and Disadvantages of Multi-legged Robots

There has been a lot of investigation on the advantages and disadvantages of
legged vehicles in comparison to conventional machines (wheeled or tracked).

For example, multi-legged vehicles demonstrate the following advantages.

1.2.1 Advantages of legged robots

Mobility

Being naturally omni-directional, legged vehicles demonstrate much better mo-
bility than wheeled machines. Legged robots are capable of changing direction
of motion without changing the orientation of the body. Wheeled vehicles, on

contrary, must do some manuevering in order to achieve the same result.

Overcoming obstacles

A legged robot is capable of overcoming obstacles simply by stepping on them,
while wheeled robots can only run over the obstacles which height constitutes
no more than half of the wheel radius. As for tracked robots, although they can

surpass wheeled ones, their mobility is still inferior to walking robots.

Active suspension

Suspension of legged robots is intrinsically active and adaptive to ground irreg-
ularities. A legged robot can walk on a rough terrain with the body levelled,
and legs ensure smooth locomotion. In case of a wheeled robot, its body is al-
ways parallel to the ground and is forced to inline when encountering any uneven

terrain.

Energy efficiency

Higher energy efficiency of legged robots was first suggested by British re-
searchers A. C. Hutchinson and F. S. Smith in 1940 during their work on the
first ever military walking machine. Their results were later confirmed through

experimental work by Bekker (1960). Bekker’s findings show that in case of un-



study.

(b) Working drawing of the SuperTank

Figure 1.3: Walking SuperTank by A.C. Hutchinson and F. S. Smith., first military walk-
ing machine.

even terrain, legged robots are superior in terms of energy efficiency compared

to tracked or wheeled machines.

Rough terrain locomotion

Legged robots do not require paved surfaces to move efficiently, unlike wheeled
vehicles. They can move on almost any type of terrain: muddy, sandy, and rocky
with almost equal efficiency. Additionally, they do not require continuos terrain

to operate.



High tolerance to slipping and jamming

Wheeled robots are prone to jamming on soft or muddy terrain, which renders
them incapacitated. Legs, however, do not interact with the supporting surface

as much as wheels. Same is true for slipping.

Smaller environmental damage

Legged machines only need discrete ground contact points, while wheeled and
tracked robots require a continuous path. This results in lower damage to the

terrain which may be critical for certain exploration missions.

Higher average speed

Although it is true that wheeled and trucked vehicles can move at high speeds on
prepared surfaces, when the terrain is eneven, their speed decreases significantly.
Walking robots do not have such disadvantage and perform well on rocky terrain;

they can maintain a similar average speed on a large variety of terrain types.

1.2.2 Disadvantages of legged robots

Although multi-legged vehicles have a wide set of advantages, they are not free
of downsides. Major issues that keep walking robots from being adopted in

various fields if industry are listed below.

Complex design

Wheels (or trucks, for that matter) are extremely simple devices. Wheel is essen-
tially a rotary joint, and requires one actuator to propel it, and one — to steer. Leg,
on the other hand, has multiple joints and links, and is ultimately more complex
than a wheel. Electromechanical construction of legged vehicles is significantly

more complex and costly than construction of wheeled machines.

Complex electronic architechture

Large number of motors required to move legged robots requires complicated

electonis systems to operate them (fare more complicated than for wheeled robots).



Additional problem is the sensors for robot’s actuators, as well as the amount of

processing power needed to make sense of all that data in real time.

Sophisticated control algorithms

Gait control for multi-legged robots is unquestionably one of the most com-
plicated tasks that engineers developing such robots must solve. Compared to
legged robots, wheeled machines are intronsically simple, and do not require

complex engineering and algorithms for coordination of the motion of wheels.

Capped maximum velocity

Higher average speed of legged robots that they can achieve on an uneven terrain
has already been discussed above. However, if we compare maximum speeds
that legged robots can develop on a prepared surface, it will be much lower than
maximum speed of wheeled machines. For example, fast animals like horses or
cheetas can achieve velocities as high as 60-80 km/h, while maximum speeds of
wheeled vehicles can race up to 350 km/h and even more in some cases. Legged
robots cannot (and will hardly ever be able to) compete with wheeled robots

when it comes to locomotion on a flat ground.

Cost

It is well known that a cost of any system is proportional to its complexity. Being
an extremely sophisticated device that requires a lot of atoms to assemble, bot
literally and figuratively, even a “simple” legged robot (if there is such a thing)
can cost thousands of dollars. Design and production of a wheeled robot is much
less costly in comparison.

Walking robots are niche devices. They will hardly serve as a viable substi-
tution for most wheeled machines in any forseeable future. Legged robots are
only suitable (and desirable) in situations when their advantages outweight their
shortcommings. Such situations can require walking on natural and otherwise
uneven terrain. Next subsection discusses certain aspects of potential applica-

tioin of multi-legged robots.



1.3 Application of walking robots

Knowing pros and cons of legged robots, we can now deeper discuss their po-
tential fields of application. They range from extreme robotics and operations in
hazardous environments, to military applications, research, and even social and

civil projects. Let us briefly discuss all of them.

1.3.1 Military use

Despite that use of military robots is ethically questionable (especially if we are
talking about autonomous robots with a right to kill), walking machines can be
of significant help in the field as service robots that are capable of carrying a

payload on a rough, uneven, and muddy terrain.

Figure 1.4: BigDog by Boston Dynamics.

Most famous example of such military walking robot is Big Dog (Fig. 1.4)
developed by Boston Dynbamics and its founder Mark Raibert.

Also, legged robots can be useful for safe operation on the minefield due to

their capability to overcome obstacles.



1.3.2 Maintenance of facilities

Due to specifics of their construction, walking robots can easily operate inside
buildings that are not equipped for wheeled robots (e.g., have numerous pipes on

the floor, stairs, etc.). An example of such facility is a nuclear power plant.

1.3.3 Hazardous environments and dangerous operations

Planetary exploration

Although nuclear power stations can be concidered hazardous environments,
there exist far more less friendly locations, such as Solar System bodies. Some
interesting walking robots for planetary exploration are being designed at NASA’s
Jet Propulsion Laboratory. Robotic platform Athlete is, probably, the most no-
table example. It features a hybrid design: Athlete is a hexapod that has wheels
on the ends of its legs (Fig. 1.5).

Figure 1.5: Wheeled hexapod platform Athlete by NASA JPL.

Walking robots can also perform well in exploration mission on Earth. In
fact, roughy 50% of the surface of our planet is not accessible for wheeled vehi-

cles and must be explored by using animals, robots, or from above.

10



Demining

It is unquestionable that humanitarian demining is a work that not only saves
lives, but also improves economic development of some of the World’s poor-
est regions. It is an expensive procedure that requires highly-skilled personnel.
However, by only employing a manpower it is impossible to achieve any reason-
able mine-clearance speeds. In such situation, robots seem to be the best solution

for this problem.

Figure 1.6: Titan-IX walking robot demonstrating one of the legs equiped with a mine
unearthing tool.

Application of walking robots for demining has already been tested by Hirose

and Kato, 1998 with Titan-IX robot (Fig. 1.6).

1.3.4 Forestry

Some of the less obvious fields of possible application of multi-legged robots are
lumbering and agriculture. In case of lumbering works, legged machines can be
successfully used in the forest where obstacles like cut tree trunks often add to
a natural unevennes of the terrain (e.g. small hills or slopes). Wheeled robots
are extremely difficult to use in the forest, as they require special preparation of
the working terrain. One of the most notable examples of lumbering robots is a

hexapod developed by Timberjack (Fig. 1.8).

11



Figure 1.7: Close up view of Titan-1X’s end-effector.

Figure 1.8: Logging hexapod by Timberjack.

A list of applications described above does not aim to be the most compre-
hensive. But it clearly shows that walking robots can make a lot of difference in
the way people do things. Therefore, research on them should be considered just

as important as research on other types of robots.

12



1.4 Previous research on stability of multi-legged robots

Researchers started tackling the problem of stability of walking robots in 1960s.
At that time, McGhee and Frank proposed a concept of static stability margin for
an ideal walking robot. Ultimately, they defined a robot as statically stable if a
projection of its center of gravity (CG) on a horizontal plane lies inside robot’s
supporting polygon. Although this simple criterion had a lot of limitations, this
idea sparked a lot of discussion in the field of multi-legged stability.

Figure 1.9: Phony Pony, a walking machine developed by McGhee and Frank in 1968.

Generally speaking, proposition made by McGhee and Frank was inspired by
insects. All insects have six legs, and to propell their bodies they usually employ
crawling gaits that help to maintain static stability. Similar way of locomotion
has been copied by researchers lots of times, mainly because of an extremely
simple gait control.

Static stability, just as the name implies, does not account for inertial effects
and any other dynamic parameters (such as compliance, friction, elasticity, etc.)
that occur during robots motion.

However, tremendous complexity of dynamics of multi-legged robots is a sig-

13



Figure 1.10: Quadruped developed by M. Raibert. The machine features hopping legs
to simplify design and control.

nificant obstacle to research in dynamic stability. This forced some researchers to
pursue simplifications in robot design by, for example, studying machines with
only a few degrees of freedom.

Multi-legged locomotion stability is still a relatively young field, and a lot
remains to be done in order to improve the understanding of stable and robust
locomotion of legged robots. I hope that my work can help to improve the situa-

tion.

14



1.4.1 Static Stability Margin

Figure 1.11: Generalized conception of Static Stability Margin as proposed by McGhee
and Frank.

As it was stated above, stability-driven approach to multi-legged locomotion
was suggested by McGhee and Frank in 1968 in a theorem that described a cri-
terion which later evolved into Static Stability Margin, or SSM.

“An ideal legged locomotion machine supported by a stationary horizontal
plane surface is statically stable at time t if and only if the vertical projection of
the center of gravity of the machine onto the supporting surface lies within its

support pattern at the given time”[7].

Albeit such theorem provided a necessary and sufficient condition to ensure
the stability of an ideal walking robot, a real-life vehicle would always expe-
rience the influence of various dynamic effects and disturbances for which the
theorem does not account. With that in mind, McGhee and Frank proposed SSM

which indicates the ability of a vehicle to withstand external disturbances.

Thus, the definition of SSM is as follows: “the magnitude of the static sta-
bility margin at time ¢ for an arbitrary support pattern is equal to the shortest
distance from the vertical projection of the center of gravity to any point on the
boundary of the support pattern. If the pattern is statically stable, the stability

margin is positive. Otherwise, it is negative.”

15



If Siaiic 18 positive, it can be calculated as

Sstatic = Min(ria, T2z, r31), (1.1)

where 7; ; are the distances from robot’s CG to the rotation axes (Fig. 1.11).

SSM laid the foundations of stability-driven approach to legged locomotion,
and, being limited in terms of real-life applicability, fueled subsequent researches
in the field.

16



1.4.2 Energy Stability Margin

Energy Stability Margin was proposed by Messuri and Klein [8] as a result of
their work on so-called precision-footing operational mode for walking vehicles
that provided improved motion control on a rough terrain. They realized that
Static Stability Margin was only good for flat surfaces, and was not applicable

for more complex types of terrain, such as slope, for example.

Figure 1.12: Concept of Energy Stability Margin.

This consideration resulted in the proposition of Energy Stability Margin, or
ESM. This stability criterion can be formulated as the minimum potential energy,
needed to overturn the robot around the edge of the supporting polygon (Fig.
1.12):

Spsn = min(mghi ;) = min(Era, Bys, Fs1), (1.2)

’,

where mg is robot’s weight, (7, j) is a pair of numbers defining neighboring
footholds which form an edge of a supporting polygon representing a possible
rotation axis, n, is total number of edges of a supporting polygon, and £, ; is the
variation of CG height at the time of its rotation around the edge of the supporting
polygon.

Thus, ESM is an effective stability margin that provides qualitative estimation
of the input energy that needs to be supplied to the legged vehicle system in order

overturn it. It also considers the position of CG.
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1.4.3 Normalized Energy Stability Margin

Figure 1.13: Concept of Normalized Eenergy Stability Margin for a posture with a tri-
angle as a supporting polygon.

Although Energy Stability Margin was a fine criterion that worked well for
legged locomotion on uneven terrain, it had a limitation. Namely, ESM sug-
gested that stability of walking robots increases with their weight, even if posture
does not change. Such suggestion is understandable from an energy standpoint,
but it does not allow to properly compare stability between different robots.

Hirose et al. proposed Normalized Energy Stability Margin, or NESM, [9]

that was free of such limitation. It can be represented as

S s
Sypsy = M — man(h;;), (1.3)
mg i\j

or ESM normalized to robot’s weight and represented by the height of a po-
tential barrier (Fig. 1.13) to an unstable equilibrium above the edge of the sup-
porting polygon, i.e. tumbling. Real experiments on the model of a quadruped
robot standing on a slope proved that NESM is the most accurate stability margin
for evaluation of stability of walking vehicles.

Not only it possesses all the advantages of ESM, but also provides a way to
compare stability of different types of multi-legged robots. Moreover, NESM,
is expressed in [mm], and thus can be used to empose geometric constraints on

robot’s gait, thus making it more stable.
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1.5 Motivation for proposition of a new stability criterion

As it was explained above, through the past several decades a lot of research ac-
tivity was focused on the issue of stability of legged locomotion. The majority
of scholars concentrated their efforts on studying static stability of multi-legged
vehicles with an assumption that stability margin can be represented by the min-
imum numerical value for a given supporting polygon. Speaking of direct disad-
vantages of previously suggested criteria, Static Stability Margin, for example,
is only applicable for the case of flat ground, which is a highly idealized situa-
tion. It also does not account for the energy of the external disturbance required
to tumble the robot. Energy Stability Margin does not allow to account for the
effect of robot’s posture on its stability, and therefore is difficult to apply in dif-

ferent settings. It also does not allow to compare stability of different robots.

(a) TITAN IV. (b) TITAN VIIIL.

Figure 1.14: Examples of walking robots from Fukushima Laboratory, Tokyo Institute
of Technology.

However, in course of the previous works that has been performed in Fukushima
Laboratory (Tokyo Institute of Technology) on various walking robots, examples
of which are presented on fig. 1.14, researchers came to the conclusion that con-
ventional approach to stability may be improved.

Studies about the static walks were aimed on generation of an efficient terrain-
adaptive leg motion sequence, while maintaining the center of gravity (CG) of
the body inside the supporting polygon. There were no criteria that would deal

with stability in all directions and properly consider tumbling motion and posi-
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tion of footholds located on a 3-dimentional uneven terrain.

This led the author to an idea that the concept of traditional Normalized En-
ergy Stability Margin can be reworked in a way that turns it into a higlhy usable
and versatile criterion which allows not only to define the stability in relation to
a given edge of the supporting polygon, but also to define robot’s stability in a

given direction of external disturbance.
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1.6 Structure of Thesis

This thesis proposes a new stability margin calles Directional Normalized Stabil-
ity Margin, or DNESM, a new criterion that quantifies stability of multi-legged
robot depending on the direction of external distubance. It further elaborates on
the idea of DNESM by intoroducing a way to account for the effect that swing-
ing leg has on locomotion stability. Finally, this thesis proposes the idea about
so-called Non-Tumbling Gait and through examination of the parameters that
influence DNESM, it suggests ways to generate such gait.

Chapter 1: Introduction starts with briefly outlining the history of walking
machines from late XIX century until present. It also provides the information
about major milestones in research on walking machines. This chapter also cov-
ers advantages (e.g. mobility, energy efficiency) and disadvantages (e.g. com-
plex design and electronic architecture) of multi-legged robots, and then con-
tinues with discussion about their potential applications, such as military use,
maintenance of facilities, and operations in hazardous environments.

Introductory chapter also discusses related former studies, giving an overview
of the history of research in multi-legged stability, and then going into a more
detailed discussion about three most important stability margins proposed in the
previous decades, such as: Static Stability Margin, Energy Stability Margin, and
Normalized Energy Stability Margin. Advantages and disadvantaged of previ-
ously suggested stability criteria are thoroughly discussed. Discussion about two
most prominent disadvantages, such as lack of consideration about the direction
of external disturbing energy and not accounting for the effect of robots swing
leg, leads to a conclusion that a better stability margin is required.

Chapter 2: Directional Normalized Energy Stability Margin discusses the
concept of DNESM in depth. Specifically, it starts with outlining the ideas which
led to suggestion of DNESM, and then defines DNESM as he minimum amount
of input energy F; applied in the form of horizontal force with a yaw angular
direction 6 required to tumble an object, divided by the weight mg of the object
itself. This chapter then provides a detailed process of derivation of Directional

Normalized Energy Stability Margin through a simplified model of a robot hav-
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ing an arbitrary posture. Finally, this chapter discusses the validation of DNESM
by means of a tumbling experiment and a numerical simulation for two different
cases: flat ground and inclined surface. Experimental process was done to mea-
sure the lowest height of the pendulum that defined a corresponding potential
energy required to overturn the body around the edge of a secondary supporting
polygon. After several iterations for each angular position, it was possible to
make a measurement of DNESM. The experiment demonstrated that the concept

of DNESM and assumptions of the derivation are valid.

Proposed criterion inherits the usability and benefits of Normalized Energy
Stability Margin, acting as a measure of margin length and accounting for pa-
rameters of robot’s motion, and equips us with a method of more precise stabil-
ity estimation, showing that multi-legged vehicles stability is not just a level of
minimum energy required to overturn the robot, but a level of minimum energy
applied in a certain direction, that may overturn the robot around the edge of an
existing supporting polygon, or a new polygon formed by supporting legs and

the swinging leg.

Chapter 3: Non-Tumbling Gait, suggests a Non-Tumbling Gait, a motion
control principle that elaborates on the idea of Directional Normalized Energy
Stability Margin. The idea of Non-Tumbling Gait (or NT Gait) stems from the
consideration about the influence of swinging leg on locomotion stability. Its
definition is based on the idea about two types of tumbling: partial and com-
plete. Complete tumbling is a state when robot tumbles until its body hits the
ground, whereas partial tumbling is a state when robot inclines, but not does not
overturn due to the effect of the swing legs which hits the ground and helps to
maintain standing posture. Non-Tumbling Gait is defined as a gait that prevents
complete tumbling of a robot, and maintains a standing posture even when a cer-
tain disturbing force is applied to robot’s body from any direction. The problem
of generation of Non-Tumbling Gait is solved by extension and generalization of
DNESM through consideration about the effect of the swinging leg on locomo-
tion stability.

Chapter 4 : Validation of Generalized DNESM for Non-Tumbling Gait, dis-
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cusses validation of generalized DNESM which is performed with the help of a
tumbling experiment and its simulation. It also discusses practical application of
DNESM and Non-Tumbling Gait, which is studied through the simulation based
on Titan-XIII walking robot currently being developed at Fukushima Laboratory,
Tokyo Institute of Technology. The goal of this simulation was to study param-
eters of motion that influence stability of the robot, as well as to find the best
posture for one particular gait, and then define ways to improve the gait, thus
creating a Non-Tumbling gait for a particular robot. Such simulation allowed to
calculate DNESM in all stages of motion for all edges of all possible supporting
polygons, and then generate a posture stability map, a simple representation of

safe and unsafe postures and footholds for Titan-XIII.

This chapter also describes a tumbling experiment which was also done with
Titan-XIII. The robot was performing a trot gait on a flat surface with a relatively
narrow and easy to tumble posture. During motion Titan-XIII was suddenly
stopped. The energy from robot’s velocity was then compared to energy required
to cross DNESM. If stability margin was not sufficient, the vehicle would be

forced to tumble under the influence of it’s own inertial factors.

An arbitrary phase of motion was chosen for the moment of a sudden stop.
Robot’s velocity at that point was measured, and DNESM at that point was cal-
culated for two cases of the swing leg height: 50 mm and 15 mm. A tumbling
threshold of a swing leg height was defined. Theoretical result suggested that at
0.15 step phase, robot would tumble if a swing leg height was more than 37 mm.
Practical experiment showed that, in this case, actual threshold swing leg height
is 30 mm. Such result is the consequence of one or a combination of intrinsic

effects: compliance, slipping, and large error in the control system of the robot.

Chapter 5: Conclusions and Future Work summarizes the contents of this
thesis and then suggests ways to further investigate real-life application of both
Directional Normalized Energy Stability Margin and Non-Tumbling Gait. Specif-
ically, it discusses issues that should be addressed for successful experiments
with real-life robots (e.g., installing sensors, obtaining feedback about the actual

state of the machine). It also suggests topics which must be studied before adop-
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tion of Directional Normalized Stability Margin becomes possible, such as: the
influence of dynamic effects on DNESM (slipping and friction, inertial effects,
moments in the joints, etc.), ways to adjust robots posture in order to improve
DNESM during motion (e.g. by using methods of optimal control theory, or even

fuzzy logic and control systems based on neural networks).
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Chapter 2

Directional Normalized Energy
Stability Margin

2.1 Directional Normalized Energy Stability Margin

2.1.1 Definition of DNESM

If we carefully consider destabilized motion of walking robot’s CG, we can see
that it always occurs in presence of a certain external force applied to robot. Ob-
viously, that force has a direction, although in previous formulations of stability

criteria, the direction of that supplied force was not explicitly considered.

Direction
of walking

Swing leg
trajectory

Figure 2.1: Quadruped performing trotting gait under the influence of an input energy
F; which can be directed under different angles.

Based on that idea, it is possible to propose Directional Normalized Energy
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Stability Margin (DNESM), or Sy, defined as the minimum amount of input
energy E; applied in the form of horizontal force with a yaw angular direction
f required to tumble an object, divided by the weight mg of the object itself.
Proposed DNESM S is expressed as follows:

E;

mg|,

Sp = 2.1

In this criterion it is assumed that the phenomenon of instanteneous time oc-
curs, and robot’s movement is measured in descreete time snapshots. Therefore,
even though the velocity V(E;) is created by a certain input force which is, in
turn, caused by an input energy F;, we may neglect such parameters as accel-
eration under the influence of that force, feet slipping, etc. Input energy E; is
applied to the center of gravity of the object in the form of force F(F;) that acts
in the horizontal plane on the yaw angle 6 and generates velocity V (E;).

It is also assumed that the application of input energy F; to the object is
done at a time ¢ while CG of the object is making a motion with velocity V,
and angular velocity w;, and as soon as input energy F; is applied, the internal
motion of the object is frozen and the object starts a new motion with velocity
V, + V(E;) and angular velocity wy,

As the dimension of the stability criterion Sy is “length”, it can be consid-
ered to be the height of potential barrier of the object formed to the horizontal
direction # against input disturbance energy.

Proposed Directional Normalized Energy Stability Margin, or Sy, inherits
the usability and benefits of Normalized Energy Stability Margin, acting as a
measure of margin length and accounting for parameters of robot’s motion, and
equips us with a method of more precise stability estimation, showing that mul-
tilegged vehicles’ stability is not just a level of minimum energy required to
overturn the robot, but a level of minimum energy applied in a certain direction,
that may overturn the robot around the edge of an existing supporting polygon,

or a new polygon formed by supporting legs and the swinging leg.
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2.2 Derivation of DNESM

2.2.1 Tumbling Motion Analysis

To clarify the derivation process, let us analyze tumbling motion of a walking
robot. This chapter will only consider the case of an n-legged supporting poly-
gon, and will not account for the effect of the swinging legs. This is done for the
simplification of the derivation. Tumbling-prevention, including the effect of the

swinging legs, will be discussed in the following chapters.

Figure 2.2: CG rotation around the edge of the supporting polygon. S is the plane of
CG rotation around P; P, and S5 is a vertical plane of an unstable equilibrium above
P, P,. Other variables are defined below.

Let us consider the simplest case of a 3 leg supported walking robot with no
swinging legs, and its movement in presence of a certain input energy F; that
is applied in the form of horizontal input velocity V(E;) of the CG (Fig. 2.2).
Py, Py, Py are ground contact points, while Py, Py, Py are their projections on a

horizontal plane.
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Destabilizing energy F; is supplied to the system in order to overturn the
robot. Main condition for overturning is moving robot’s CG from its current
stable position G to a position (,,,, — an unstable equilibrium in rotation around
P, P, axis.

In order to derive Sy, let us consider the case when robot’s CG experiences
a rotation around P P, line (figure 2.2), produced by means of an externally
applied input velocity V(F;) lying in a horizontal plane. Yaw direction 6 of
V(E;) is variable, and its magnitude is defined by the amount of energy required
to overturn the robot.

Let us define all necessary variables and derive V (E;) magnitude, as shown
on Fig. 2.2. First, we shall derive the rotational velocity V (F;), generated by
the input velocity V(E;).

Footholds of the supporting polygon and CG of the robot may be written as
Pi(zi,yi,2),i=1...3,and G(zg, ya, 2¢)-

Vector P15 from P, to P, is expressed as

Py = (22 — 21,00 — Y1, 22 — 21)T7 2.2)

and its unit vector Pq5:

1 To — Iq
Py, = -] (23
Ve —o)? + e =)+ (2 —2) |
Vector P from P; to G is expressed as
P = (z¢ — 71,96 — Y1, 2¢ — 21), (2.4)
and its unit vector Py is expressed as
. 1 g — I
Pic= Yo — 1| - (2.5)
V(g —21)? + (yo — 11)? + (26 — 21)? 2o — 2

The unit vector Vlgg of transverse velocity of CG’s rotation around P15 can

be written as:

Vi = P1a X Pyg, (2.6)
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) i j k
S _ _ 2.7
[Prs x Prc| To—T1 Yo— Y1 22— 21|, (2.7)
Tag—T1 Yo — Y1 2g — 21

where ¢, j, k are unit vectors of the chosen cartesian coordanate frame;

Vi =

1

Vg = —
. P12 x Pig||

Aqo, (2.8)

where

(2 —y1) (26 — 21) — (Yo — y1)(22 — 21)
A= | —(2g —21)(26 — 21) + (g — 21) (22 — 21) | - (2.9)
(w2 — 21)(ye — 1) — (26 — 21)(y2 — ¥1)
At the same time, let us express horizontal input velocity as

V(E;) = (V(E;) cos 0,V (E;)sin6,0)". (2.10)

Then, rotational velocity V (E;),. of the CG around vector P15 caused by the

input velocity V (F;) can be expressed as

V(E), = (V(Ez) : leG)vaa (2.11)

By substituting equations (2.8) and (2.10) parameters of equation (2.11) can

be expressed as

N V(E;)Bia
V(E)) - Vi = )12 2.12
) Veo = 1p S @12
where
By = [((y2 —y1)(2¢ — 21) — (Yo — y1)(22 — 21)) cos @ (2.13)

+ (= (@2 = 21)(20 = 21) + (we — 21)(22 = 1)) sin )

Therefore, rotational velocity of CG generated by the input velocity V(E;)
can be expressed as

V(El)Blg

V(E), = ———F—F—
B = 1Py, % Pral?

Ao (2.14)
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e

.8

R'(¢)

Figure 2.3: Vector rotation.

Next, we have to define a top point G¢,,,,, which CG can reach in its rotation
around P, the point of maximum potential energy and unstable equilibrium
above P, P, edge. It is known that rotated vector R around vector w on angle ¢

(Fig. 2.3) can be expressed as
R/(¢) = (R @)@ + cosp(R — (R - @)@) + sin (@ x R). (2.15)

This relation can be used to describe our case in a similar fashion by substituting
P,c as R, Py, as @, and vector Pic(p) = G(yp) — Py as R'(p), giving us the

following equation:

G(p) = (Pig - P12)P1a + cos ¢(Pic — (Pig - 1512)1312)4- (2.16)
+ sin 90(1512 x Pig) +P1.

Here, P - f’lg can be expressed from equations (2.3) and (2.4) as
———Cl1a, (2.17)
where

Cro = (xzg — 1) (22 — 1) + (Yo — v1) (Y2 — 1) + (26 — 21)(22 — z1). (2.18)
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And f’lg x P1¢ is expressed from equations (2.6) and (2.8) as:

By substituting members of (2.16) with previously found relations, we can

write a function defining the CG movement around P; P, axis:

C To — X1
G(p) = > | —w |+ (2.20)
[P 12|
Z9 — 21

(z¢ — 1) — Hfg—f”?(x2 — 1) in g
+ cos g (yG - yl) - HP1122||2 (y2 - y1) + +mA12 + Py,
12

(ZG - Zl) - P 12|12 (ZQ - Zl)

where A5 is shown in the equation (3.4).

Obviously, we have to find .., the angle travelled by CG to the highest
point rotation around P; P,. Highest position of G(¢) can be derived by the
extremum of its equation of motion 0G(y),/dp = 0, where G(y), is the z

component of G(), and expressed as:

0G(p). . < Cha >
S o — 2 — —— (29 — 2.21
90 sin ¢ 2 — %1 Pl (20 — 21) (2.21)
COS Pmazx
+ I () — 1) g — 1) — (26 — 1) (32 — 1)) = 0.
[P
thus, the following equation holds:
S Pmaz = Do, (2.22)
COS Prmax
where
= (22 = 21)(ye — y1) = (r6 — 1) (Y2 — y1) (2.23)

[P12]|(z¢ — 21) — ”512” (22 — 21) '
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Finally, angular distance ¢,,,, can be expressed as

POmaz = arctan(Dyy). (2.24)

From (3.6) and (2.16) we can define G,,,4: a8 G(¢maz), and it is expressed

as

012 i 012 -
Gonar = o Pra €08 s (Pro = 220 Pra )+ (225)
[P 12| [P 12]]
. A12
+ 8in Yper —- + P1.
[P 12|

Height difference between original CG position G and the highest position

of G142 can be expressed as
H12 = Gmax z Gz (226)

Magnitude of V' (E;) to move CG just to the top position G, is

1
§m||V(Ei)T||2 = mgHy,. (2.27)

From (2.12):

IV(E:), I = Z5,VZ(Ey), (2.28)

where 71, is defined as

Bl2

2
72 (—> AT AL, (2.29)
2 ||P12 X PlGH2 124012

As a result, input velocity V' (E;) needed to move CG to the top position

above P P, edge can be expressed as

—mV*(E;) = mg—y-. (2.30)
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Thus, Directional Normalized Energy Stability Margin, or Sy, corresponding
potential barrier to the input velocity in the direction , can be expressed as:

So (2.31)

=75
Zl?

2.2.2 Calculation of Sy for a generalized supporting posture

This section summarizes a calculation of Sy for a walking robot with an arbitrary
n-legged supporting posture.

Again, it is assumed that a walking robot is affected by an input energy F;
that generates horizontal input velocity V(E;) of the CG (Fig. 2.2). P; and P,
are neighbouring ground contact points.

Edges of the supporting polygon and CG of the robot may be denoted as
P, i(zij, vij, 2ij), 7 = 1...n,and G(z¢, ya, 2¢) correspondingly.

Thus, DNESM Sy for the edge of the supporting polygon connecting ¢-th and
j-th foothold may be easily computed through the following algorithm.

1. Find necessary coefficients A;;, B; ;, C; ;, and D; ; from equations (3.4),

(3.9), (3.5), and (3.7) correspondingly.

2. Find a maximum angular displacement of robot’s CG ¢maz from equation
Z7j

(3.6).
3. From (3.3) calculate G ; jymaq-

4. Calculate H; ;, height difference between original CG position G and its
highest possible position G ; jymq. above (i, j), from (3.2).

5. Calculate a coefficient Z; ; for an (i, j) axis from (3.8).

6. Finally, Sy for an (i, j) line of supporting polygon can be calculated as

Sy = i, (2.32)
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It is interesting to notice that Normalized Energy Stability Margin is, in fact,
a case of Directional Normalized Energy Stability Margin. It is easy to show that
in a boundary case, when input energy is directed normally to the (7, j)-th edge
of the supporting polygon, Sy is minimum for this particular edge, which is the

same as NESM.
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2.3 Validation of DNESM

2.3.1 Numerical simulation

Equation (2.31) which allows to calculate DNESM was derived with certain as-
sumptions. In order to find out whether those assumptions are correct and how
well the performed derivation process corresponds to a real life situation, it is re-
quired to perform a numerical simulation first, and then a model experiment with
some kind of actual model of a robot, measuring Sy manually, and comparing the
results with a simulation for the same model.

In order to perform initial validation of Sy, the author have created a numer-
ical model for its calculation. Model was developed using MathCad, and did
not account for various dynamic effects of the environment. Such limitations
were introduced because relistic simulation (a simulation that would account for
friction, toqgrue effects in the joint actuators, etc.) was not critical for validation.

A simulation scenario can be described in the following points:

e External energy F; is supplied to the system in a horizontal plane, and,

thus, V(E;) lays in the horizontal plane as well.

e In numerical simulation friction in the footholds is infinite, and slipping

does not occur.

e In numerical simulation legs are massless, and robot’s mass is concentrated

in the body.
e Body velocity V;, = 0 and wp = 0 in both cases.

e Simulation and experiment are conducted on both flat and uneven surfaces

(slope).

e In numerical simulation initial position of CG corresponds with the posi-
tion of CG in a physical model. However, examining the relationship be-
tween such initial condition as the position of robot’s CG and Sy is not the
goal of the validation. Therefore, initial position of CG remains constant

in all simulation and experiment cases.

35



Py(0,-35, 0)
T |Py(17.5, 30.31, 5)
Py(-30.31, 17.5, 0)

Py(0, -35, 0)
Py(17.5, 30.31, 0)
Py(-30.31, 17.5, 0)

P
Figure 2.4: Calculation of Sy for two cases. Numbers are the coordinates of footholds in

mm, when projection of CG on a horizontal plane is in the origin of cortesian coordinate
system. Sy is plotted in polar coordinates with CG in the center of coordinate frame.

Simulation was conducted for two cases: P, = (17.5,30.31,0)7 (flat ground)
and P, = (17.5,30.31,5)" (slope). Results are shown on Fig. 2.4. Simulation
results for flat ground are shown in black line, and results for the case of slope

are shown in red.
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2.3.2 Tumbling experiment

% b b

= i ¥

Figure 2.5: Drawing of the experimental setup.
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(a) Impact table. (b) Robot model 4.

Figure 2.6: Experimental setup.

In order to validate proposed derivation process of DNESM Sy, a simple tum-
bling experiment with a specially designed experimental setup was performed.
Setup design was done in CAD package Kompas, and two views of the assembly
are shown on Fig. 2.5. Photo of the actual device is shown on Fig. 2.6.

Experimental setup consisisted of the following elements:

e Pendulum with a hammer 1 (mass: 470 g) attached to a connecting rod 2
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and rotating on a shaft 3.

e Robot model 4 (mass: 490 g) with lightweight legs (mass of each leg 2.3g),
Fig. 2.6b. (As mass of the legs is small compared to mass of the body, they

can be neglected.)
e Supporting pillars 5.
e Rotary table 6 for positioning the body.

e Vertical scale 7 for measuring the value of Sj.

P,(0, -35, 0)
P,(17.5, 30.31, 0)
P4(-30.31, 17.5, 0)

*

Py

Figure 2.7: Calculation of Sy for the case of a flat ground. Experimental results are
shown as dots and derived Sy is shown as a red line.

Experimental process was done to measure the lowest height of the pendu-

lum that defined a corresponding potential energy required to overturn the body.
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After several iterations for each angular position, it was possible to make a final

measurment of Sy with a certain precision.

One of the limiting factors of such work was insufficient friction of the sur-
face of a rotary table of the experimental setup. In cases when Sy was high,
slipping of the body occured, which resulted in a significant lack of measurment
accuracy. To solve this problem, rotary table was covered with sandpaper which

greatly improved the quality of measurements.

P,(0, -35, 0)
Py(17.5, 30.31, 5)
Py(-30.31, 17.5, 0)

*
P
Figure 2.8: Calculation of .Sy for the case of a slope. Leg 2 height is 5 mm. Experimental
results are shown as crosses and derived Sy is shown as a red line.

Data from the simulation and experiment were compared, and are presented

on Fig. 4.2.

Fig. 2.8 demonstrates a case of a slope when leg 2 foothold position is 5 mm

higher, compared to the previous case.
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As one can see on the graph, experimental results correspond well with the
derivation results of Sy as it was proposed above. This proves general validity of

our proposed method.
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Chapter 3

Non-Tumbling Gait

3.1 Introduction to Non-Tumbling Gait

This chapter will further investigate the properties and possible applications of
Directional Normalized Stability Margin, or Sy. This will be done through the
duscission about the effect that swinging leg may have on the stability of a multi-

legged robot during its motion.

Direction
of walking

Swing leg
trajectory

Figure 3.1: Crawling gait. FE; is an external energy supplied to the system, 714 is the
shortest distance to P; P, edge of the supporting polygon P; P3 Py.

Ultimately, all stability-related studies are aimed at generation of an efficient
terrain-adaptive leg motion sequence. Most of them achieve this by maintaining
the center of gravity (CG) of the body inside the supporting polygon.

For instance, posture stability in Fig. 3.3a case may be defined by the shortest

distance r14, connecting footholds P, and FPj, and gait control algorithms are
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CG trajectory

Swing leg
trajectory

Direction
of walking

Figure 3.2: Trotting gait. CG trajectory is shown as a red dashed line, ZMP trajectory is
represented by a wide bright-green line, arrows from CG trajectory show the position of
ZMP at every corresponding point.

based on this condition. In case of Fig. 3.4a, it was considered that the CG of the
body should follow the hyperbolic curve in order to follow a ZMP zigzag line
connecting the supporting legs [11, 12].

In former studies it was also considered that once planned motion is dis-
turbed, and the walking robot starts to tumble, it is all over, and the operation
has failed. In case of Fig. 3.3a, once the CG tumbles in the direction of rq4
and crosses P; Py, gait control is considered a failure. In case of dynamic walk
demonstrated on Fig. 3.4a, if robot’s CG cannot follow a proper hyperbolic curve
because of, for example, a strong wind, walking robot starts to tumble and, unless
the adjustment of next two leg supporting position is not performed, operation is
failed.

However, after studing previous works that has been done in Fukushima Lab-
oratory on various walking robots, the author came to the conclusion that re-
searchers should always consider real-life applications and behavior of the walk-
ing robots.

In case of Fig. 3.3a, when robot tumbles in the direction of P, Pj, swing-
ing leg moving above the ground may contact it, and this effect may prevent
complete tumbling of the robot. In case of dynamic walk (Fig. 3.4a), tumbling
motion around line P; P, may be prevented by the hit of a swing leg, when either

P; or P; touches the ground.
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Until now, such effect has never been considered in the studies of the walking
robots’ gait control. Thus, a further research on the matter of this effect was
performed. This led to proposition of a new paradigm of gait control for future
practical use of the walking robots.

As the quantitative planning of the proposing gait control needs a new type
of criterion of stability, a new type of stability criterion was suggested. Such
criterion takes into account dynamic effects of the tumbling motion, and also
the difference of the resistance against directional disturbance force applied to a
walking robot. Applicability of this stability criterion was verified by an experi-

ment with a simple model.
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3.2 Definition of Non-Tumbling Gait

When a multi-legged robot cannot maintain a planned stable walking or running
due to some disturbance, e.g. wind, its movement can be described by one of
the two tumbling states: complete tumbling and partial tumbling. Complete
tumbing is a state when robot tumbles until its body hits the ground, whereas
partial tumbling is a state when robot inclines, but not does not overturn due to
the effect of the swing legs which hits the ground and helps to maintain standing

posture. Fig. 3.3 and 3.4 illustrate partial tumbling in detail.

Direction
of walking

Swing leg
trajectory

(a) Crawling gait before the application of disturbing input energy F;.

Direction
of walking

P,

(b) Crawling gait after the application of disturbing input energy E;.

Figure 3.3: Crawling gait and subsequent rotation after the application of external dis-
turbing energy.
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Case of crawling gait

Let us assume that the robot is performing a statically stable crawling gait and
maintaining stability by forming a supporting triangle with legs P;, Ps, and Pj.
Disturbance energy F; is applied to the body of the robot as shown in Fig. 3.3a.
When disturbance energy F; is large, robot may start tumbling around the line
connecting P, and P,, and the swing leg P, may hit the ground. If disturbance
energy is very large, the robot may overturn completely. However, if it is not,
robot will maintain a standing posure with a newly formed supporting polygon
PP, P,. This latter state is what can be called a partial tumbling in a static

walking.

Case of trot gait

Let us assume that the robot is preforming a dynamically stable trot gait and
maintaining a planned dynamic motion while keeping the ZMP of the body on
the line connecting P, and P;. Disturbance energy F; is applied as shown on Fig.
3.4a. If disturbance energy F; is very large, the robot may tumble completely.
However, if it is not, the robot will maintain a standing posure with a newly
formed supporting supporting polygon P, P, P, in case of Fig. 3.4b, or P, P, P,
in case of Fig. 3.4c. This latter state is what we call a partial tumbling in a
dynamic walking.

Both complete and partial tumbling are, of course, not desireable, and they
should be avoided. From practical viewpoint, however, partial tumbling is far
more preferrable than complete tumbling, because it would not damage of the
body, and resuming normal walking sequence or running in case of partial tum-
bling is easy. In such case, even though planned motion is disrupted and smooth
locomotion cannot be maintained, robot can avoid overturning. Thus, such desta-
bilized motion may be considered safe.

Until now, there were many discussions about the stability criteria for stati-
cally stable walking, such as: Static Stability Margin [7], Energy Stability Mar-
gin [8], Normalized Energy Stability Margin [9], and, finally, Directional Nor-

malized Energy Stability Margin. But all of these criteria only consider the con-

45



Swing leg
trajectory

Direction
of walking

(b) Trotting gait after the application of disturbing energy, case of forward
tilting.

(c) Trotting gait after the application of disturbing energy, case of backward
tilting.

Figure 3.4: Trotting gait and possible subsequent rotations in case of application of
external disturbing energy.

ditions required to maintain a statically stable posture, and never consider the
phenomena that happen when tumbling occurs.
As for the stability of dynamic walking, as far as the author is concerned,

the discussion about it has not been done before, and dynamic walking was con-
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sidered unstable from the beginning. Of course, there was a paper “Tumble
Stability Margin and Safety Walk” [10], liyama and Yoneda expressed the idea
of safety gait, which he defined as the walking motion which guarantees that

vehicle maintains stability in every instance.

However, that paper did not include any methodology to actually quantify
how much stability safety gait allows the robot to acquire. In comparison, my
approach allows to fully quantify any influence that swinging legs have on sta-

bility of walking robot.

It has to be noted that static gait is a gait during which robot retains static
stability, i.e. projection of its center of gravity lies within the boundaries of its
supporting polygon. Specifically, this means that walking robot performing a
static gait can cease motion in any moment of time, and remain stable, keeping

the same posture. It then can continue motion as is nothing happened.

Dynamic gaits are different. Robot performing a dynamic gait cannot retain
the posture, and will inevitably change it if locomotion is stopped or under any

external disturbance.

Proposed method is applicable for both static and dynamic gaits, because it
allows to account conveniently for the change of posture which happens in the
aforementioned case (sudden stop of locomotion or external disturbance). It also
accounts for vehicles velocity, which to a large extent influences robots stability

during motion.

An idea about “stability” being an intrinsic property of dynamic walking may
sound contradictory. From practical viewpoint, even if normal planned walking
motion is disrupted, it is important to prevent complete tumbling and turn it into
partial tumbling, because this may help to prevent robot’s damage and to return

to normal static or dynamic walking.

The gait that prevents complete tumbling and turns it into partial tumbling
was specifically named a “Non-Tumbling Gait”, or “NT Gait”. Conditions that
should be met in order to perform an NT Gait are discussed below.

Non-Tumbling Gait can be defined as a gait that prevents complete overturn-

ing of a robot, and maintains a standing posture even when a certain disturbing
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force is applied to robot’s body from any direction.

Most important factor for an NT gait maintenance is the swinging leg motion.
Conventional gait control olny accounts for a positional relation between stand-
ing legs and robot’s CG, effectively neglecting an existence of the swinging legs.
However, from an NT gait perspective, swinging legs massively influence the
system. If a particular swinging leg moves too high above the ground, and/or too
close to the supporting legs, it negatively influences the chances of maintaining
stability.

Therefore, studying NT gait, the effect of the swinging legs must always be

considered.
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3.3 Generalized concept of the Directional Normalized En-
ergy Stability Margin

In order to generate an N'T gait resistant to large distirbing forces applied to
robot’s body from any direction, the first step was to introduce Directional Nor-
malized Stability Margin, a new stability criterion that takes into account the
dynamic effects of a tumbling motion, including the effect of the swinging leg
when it forms a new ground foothold, as well as a directional disturbing force.

However, for the sake of simplification, derivation process that has been
demonstrated above did not account for robot’s body velocity, which was con-
sidered zero. Let us provide equations to calculate DNESM with velocity con-
sideration.

Since robot body has a horizontal velocity V;, we are considering that rota-
tional velocity V(V (E;), V}), is generated by both V(E;) and V.

P; and P; are neighbouring ground contact points. Edges of the supporting
polygon and CG of the robot may be denoted as P; ;, and G(z¢, ye, 2¢) corre-
spondingly.

Main condition for overturning the robot is moving its CG from initial posi-
tion GG to a position G ; j)maer — an unstable equilibrium in rotation around P;
axis.

Thus, Sy for the edge of the supporting polygon connecting ith and jth
foothold may be easily computed through equation (3.1):

g 1 (M B VBZ'J' body)Q‘ 3.1

- 29 Zi ’ B, ;

Variables, necessary for computation of Sy via (3.1), can be calculated through

the following equations:

1. H, ;, height difference between original CG position G and its highest pos-

sible position G'(; jymas above P ;:

Hi,j = G(i,j)max z Gz> (32)
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where G ; jymaz:

C.. . C.. -
Gi Nmaz — #Pz j max (Pz - —ZJPZ ) 33
(gmar = Jip, [ F 0 08 Pmar\Pie = p ped )t O
i mam—7 Pi7
+ s ||P”|| +

for which

(yj — vi) (2 — 21) — (va — vi) (2 — )
A= |—(z; —mi)(zg — 2z) + (vag —xi)(z5 — 2) |, (3.4)
(zj — =) (ye — vi) — (x¢ — ) (Y5 — Yi)

and

Cij = (xq — x)(x; — x;) + (Yo — vi)(y; — vi)+ (3.5)
+ (2¢ — 2i) (2 — 2i).

Also, a maximum angular displacement of robot’s CG pmaz can be found
Zhj

as:

pmaz = arctan(D;;), (3.6)

where

D,;; = (25 — i) (Yo — i) — (xg j— xi)(y; — yi)' 3.7)
IP:sllze = =) = @57 (2 — =)

2. Coefficient Z; ; for a P; ; axis:

B. . 2
72 = (—J) AT A, 3.8
1.] ||Pi,j % PiG||2 1, 53J? ( )

for which coefficient B, ;:

B;; = [((?Jj —yi)(za — ) — (ya — yi)(zj — 2i)) cos O+ (3.9)

+ ( —(xj —xi)(2¢ — ) + (va — i) (y; — yz)) sin 9} )

3. Similarly, coefficient B; ; pody:
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(a) First rotation. (b) Second rotation, variant with tumbling
around P» P; line.

Figure 3.5: Sequence of destabilized motion (partial tumbling) after the application of
disturbing input energy F;.

B j boay = [((yj —yi)(2¢ — 2) — (ya — yi) (25 — i) cosy+  (3.10)

(= (@5 = ) (26— 2) + (86 — 20) (4 — vi)) sin7y .
where 7 is the direction angle of robot’s body velocity V.

3.3.1 Expansion of S, for the generalized case of partial tumbling

As it was explained above, in presence of the swinging leg, when disturbing
force is high enough to cause robot’s rotation around a given edge of the support-
ing polygon, the leg may block robot’s motion. In order to explain this tumbling
sequence in detail, let us refer to Fig. 3.3. There are two possible stages of
rotation, and we will refer to them as “first rotation” and “second rotation”.

We will be using the case of a crawling gait pictured on Fig. 3.3 as an illus-

tration to our explanation and subsequent calculations.
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© p,

Figure 3.6: Second rotation, variant with tumbling around P P, line.

Figure 3.7: Side view of the first rotation.

In case of Fig. 3.3, first rotation is a rotation of robot’s CG around P, Py edge
of the supporting polygon P, PP, (top view diagram shown on Fig. 3.5a). If
input energy FE; is sufficient, and so is input velocity V (E;), it may force the
robot to overturn around P P;. If that is the case, leg P; loses its contact with

the ground, while leg P, on contrary, gains it. This motion results in a change
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of the supporting polygon from P, P3P, to P, P, P, (Fig. 3.3b, 3.5b).

If initial disturbing energy £; is high enough, robot’s movement can continue
in a second rotation phase either around P, P, (in S; plane, Fig. 3.5b), or around
P, P, (in S5 plane, Fig. 3.6), depending on the position of the swinging leg P»
and direction of motion of the CG.

For the purpose of illustration, let us suppose that second rotation occurs
around P, Py, as on Fig. 3.5b. Let us discuss the process of calculation of Sy in

such case in detail.

Calculation of Sy for the first rotation

For the first rotation, we will not be calculating a typical Sy as the one we dis-
cussed before. This is because previously we were suggesting that disturbance
input energy E; should be sufficient to rotate CG around P, P, edge on angle
Vmaz- But in case of partial tumbling, the motion of robot’s CG is constrained
by existing swing leg (e.g. ). Thus, it needs to be moved on angle d, or the
angular distance which swing leg P, should travel before hitting the ground (Fig.
3.7).

In such case, we can substitute angle 6,,,, with angle J. Therefore, we must
first calculate angle ¢ based on the coordinates of swing leg P, before its collision

with the ground. It can be expressed as:

0 = arctan (?), (3.11)

2

where 25 is the height of the swing leg P, d is the distance between projec-
tion of P, on a horizontal plane and P, P, edge of the supporting polygon.

In turn, distance d, can be easily calculated as

(y1 — ya)xa + (24 — 21)y2 + (X1Ys — T4Y1)

dy =
VW — ya)? + (4 — 21)?

(3.12)

New position of robot’s CG in rotation around P; P, edge can be calculated

from equation (3.3) by substituting ,,,, with ¢ which can be found through
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equations (3.11) and (3.12):

014 ~ C’14 -
Gy = —14 P +0055<P _ S p )+ (3.13)
S 2P Pl
. A14
) d P.
TR T

Knowing G sy, the new position of CG, we can calculate the height differ-

ence H; 4 between it and initial position G

H1,4 = Gfirst z Gz (314)

Also, from equation (3.9) we can define coefficient B, 4, and, from (3.8), we
can calculate Z; 4. Subsequently, from equation (3.1) it is easy to find Sy ;s for

P, P, edge of the supporting polygon:

L0y Bt (3.15)

S9 irst — 5 b
first 2g AW Biy

Calculation of Sy for the second rotation

It is important to highlight that after the first rotation robot’s body acquires a
residual velocity V., (Fig. 3.5b, 3.7). Projection of this residual velocity on a
horizontal plane represents a body velocity Vy second, Which is an initial condition
for the second rotation.

Another important point is that we cannot vary angle 0.4 (direction of the
input velocity V secona(E;)) during the second rotation. This is because robot’s
motion in this stage is not independent, but is only a continuation of the motion
initiated at the stage of first rotation under the influence of previously applied
disturbance energy F;. Thus, the directions of V.. p, horizontal projection of
residual velocity, and input velocity for the second rotation V ge.onq(E;) coincide.

Therefore, physical meaning of Sy for the second rotation is how much energy

54



is required to overturn the robot around the edge of the supporting polygon in
addition to existing residual energy from the first rotation (represented in the
form of residual velocity V).

In such case, Sy secona can be calculated through equation (3.1), with a con-
sideration that Osccond = Vsecond> and Vy = Vies . Thus, By s = Ba 4 poay, and

equation for its calculation will look like

By = [((y4 —y2)(za — 22) — (Yo — y2) (21 — 22)) 08 Osecondt (3.16)

(= (s = 22) (6 = 22) + (v = 22) (v — 12)) D Dccona

Height difference H, 4 must be calculated in regard to G4, position of CG

after the first rotation:

H2,4 = G2,4 z Gfirst z- (317)

Finally, equation (3.1) for calculation of Sy sccong Can be written as

1 ( V29H> 4

2
SG second — S 7 - ‘/res h) . (318)
2.4

29

After all those calculations, computed Sy for both rotations, expressed in
equations (3.15) and (3.18), can be combined, thus giving an understanding of
total Dynamic Normalized Energy Stability Margin for a given posture in pres-
ence of the swinging leg:

5o total = Sefim + Sy (3.19)

second’?

where Sy rirs¢ represents an energy required to perform first rotation, and
So secona rEpresents an additional energy required for robot to continue tumbling

motion.
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Chapter 4

Validation of Generalized DNESM
for Non-Tumbling Gait

4.1 Modified tumbling experiment and simulation for a sim-
ple model

As in the previous chapter on Directional Normalized Energy Stability Margin,
calculation of Sy was validated by performing a numerical simulation, and then
conducting a tumbling experiment with a simple model of a robot, measuring Sy
manually, and comparing our results with a simulation for the same model.

In order to perform a validation of Sy with swinging leg consideration, ex-
periment with a similar, but slightly modified setup was conducted.

Tumbling experiment setup shown on Fig. 4.1a was essentially the same as
in previous experiment. However, for the purpose Sy validation, body 4 had an
additional “swinging” leg — a shorter leg elevated 5 mm above the surface. After
the application of impact force and subsequent first rotation around an edge of
the existing supporting polygon, swinging leg prevented overturning and helped
to create a secondary supporting polygon (partial tumbling).

Experimental process was done to measure the lowest height of the pendu-
lum that defined a corresponding potential energy required to overturn the body
around the edge of a secondary supporting polygon. After several iterations for
each angular position, it was possible to make a measurment of Sy with a certain
precision.

Results of the experiment were then compared to the results of numerical
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before first rotation.

Figure 4.1: Modified experimental setup.

simulation for the tumbling model, and are shown on Fig. 4.2.

4.2 Simulation for a model of a walking robot

Currently, there is a new walking robot in development at Fukushima Laboratory,
called TITAN-XIII (Fig. 4.3). This is a lightweight machine built specifically for
research on gait control and stability of multi-legged locomotion. Although work
on the robot is not yet completed, it was decided to apply the theory of Sy and
examine stability of TITAN-XIII beforehand.

To do so, a numerical simulation based on the geometry of TITAN-XIII per-
forming a trotting gait was developed. The simulation allowed to calculate Sy
in all stages of motion for all edges of all possible supporting polygons. Main
purpose of such simulation was to measure the minimum of Sy throughout the

motion sequence, and suggest ways to improve locomotion stability, thus creat-
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Figure 4.2: Experimental results (shown as dots) and derived Sy accounting for existence
of the swinging leg (shown as a red line). DNESM Sy for P, P, Ps supporting polygon
without swinging leg consideration is presented for comparison (shown in black).

Figure 4.3: TITAN-XIII walking robot.

ing a Non-Tumbling gait for a particular robot.
It has to be highlighted, that the goal of this simulation was not to experiment

on the gait generation, but to study the parameters of motion that influence sta-
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bility of the robot, as well as to find the best posture for one particular gait. In
other words, its goal was to analyze the gait in terms of stability and define ways
to improve it, not to create an entirely new gait with a different planar trajectory
of the swing leg.

Subsections below discuss the specifics of the simulation and its results.

4.2.1 Simulation assumptions

Similarly to previous simulations, walking simulation was done with the follow-

ing assumptions:

e External energy F; is supplied to the system in a horizontal plane, and,

thus, V(E;) lays in the horizontal plane as well.
e Friction in the footholds is infinite, and slipping does not occur.
e Legs are massless, and robot’s mass is concentrated in the body.
e Angular velocity of the body wp = 0.
e Simulation is conducted with an assumption that the surface is flat.

e In simulated trotting gait, change of the supporting pair of legs happens

instanteneously.

4.2.2 Parameters of robot’s motion

The equations used to control CG position and its velocity are as follows.

Position of CG is calculated as:
G.(t) = Ae® + Be ™, 4.1

where A = (Vo/s +x0)/2, B=(—Vo/s +x0)/2, s = \/9/G.(1).

CG velocity is calculated as

Vi(t) = s(Ae™ — Be™), 4.2)
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and minimum initial velocity Vy = —Gy\/9/G -

As itis clear from equation (4.2) and Fig. 4.5 robot’s body velocity is highest
in the the beginning of each step. As the motions progresses, it decreases and,
at the point when robot’s CG is located above the supporting line, robot’s body
velocity reaches its minimum. After this, it enters a phase of acceleration, and
reaches minimum initial velocity V|, towards the end of the current step and the
beginning of the next step.

Such sophisticated velocity control, despite intorucing rapid acceleration and
deceleration, allows to achieve greater speed and grater stability of the posture.
Specifics of this approach are discussed in [19].

In the context of validation of Sy, consideration of robot’s body velocity V,,
brings the simulation closer to real life, and allows to make better judgements
about the applicability of Sy.

We have conducted several types of simulation where robot was performing

a step of a trot gait. Simulation types are as follows:
e Varying swing leg height.
e Varying CG height.

e Varying velocity simulations.

4.2.3 Posture stability map

Performed simulation was based on a trot gait with a fixed stride (150 mm).
During the simulation, the minimum Sy was computed throughout the motion
sequence. By varying the wideness of the posture, it was possible to obtain
different minimum measurements of Sy. Each simulation was conducted in 30
different configuration positions across the service area for that particular stride
(service area for 150 mm stride is shown in dark grey on Fig. 4.4, and M is the
middle point of the stride).
Position of a stride’s middle point M defined the posture.
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Figure 4.4: Areas of minimum Sy for TITAN-XIII walking robot performing a trotting
gait with a fixed stride. The best Sy = 0.055m.

Such simulation allowed to generate a stability map, a simple representation
of safe and unsafe postures and footholds (Fig. 4.4). Light green areas repre-
sent zones with most stable postures, while pinkish areas show most unstable

postures.

4.2.4 Direction of minimum S, during motion

Firstly, basic behavior of Sy was studied, such as the changes in direction of
minimum Sy during a step of our model of TITAN-XIII. Although walking cycle
consists of two steps performed by interchanging pairs of legs, due to symmetri-
cal nature of the examined walk it is enough to consider only one step.

Changes of Sy throughout one step of a simulated TITAN-XIII walking robot
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Figure 4.5: Behavior of Sy througout the step of TITAN-XIII walking robot.

performing trot gait are presented on Fig. 4.5, and actual contour of Sy for each
measurement can be seen on Fig. 4.6.

It is interesting to notice that, during the motion, direction of minimum Sy
changes (Fig. 4.6). From Fig. 4.5 it is clear that this happens because of the
changes of robot’s velocity (Fig. 4.5). Additionally, the way Sy changes through-
out the step is not trivial. In points O to 2, stability is low, as the velocity is high
and directed forward. As the decrease of body velocity V;, becomes significant,
stability increases (points 3 to 5), achieving its maximum in point 5, where ve-
locity is minimum, and posture is effectively a square. Sy starts decreasing in
point 6 and achievs a local minimum in point 8, but because a pair of swinging
legs is moved forward and velocity is not yet high enough, the minimum stability
is directed backwards.

A sudden increase of stability in point 9 is of particular interest. It occurs

because of the increase of velocity (directed forward) that counteracts the neg-
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Figure 4.6: Countour of Sy throughout the step of TITAN-XIII walking robot.

ative effect of the swinging pair of legs which affect S, and decrease it in the
backward direction.

Finally, at point 10, when the step is finished and another pair of legs becomes
supporting, Sy equals to measurement in point 0, and contours in 0 and 10 are
symmetrical.

It is important to highlight, that this simple analysis shows that Directional
Normalized Energy Stability Margin (or Sp) can be used to estimate stability of
multi-legged robot in every moment throughout the motion. Not only it provides
the insights about which phase of the step is most stable and unstable, but also
shows interesting effects that posture and velocity control may have on stability

during walking.
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4.2.5 Varying height of the swing leg
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Figure 4.7: Behavior of Sy in case of increasing swing leg height.

In order to gain more insights about how different parameters of robot’s pos-
ture influence Sy, a simulation with varying swing leg height was performed: 5,
10, and 15 mm above the ground for each series of the simulation. Position of
robot’s CG remained at 232 mm above the ground.

Dependency between Sy and height of the swing leg is shown on Fig. 4.7.
It is clear that increase of swing leg height results in decrease of multi-legged

locomotion stability, as indicated by Sp.

4.2.6 Varying height of robot’s CG

Previous simulations were conducted with a consideration that robot’s center of
gravity has a constant height of 232 mm above the surface (default height of the
CG of TITAN-XIII). In order to understand how the decrease of CG height influ-
ences locomotion stability, a set of experiments, where CG height was gradually
decreased to 200 mm, was done.

As one can see from results of the simulation presented on Fig. 4.8, decrease
of robot’s CG height allows to achieve a significant increase in locomotion safety.
By lowering CG it was possible to increase minimum Sy to 73 mm. Thus, 16%

decrease in CG height resulted in 33% increase in Sy.
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Figure 4.8: Behavior of Sy in case of decreasing CG height.

4.2.7 Varying constant velocity
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Figure 4.9: Linear decline of Sy caused by the increase of robot’s body velocity.

Finally, in order to understand the effect which body velocity has on safety
margin, a series of simulations where robot’s velocity was constant throughout
the motion sequence was performed. Velocity was incrementally increased in
each modeling session. Four velocities considered were: 0.1 m/s, 0.2 m/s, 0.3
m/s, and 0.4 m/s (maximum possible velocity for TITAN-XIII walking robot is
0.7 m/s).

It is obvious that increase in the velocity would result in a decline of stability.
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Results of the simulation are shown on Fig. 4.9. As one can see from the plot,

the decrease of stability caused by increase in velocity is essentialy linear.
4.3 Tumbling experiment with Titan-XIII and the effect of the
swinging leg height

Apart from the simulation whose goal was to generate a posture stability map, it

was required to conduct a more realistic experiment with a real-life robot.

188 mm

>

570 mm

/

Figure 4.10: Posture of Titan-XIII robot used for the swing leg height experiment.

Experiment was based on the following scenario. Titan-XIII walking robot
was performing a trot gait with a 100 mm stride on a flat surface with a rela-
tively narrow posture (Fig. 4.10). There were two possible ways to tumble the
robot during motion: (1) to apply an external force to destabilize the robot, (2)
to suddenly stop the robot during motion, thus causing it to tumble under the
influence of it’s own inertial factors. Because applying an external force would
mean hitting robots body during motion, this option was not viable. Instead, it

was decided to resort to stopping the robot.
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A step of Titan-XIII was divided into phases, where 0.0 was considered as

the beginning of the step, and 0.5 as the end of the step.

Swing leg
trajectory

Direction
of walking

Motion freezing phase

Figure 4.11: Scheme of Titan-XIII performing a trot gate with a freezing phase marked
with red triangle.

An arbitrary phase of motion (0.15) was chosen for the moment of a sudden
stop (Fig. 4.11). Robot’s velocity at that point was measured, and DNESM Sy
at that point was calculated for two cases of the swing leg height: 50 mm and 15

mim.

The energy from robot’s velocity was then compared to energy required to
cross DNESM. It turned out that, according to the simulation, robot would appear
stable in case of 15 mm swing leg height (Sy = 6.453 x 1073, stability decrease
from robot’s body velocity: 1.215 x 107?), and would tumble in case of 50 mm
height (Sp = 2.045 x 1074, stability decrease: 1.215 x 1073).

Indeed, an experiment with Titan-XIII proved that the results of the simula-

tion, and, hence, the idea beyond DNESM, were valid.

Additionally, a tumbling threshold of a swing leg height was defined. The-
oretical result suggested that at 0.15 step phase, robot would tumble if a swing
leg height was more than 37 mm. Practical experiment showed that, in this case,

actual threshold swing leg height is 30 mm.

Such result is the consequence of one or a combination of intrinsic effects:

compliance, slipping, and large error in the control system of the robot.
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4.4 Sy as a source of insigths about design of multi-legged
robots

(a) Bug as one of the most vivid examples of insect type posture
(wide, CG height is low).

Py = -,

(b) Horse as an example of mammal type posture (nar-
row/elongated, CG is elevated).

Figure 4.12: Examples of insect and mammal postures in animals.

TITAN-XIII walking robot, shown on Fig. 4.3, was specifically designed
for experiments in gait control and locomotion stability of multi-legged vehi-
cles. Before building the robot, it was implicitly agreed that from design stand-
point it would be better to pursue an insect type construction, instead of a more
widespread mammal type. Insect type (Fig. 4.12a) means a robot design which
allows wide postures with an ability to position center of gravity at a low height.
Mammal type design is, on contrary, presupposes a narrow posture (Fig. 4.12b)

and a high position of the CG.
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Insect type design of TITAN-XIII was justified by the fact that insects, due to
their wide postures, have greater stability than mammals. However, such propo-
sition lacked scientific backing. So far, there has been no significant research
aimed on quantitative estimation of the advantage which insect type design has
over mammal type in terms of stability.

Now, Directional Normalized Energy Stability Margin gives us an insight
into how significantly different those two types of design/postures are in terms

of stability.

Table 4.1: Studied mammal- and insect-type postures for Titan-XIII.

Posture | CG height | Stride ratio | Stability margin

Mammal | 232 mm 0.46 11 mm

Insect 200 mm 0.97 73 mm

Stability of insect and mammal postures presented on Fig. 4.13 and Table
4.1 was compared. Apart from one being wider than the other, insect type pos-
ture featured a CG height of 200 mm, while mammal type posture had 232 mm
height, which is not the highest TITAN-XIII is capable of, but, nevertheless,
suitable for illustration.

As a result, minimum stability margin for insect posture was 73 mm, and
minimum stability margin for mammal posture was only 11 mm, which consti-
tutes only 15, 1% of the stability of an insect type posture for Titan-XIII.

Stability map provided on Fig. 4.4 may serve as an additional illustration
of the fact that not only more narrow postures have reduced stability as known
before, but that in case of narrow mammal type postures, stability is reduced
radically.

It 1s important to notice that discussion of mammal stability versus insect
stability should be done in the context of complexity of the control system of a
robot in question. Insect-type posture allows to use more simple motion control
and may save researcher a lot of time when the focus of his or her research is not
related to stability or balancing.

Mammal-type posture, on contrary, may require a sophisticated control and
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(a) Insect type posture
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(b) Mammal type posture

Figure 4.13: Studied insect- and mammal-type postures for Titan-XIII.

can be an interesting domain to explore for scientists who perform research in
complex motion control.

Therefore, when designing a new walking robot, researchers must consider
possible range of its applications, as well as types of terrain on which a machine
in question will operate. They must also define stability requirements for such
robot. Based on this knowledge, it is possible to find the most suitable design of
a robot: insect or mammal.

Consequently, such consideration will allow them to better estimate the com-
plexity of a control system required to make the robot operational. Thus, thinking

about stability is important even before the start of the design work.
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Chapter 5

Conclusions and Future Work

5.1 Conclusions

This thesis discussed the problems that prevent widespread diffusion of multi-
legged robots technology. While being an exciting and inspiring research sub-
ject, legged robots are still exotic and are usually used for research purposes,
instead of practical field application.

Particular focus of this thesis was the issue of stability and robustness of
multi-legged locomotion in various settings: flat ground, slope, etc. Before div-
ing into the subject of stability, this work gave a brief outline of the history of
walking robots, as well as the history of previous research on their stability. To
narrow down the topic to an easily digestible piece, this thesis discusses mainly
quadrupedal robots. However, the findings of this research can be applied to any
type of walking robots with a number of legs more than two.

Discussion about multi-legged stability started with an idea that conventional
stability margins do not account for the direction of an external disturbing influ-
ence (an input energy F;). It was suggested that such simplification can actually
greately limit the understanding and precision of quantification of stability of
legged robots.

Such suggestion led to a proposition of Directional Normalized Energy Sta-
bility Margin (or Sp), a stability measurement which, unlike previous criteria,
accounts for the direction of an input energy F;.

Another interesting idea that was discussed is a so-called Non-Tumbling Gait.

Non-Tubling Gait was born out of consideration that before now, discussion
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about swinging legs was virtually excluded from the discourse of multi-legged
stability. However, existense of swinging leg not only may increase the stability
and reliability of multi-legged locomotion, but also make walking robots intrin-

sically stable, if their motion control performed right.

Non-Tumbling Gait relies on the notion of Directional Normalized Stabil-
ity Margin, since it is important to know both maximally and minimally stabile

directions during robots motion.

Directional Normalized Energy Stability Margin was validated by simulation
and tumbling experiment; both were done with and without consideration about
the existence of swing leg. Simulation was performed for an actual walking
robot, Titan-XIII.

Finally, a tumbling experiment with Titan-XIII was performed, and results
of the experiment corresponded with results of the simulation. However, it was
found out that certain effects like compliance or slipping may influence the sta-

bility as well.

Research that served as a foundation of this thesis has been published in two
papers ([22] and [23]). First paper focuses on proposition and derivation of Di-
rectional Normalized Energy Stability margin, and also on its validation for the
case of flat ground and slope. The idea of Non-Tumbling Gait is briefly outlined,
but no discussion is done. Second paper focuses on thorough discussion about
Non-Tumbling Gait, generalized concept of DNESM, which is augmented to
consider the case of a two-phase rotation occurring in the presence of the swing-
ing leg. Additionally, this paper discusses a simulation done for a quadruped

robot performing a trot gait.

Speaking of how this work contributes to development of walking robots,
from the standpoint of control, this research enables researchers to better quan-
tify stability of their robots and create more efficient control algorithms for
rough-terrain locomotion. For example, currently, there are a lot of researches
(e.g., [24], [25]), in which authors study performance of a walking robots on an
uneven surface, but keep using Static Stability Margin, which is highly inaccu-

rate, and is only applicable to the case of a flat ground. Using DNESM, which
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accounts for the position of all legs, both standing and swinging, such research
can be greatly improved.

Additionally, this thesis discussed profound implications which thinking about
stability of multi-legged robots can bear on their design. Currently, a lot of re-
searchers build robots first, and then study their behavior after. This work argues
that we can (and should) estimate required stability of a robot before starting the
design process, because it may lead to better decisions about functional require-

ments of a multi-legged machine in question.
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5.2 Future Work

This thesis was heavily focused on the fundamental theory of multi-legged sta-
bility. Even if it is verified and validated, almost every theory requires practical
application before it makes lives of researchers easier. Theory of Directional
Normalized Energy Stability margin and Non-Tumbling Gait must be applied to
different types of multi-legged robots.

But it must be highlighted that since DNESM and NT Gait depend on quite
a few parameters (robot’s velocity, swing leg trajectory, etc.), their generation is
data intensive. That data must be gathered properly, and that requires installing
measurement devices on the machines.

Additionally, the effect of dynamic parameters should be studied (the effect
of compliance and torques in the joints, ground compliance, bouncing, etc.).
Tumbling experiment with Titan-XIII robot demonstrated that such parameters
may have certain influence on the value of Directional Normalized Energy Sta-
bility Margin.

Currently, newest walking robots, such as Titan-XIII and Titan-XII, created
in Fukushima Lab, do not have certain on-board sensors, and that significantly
limits opportunities for complex control which might be required to fully utilize
DNESM and NT Gait. Thus, researchers working on those robots must con-
sider installing sensors that can provide them with solid numerical data about all
parameters of robot’s motion in real time.

Speaking of robot control, it would be interesting to employ various meth-
ods of adjustment of robot’s posture according the DNESM and NT Gait the-
ory. Such methods may vary from precise optimal control to maximize stability
margin, or more natural (or higher-level) fuzzy logic or neural networks control

principles.
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