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Abstract

In legged robots, there are changes in the sequence of legs and the foothold positions depending on the speed. The walking sequence,
known as gait, is important for the robot's ability to move in a stable and less energy-consuming way. In this study, the previously
developed ODE-based gait control algorithms for a six-legged mobile robot and the standard walking gaits were compared in terms of
stability and repeatability. In the ODE-based gait control algorithm, dynamic effects are not neglected, as in standard gait patterns.
Owing to this, the ODE-based gait controller has the ability to constantly balance itself against external disturbances. In order to test
this feature of the control algorithm, the same comparison operations were repeated for a fixed motion scenario on a rotatable inclined
floor. In this study firstly layered control architecture has explained which developed for ODE-based controllers. Thereafter, servo
motor controllers, ODE based stability and ODE based gait controllers used in robot are introduced respectively. After in order to
make the performance of these controllers comparable to the methods in the literature, standard gait patterns have been introduced.
Following this section, the performance criteria to be used in the comparison procedures and the reasons for their selection are given.
Later on, the rotatable inclined floor, which was builded in order to demonstrate the performance of the robot and controller used in
the test system better, has explained. Afterwards, an experimental scenario in which the slopes are changed periodically over time was
determined, with the aim of using this scenario in comparison experiments in which performed on the rotatable inclined floor. In the
comparison results section, the experimental performance results shown by ODE-based gait controller and standard walking
arrangements are given in detail through this test system and comparison criteria. As a result of the study, a 65 percent improvement
was observed in stability of robot, both flat and inclined floor according to standard walking gaits.

Keywords: Legged robot, Walking robot, Gait analysis, Gait control, Inclined floor.

Alt1 Bacaklh ODE (Open Dynamics Engine) Tabanh Yiiriiyus Kontrol
Algoritmasi ile Standard Yiiriiyiis Diizenlerinin Karsilastirilmasi

Oz
Bacakli robotlarda, hareket hizina bagl olarak, bacaklarin yere temas siralarinda ve pozisyonlarinda farkliliklar goriilmektedir. Gait
olarak bilinen bu yiirliylis sirasinin robotun kararli ve daha az enerji harcayacak bir sekilde hareket edebilmesi agisindan 6nemi

biiyiiktiir. Bu ¢alismada daha 6nce alt1 bacakli bir mobil robot igin gelistirmis oldugumuz ODE tabanli yiiriiyiis kontrol algoritmalari
ile standard yiirliyiis diizenlerine sahip algoritmalar, denge ve kararlilik agisindan karsilagtirilmistir. ODE tabanlh yiiriiyiis kontrol
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algoritmasinda, standard gaitlerdeki gibi dinamik etkiler ihmal edilmemektedir. Bu sayede ODE tabanl yiiriiyiis kontroloriine,
disardan gelen bozucu etkenlere karsi kendisini siirekli olarak dengeye getirebilme 6zelligi katilmistir. Kontrol algoritmasinin bu
Ozelligini test edebilmek i¢in aymi karsilagtirma islemleri egimi degistirilebilir hareketli bir platform tizerinde sabit bir hareket
senaryosu i¢in tekrarlanmistir. Caligmada ilk olarak daha once gelistirilen ODE tabanli kontroldrler i¢in belirlenen katmanli kontrol
mimarisi agiklanmigtir. Daha sonra sirasiyla robotta kullanilan servo motor kontrolorleri, ODE tabanli denge ve ODE tabanl yiiriyiis
kontroldrleri tanitilmistir. Ardindan bu kontroldrlerin performansini literatiirdeki metotlarla karsilastirilabilir bir hale getirmek i¢in
standard yiiriiylis diizenleri tamitilmistir. Bu boliimiin sonrasinda kargilagtirma islemlerinde kullanilacak performans kriterleri ve
bunlarin se¢im sebepleri verilmistir. Daha sonra da deney sisteminde kullanilan robotun ve kontroloriin performansini daha iyi bir
sekilde ortaya koymak amaci ile kurulan egimi degistirilebilir platform agiklanmistir. Sonrasinda ise, bu egimi degistirilebilir platform
iizerinde yapilacak karsilastirma deneylerinde kullanilmasi amaci ile egimlerin zamana bagli olarak periyodik bir sekilde degistirildigi
bir deney senaryosu belirlenmistir. Karsilagtima sonuglart béliimiinde ise bu deney sistemi ve karsilastirma kriterleri {izerinden,
standard yiiriiyiis diizenleri ile ODE tabanli yiiriiylis kontroloriiniin gostemis oldugu deneysel performans sonuglari detayli bir sekilde
verilmigtir. Caligma sonunda standard yiiriiylis diizenlerine robotun stabilitesinde hem diiz hem de egimli zeminlerde yiizde 65
oraninda bir iyilesme gozlenmistir.

Anahtar Kelimeler: Bacakli robot, Yiiriiyen Robot, Yiiriiyiis Analizi, Egimli zemin.

1. Introduction

Mobile robots are systems that can perform the tasks defined in a space without being connected to any place. In robotics, the
term manipulation is generally used instead off moving. In the manipulation process, a robot placed in a fixed position moves objects
by applying different forces at different times [1]. In mobile robots, it is more appropriate to use the term locomotion instead of
manipulation [2]. In the locomotion process, the environment in which the robot is placed is accepted as constant and the robot moves
itself by applying some forces on this environment.

Talking about locomotion of mobile robots, the first system that comes to mind is the walking mechanisms used by living
creatures in nature. Walking motion is performed by following the sequential contact points between the animal leg's endpoint and the
ground [3]. With these contacts points which occurs between the ground and the end point of the leg, it is possible to move with legs
even in difficult terrain [4]. Although legged systems provide mobility even in harsh field conditions, legged movement systems has
more complex application and control problems than other alternatives.

In addition to these basic gait control techniques, researchers working on gait control in leg mobile robots have often sought to
identify optimal gait patterns to improve energy efficiency and balance [5-8]. In all of these studies, dynamic effects of the robot are
neglected such as inertia forces that may occur during the movement. Since the dynamic effects of the robot will be less in small
robots, it is possible to ignore these effects and consider only the static balance in robot control.

Although these neglections do not pose a significant problem in insect type robots, where the robot weighs quite small, it would
not be right to ignore these effects in a legged mobile robot big enough to meet the human needs. When the size of the leg robots is
increased to meet human needs, problems such as the requirement of a robust robot design and development of a new dynamic
computation techniques are encountered.

The first of these problems is the strength requirement of the robot. Although it is possible to overcome this problem with the use
of durable materials, the same process will lead to an increase in weight, which will adversely affect the load-bearing capacity and
energy efficiency of the robot. Eventhough this problem can be solved with new, lightweight and durable materials, it will
significantly increases the cost.

The main reason why a control technique (which take all the dynamic effects into account) cannot be developed in legged mobile
robots is the lackness of a calculation method to determine the reaction forces at the leg tips with all components. If the robot has
more than three contacted legs on the ground, the inability to calculate the components of the contact forces is defined as the
hyperstatic state. The contact force components that will occur if three legs touch the ground are shown in Figure 1 on an exemplary
platform.
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Figure 1. The contact force components in 3 leg contact situation

When calculating the contact forces on this platform, which has three legs in contact with the ground, it is technically possible to
write six different equations. These are the force and moment static equilibrium conditions in all three direction (x,y and z).Bu
denklemler In these conditions, it is assumed that the sum of the linear forces in the X, Y and Z axes and the moments around these
axes are equal to zero. Since the number of forces tried to be determined in the system is nine, it is impossible to find a single solution
using linear algebra techniques. There are infinitely different solutions in this equation set and nonlinear solution techniques are used
to find the most accurate solution set.

In the legged mobile robot applications, there are examples that try to measure the force components at the contact points by
placing the sensors at the leg's endpoints, instead of using a mathematical technique directly [9]. Since these sensors are very
expensive and difficult to apply, they create serious problems in terms of cost.

If the contact forces at the leg tips are known, it becomes very easy to develop control techniques that take into account dynamic
effects. The control technique refers, the application of forward dynamic analysis technique from the leg's contact point to the robot's
main chassis, in order to obtain the external forces required for the joints. In the cases where contact forces are not known, the
application of this dynamic analysis technique becomes impossible.

The dynamic calculations required for motion control of the legged robots are composed of highly complex operations [10].
Generally, legged robot control can be performed with a dynamic model which consisting of highly complex and nonlinear equations
[11]. In the solution of these nonlinear characteristic equations, the solution can be done with the assumptions and constraints [12]. On
the other hand with physics simulators such as Open Dynamics Engine (ODE), this modeling process can be performed in a simple
way without the need for analytical solution of complex equations using iterative techniques [13].

Open Dynamics Engine (ODE), used for dynamic analysis of mechanical systems, was designed by Russell Smith in 2007 as an
open source physics simulator [14]. Many developers have continued to contribute to the development of ODE until today. The latest
version of ODE was published in June 2017 by Oleh Derevenko. The new versions have many advantages in terms of both speed and
performance compared to the original version. In addition, with the new versions, it becomes possible to define the new types of joints
and contact types according to users needs. Although the new releases provide performance improvements in ODE, the basic dynamic
analysis algorithm has never changed.

It is possible to calculate the contact forces on a six-legged robot directly by using ODE, without the need for any special
technique [15]. On the other hand, a model-based controller using ODE in its infrastructure can create a control plane in which the
robot automatically balances itself quickly [16]. By operating this control plane continuously in an ODE based gait control algorithm,
the robot can automatically compensate for external influences during walking [17].

In this study, firstly, an experimental system has been developed which consists of control ropes and a inclination platform, in
order to reveal the performance of walking and stability controllers developed in previous studies. The performance of the ODE based
gait and stability controllers was investigated on this developed experimental system. In order to determine the responses of the
controllers to changing external conditions, the experiments were carried out seperately at a fixed flat angle and a case scenario in
which the angles of the two axes were changed periodically. The previously developed stability and repeatability criterias were used
for performance examinations [18]. In the performance analysis the same experiments were repeated for the standard gait patterns in
order to reveal the contribution made to the literature. At the end of the study, the positive improvement achieved by ODE-based
stability and gait controllers compared to standard gaits is revealed as a quantitative measure.

2. ODE based stability and gait controllers
e-ISSN: 2148-2683 244
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2.1. Layered control architecture

In legged robots, a hierarchical control architecture is generally preferred at the control process [19]. In a hierarchical control
architecture, the devices and control software used in the system are organized as a tree. Complex systems created by humans are
often controlled in a hierarchy. In this control technique, problems are divided into smaller sub-problems and the problems are tried to
be solved within a defined structure. For this reason, a hierarchical control structure will be used in the control operations performed
within the scope of the study. At the bottom of this structure, which will be controlled by a total of 3 layers, there is an ODE dynamic
model and an experimental robot. The layered control architecture used in the experimental system is given in Figure 2.
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Figure 2. Block diagram of the layered control architecture for the experimental six-legged robot
2.2. Servo motor an ODE based joint controllers

Servo motors are robotic actuators which are used to apply the values such as position, speed, acceleration and torque to the joints
between two different part. The servo motors used on the experimental robot have been selected in Dynamixel AX-12 type due to its
flexible use and many features such as position, speed and torque control. In servo controllers, which basically have a feedback
controller structure, the reference data received from the sensors on the system and the input values defined in the system are
continuously compared and an error value is generatedThen, using internal controllers, control signals are generated according to this
error value. These signals are then transmitted to the DC motors inside the servo motors to provide an output such as the desired
position, speed and acceleration. Figure 3 shows the block diagram of the feedback controller on the Dynamixel AX-12 servo motors.
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Figure 3. The block diagram of the controller on AX-12 servo motors
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2.3. ODE based stability controller

One of the main control objectives in legged mobile robots is to achieve balance during movement. Maintaining the balance
throughout the movement will eliminate the possibility of the robot's tumbling. In addition, a more efficient movement will be
realized since the load amount to the joints will decrease in the case of a balanced walk. The most stable posture of a legged robot is
the case where the projection of the center of gravity on the ground and the center of the contact polygon intersects with. In order to
intersect the center of gravity and the contact polygon center, the body, which is the heaviest part of the robot, needs to be moved in a
direction that minimizes the error value defined in section 3. Figure 4 shows the ODE-based stability algorithm that performs this
balancing process.
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Figure 4. ODE-based stability algorithm [16]

In the ODE cycle, the above-mentioned operations are performed sequentially and the robot automatically balances itself
according to the externally disturbing factors. In addition, the calculation of the compensation error in this developed controller is
based on the contact polygon formed by the legs in contact with the ground, if one or more of the legs are cut off from the ground, the
robot will try to stabilize itself according to this new situation.

2.4. ODE based gait controllers

Another difference between the walking creatures in nature is the diversity in the sequential orders, according to the movement
type or speed. This sequence of leg movements, which can vary even in different movements (walking, running, galloping, etc.) seen
on the same organism, is referred to as walking gait in the literature.

Stabilization (6,,6,..6,3)
Algorithm

Joint Controllers

The purpose of the ODE physics simulator in the gait controller is to take into account the inertia forces that will result from
acceleration during movement. Thanks to the previously developed ODE based joint and stability controllers, a control structure has
been developed in which the robot can automatically stabilize itself according to both the effects from these inertial forces and the
disturbing effects from the outside. The gait controller is located on the top layer of the three-layer control architecture given in Figure
2. The purpose of this controller is to move the legs of the robot in a suitable order according to the walking arrangement defined to it.
Figure 5 shows the ODE-based gait controller.
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Figure 5. ODE based gait controller [17]
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In addition to this control architecture, there is a need to add a gait controller to the robot to move the robot from one location to
another. Figure 6 shows two different contact polygons on the robot. The contact polygon is defined as a polygon whose corners are
formed by the end points of the robot's ground-contacting legs. The Cy;.s, polygon shown in the figure represents pre-movement, Cyqq,
polygon represents contact polygons in the post-movement state. The d, and d,, march distances are used to define the displacement
quantities that the leg will perform after a one-foot step according to a fixed reference axis placed in the ground plane. The term d,, is
used to describe the elevation displacement of the transient position of the leg in the movement phase.

Figure 6. The contact polygons (pre-movement and post-movement state)

Each leg movement (foot-step) consists of two phases in total. In the first phase, the end point of the leg is moved forward by d,,
and d,, to be transmitted to the point where it will find the next step. The end point of the leg is increased by the distance d, during
the movement, so that the leg breaks from the ground correction during movement to perform a more comfortable movement. In the
second phase of the leg movement, the end point of the leg is lowered to the ground only by the distance d, so that the distances d,
and d,, are maintained. This d,. and d,, and the displacements applied sequentially to all legs according to the gait pattern to allow the
robot to complete a complete step. Figure 7 shows the flow diagrams of the gait control algorithms added to the ODE-based stability
controller for three different gait type. For more detailed information about algorithms, study [20] can be examined.
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Figure 7. The flow diagrams of gait control algorithms (a-tripod, b-ripple, c-wave)
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3.Standard walking gaits

While designing a walking gait for six-legged mobile robots, scientific studies are generally carried out taking into account the
movements of living organisms or insects. These movements refer to the leg movement sequences used by the living thing to reach
another position. Even in the same creature, different walking patterns can be seen at different speeds. The definition of steps in the
movements of leg organisms is not only used for the movement of a leg. The term step in walking creatures is defined as the
movement of the living thing from its current position until it returns to the same posture after a specified amount of progress. The
term footstep is generally used for the movements of each leg. Robots with a large number of legs, such as six-legged creatures, can
be made in many different combinations of sequences. However, these gait sequences must be designed to maintain the stability of the
robot. These step differences are known as gait in the legged robot literature.
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In six-legged robot applications, three different gait patterns are generally used to maintain balance during movement. These
walking schemes are called Wave, ripple and tripod respectively. Figure 8 shows the leg numbers for an example six-legged mobile
robot and the order in which these legs move in three different gait patterns.
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Figure 8. Standard walking gaits (a-tripod, b-ripple, c-wave) [21]

4.Performance criterias
4.1. Static stability criteria

In control systems, the term stability margin is used for the minimum degradation value that will make the system boundary
stability. Boundary stability conditions in leg mobile robots are situations where the projection of the robot's center of gravity (CoG)
on the ground plane and the edges of the contact polygon intersects with. Because out of this line, the robot will fall over into an
unstable state, and inside it will continue to maintain its stability in a determined manner. For this reason, the stability in leg mobile
robots depends mainly on the relationship between the contact polygon and the position of the robot's average center of gravity.

The main purpose of control systems is to successfully perform a predefined task on the controlled system. While measuring the
performance of control systems, it is necessary to determine how much of this task is completed successfully. For this reason, a
stability margin is needed both to use as a correction factor in the stabilization algorithm and to measure the performance of the gait
controller to be compared within the scope of the study. In the literature, many different kinds of stability margins can be defined for
evaluating static walking performance in leg mobile robots. The most important and most used of these margins is undoubtedly the
stability criterion known as Static Stability Margin (SSM). This criterion is shown in Figure 9 on the contact polygon.

=
>

@ye)

(xO!J yof

CS
Figure 9. Static Stability Margin (SSM) on a Contact Polygon
In order to determine the static stability margin, firstly the position of the robot's average center of gravity in space is needs to be

find. While determining the average center of gravity of the robot, the positions of all parts of the robot in space and the weighted
averages of their mass values are taken. The expressions given between equation 1 and 3 are used to find the average center of gravity.

mr = Z?:1(mi) @)
Xo = oo N (i my) @)
Yo = miT i=1(vi-m;) 3)

In the equations, the term m; is the mass value of the i th limb, the term n is the number of limbs used in the robot, the term m is
the total mass of the robot, the term x; represents the position of the i th body on the x axis relative to the axis set defined on the body,
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the term y; represents the position of the i th body on the y axis relative to the axis set defined on the body, and the terms, x, and y,
represent the positions of the average center of gravity of the robot relative to the axis set in the body. Once the robot's average center
of gravity is found, it
must be projected onto
the  ground  plane
(projection). This
process is  shown
schematically in Figure
10.

A

Figure 10. The projection of the center of gravity (CoG) to the ground plane [16]

Equations 1-3 are used to calculate the position of the average center of gravity relative to a set of moving axes placed on the
body of the robot. The IMU sensor, which is placed in the body of the robot, makes it possible to measure the angular position of the
body relative to the fixed ground plane. The angular positions a, and a,, around the X and Y axes relative to the global axis set are
shown in the figure. If the height hy of the center of gravity placed on the body is kept constant during the movement of the robot, the
projection (x;,y,") of the average center of gravity on the ground plane is calculated by the expressions given in equations 4 and 5.

Xo' = xo + hg.tan a, (4)
Yo = Yo + hg.tana, 5)

In addition,the position of the center of the contact polygon shown in Figure 9 must be determined to calculate the static stability
margin. The polygon center determination formulas given in 6-8 are used to find this position.

1
A= EZin:1(xi'yi+1 — Xi1Y1) (6)
1
Xe =2 fo1 (i + X1 (60 Yiea = Xia¥i) ()
1
Ye = 2 Zima 0 + Yien) (60 Viea = Xigayi) ®)

Normally, the static equalization margin (SSM) is defined by the shortest distance of the robot's average center of gravity to the
edges of the contact polygon. The higher the value, the more stable the robot stands. A smaller value means a more unstable posture.
In cases where the static equalization margin is negative, the posture is unbalanced, which means that a tumbling motion will start in
the direction of the error. Within the geometric area covered by the contact polygon, the position farthest away from the edges is the
position of the polygon center. This point is represented by the term (x., y.) in Figure 11.
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Figure 11. The error values defined on the contact polygon [16]

In the developed stability controller, two different error values must be defined since two different axes will be controlled.
Compensation errors in the X and Y directions are defined by the expressions given in equations 9 and 10 below.

ey = X; — X, 9)
€y =Yc— Yo' (10)

The term e, and e, represents the difference distances on the x and y axis relative to the ideal position of the main frame. In
addition to this error value, a performance criterion is needed to evaluate the overall movement in the gait control section. For this
purpose, the Euclidean distance is used to represent the error between the center of gravity of the contact polygon and the center of
gravity. The euclidean error between these two points is calculated by the equation given in equation 11. In order to establish a single
performance criterion to represent the quality of the entire gait, the integral of this error term in formula 12 is taken over the entire gait
time.

deuc (t) = /(ex()? + (e, (1)? (11)

€alan = fOT deyc(t) de 12)

4.2. Resemblance criteria

Most of the stability margins are used to represent the current stabilization level of the robot numerically. Therefore, these
stability margins do not give us any information about the whole gait. On the other hand, the ODE-based gait controller may
occasionally display irregular behavior if the parameters are set incorrectly. In Figure 12, the regular progressive change of the time-
dependent Euclidean error of a standard tripod gait and the irregular behavior obtained as a result of the ODE-based tripod gait are
shown.
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Figure 12. The regular behavior of standart tripod(left) and the irregular behavior of ODE based tripod (right) [16]

For this reason, there is a need for a new performance criterion that indicates whether the movement is periodic or not. A new
performance criterion based on standard deviation formula has been developed to express the similarities of steps during gait. The
equation used to obtain this performance criterion proposed in Equation 13 is as follows.

e = (2, (2 (50 - 254, 5 0) ) (13)
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5.Experimental System
5.1. Experimental Robot

A six-legged mobile robot was used in the experiments in this applied research study. The robot used experimentally has a total of
eighteen degrees of freedom, three degrees of freedom on each leg. Total weight of the robot including servo motors, battery and
electronic equipment is 2.4 kg. The designed version of the robot used in the experiments is given in Figure 13. As can be seen in the
figure, each leg consists of three limbs in order of connection to the body. These limbs are called coxa, tibia and femur respectively
from the trunk to the tip. Each leg used in the robot is designed to be identical. These legs are placed on the body at different angles
and positions. There are eighteen servo motors on the robot, one for each joint. These servo motors are of the Dynamixel AX-12 type.
In these servo motors, which are preferred because of their light and high power, the speed and position control of the motor can be
made as well as the torque control by changing the upper limit of torque. The height of the robot at the standard stand position is 16.2
cm. A three-cell Li-Po battery is used on the robot to meet the power requirements of the motors and electronic equipment on the
robot. This battery has an energy storage capacity of 2200 mAh. When the battery is fully charged, the robot can move continuously
for 25 minutes.

Figure 13. The design of six-legged robot used in experiments and the experimental robot [16]

The projection of the robot's center of gravity is located at the center of the main chassis. The maximum amount of displacement
that the robot can travel along the x-axis without tumbling in tripod gait's single cycle is 9 cm. The six-legged robot used in the
experiments is given in Figure 13. The body of the robot consists of two different plastic materials. The first of these are the frame
fittings of the servo motors. These parts are white parts that appear on the robot shown in Figure 13. All the other parts used in the
robot has manufactured by laser cutting from a high hardness ABS plastic plate.

5.2. Inclined Floor

In order to demonstrate better the performance improvement shown by the ODE-based gait controller, a movable platform has
been constructed which can be angularly moved about two axes. The size of this platform determined as 2x1 meters. Rope and roller
control mechanisms operating according to the principle of counter balancing load have been established both because the ground to
be controlled by changing its angle is too large and the platform angle given during walking is not affected by robot movement. In
these mechanisms, the ropes are passed through movable linear slides placed on the wall. In this way, both the angle at which the
platform is located can be controlled with two different ropes and the angles at which the platform is located can be measured via a
display plate fixed to the wall. This inclination platform can be seen in figure 14.
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Figure 14. The experimental inclination platform

5.3 Inclination Scenerio

Experiments to compare gait patterns consisted of 5 steps in total. In each gait, the completion time is different. In ODE-based
tripod gait, one step is completed in 2 seconds, in ODE-based ripple gait this is 4 seconds and in ODE-based wave gait takes 6
seconds. The time taken for one step in a standard tripod gait is completed in 2.5 seconds, while the standard ripple gait is 4.5 seconds
and the standard wave gait is 6.5 seconds. The reason that the times in ODE-based gait patterns differ from the times in standard gait
patterns is that the step movement in ODE-based gait control can be completed in one phase shorter due to the automatic balancing
process. Although the ODE-based gait controller can be adjusted with the delay times between the steps, the delay time between the
steps is kept constant in all experiments at 0.5 s in order to compare the gait patterns accurately with each other. A periodic test
scenario has been developed to be applied to the moving platform in order to test the gait patterns with different periods of time under
the same disturbing factors.

This periodic test scenario takes 10 seconds in total. The angle of the X and Y ropes that control the platform changed to different
values in every 2 seconds during the scenario. In other words, the control ropes will be intervened 5 times in this scenario process,
which will be carried out periodically during the experiments. Platform angles (x = 0 °, y = 0 °) are kept at the beginning of the
scenario. With the first disturbance to be made in the 2 second of the scenario, platform angles are brought to (x =0 °, y = 10 °). Then
sequentially the platform angles are brought to (x = 0 °, y = -10 °) with disturbance at 4 seconds, are brought to (x = -11 °, y =-10 °)
with disturbance at 6 seconds, are brought to (x =11 °, y = -10 °) with the disturbance and finally the platform angles are brought to (x
=0 °, y =0 °) with the disturbance made at the 10th second of the scenario. This scenario, which is used to change the angles of the
moving platform at certain times, will be used in all walking patterns to be tested in the experiments. If the tests of the walking gaits
take longer than 10 seconds, the scenario will be restarted in every 10 seconds and will continue to be reinitiates again. Figure 15
shows the time-dependent periodic changes of this scenario to be used in the experiments.
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Figure 15. The periodic change of inclination scenario used in experiments

6.Comparison Results

In this section, some test results will be given in order to show the performance improvement of ODE based gait controller. The
experiments will be carried out under two main headings. In both titles, the results of tripod, ripple and wave gait patterns will be
given for both standard gait and ODE based gait patterns respectively. In the first part, the robot will be carried out on a flat surface.
In the second part, the angles of the moving platform on which the robot is located will be changed during the gait. Thus, the
performance improvement of the gait controller on both flat ground and a moving plane will be examined.
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6.1. Experiment’s on Flat Floor
6.1.1. Standard Tripod vs ODE based Tripod
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Figure 16. The comparison of Standard tripod(left) and ODE based tripod(right) on a flat floor
6.1.2. Standard Ripple vs ODE based Ripple
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Figure 17 The comparison of Standard ripple(left) and ODE based ripple (right) on a flat floor
6.1.3. Standard Wave vs ODE based Wave
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Figure 18. The comparison of Standard wave (left) and ODE based wave (right) on a flat floor

6.1.4. Comparison table

Table 1. The performance results of walking gaits tested on flat platform

L Movement
. Area Error Deviation Improvement
Gait type (mm.s) Error speed (%)
' (mm/s)
Standard Tripod 90,127 20,082 8 66.048
ODE based Tripod 30,600 15,976 10 '
Standard Ripple 131,4181 36,291 4,44 74.930
ODE based Ripple 32,946 2,533 5 '
Standard Wave 292,446 60,761 3,08 55 645
ODE based Wave 129,714 54,704 3,33 '
Average improvement 65,541
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6.2. Experiments on a periodically inclined platform

6.2.1. Standard Tripod vs ODE based Tripod
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Figure 19. The comparison of Standard tripod(left) and ODE based tripod(right) on inclined floor
6.2.2. Standard Ripple vs ODE based Ripple
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Figure 20. The comparison of Standard ripple (left) and ODE based ripple (right) on inclined floor
6.2.3. Standard Wave vs ODE based Wave
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Figure 21. The comparison of Standard wave(left) and ODE based wave (right) on inclined floor

15 25 30 33 0.5 10 15 20 25 30
Time (s) Time (s)

- N N
v o [3,]
T

-
o

Euclidean Error (mm)
Euclidean Error (mm)

L3

6.2.4. Comparison table

Table 2. The performance results of walking gaits tested on inclined platform.

I Movement
. Area Error Deviation Improvement
Gait type speed
(mm.s) Error (%)
(mm/s)
Standard Tripod 124,614 4651,078 8 69.06
ODE based Tripod 38,556 389,703 10 '
Standard Ripple 188,806 6931,243 4,44 79 94
ODE based Ripple 52,414 833,720 5 '
Standard Wave 307,755 3744,512 3,08 5111
ODE based Wave 150,454 1212,521 3,33 '
Average improvement 64,14
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7. Results and Discussion

With the ODE-based gait controller, the walking of six legged robot becomes both faster and more stable. Although it varies
according to the selected walking gait, the new gait patterns produced with the ODE-based gait controller improved the euclidean
error 65% averagely compared to standard gait patterns. In order to demonstrate the performance improvement of the ODE-based
gait controller compared to standard gait patterns, the experimental robot was carried out both on a flat platform and on a mobile
platform whose inclination was changed over time. The ODE-based stability and gait controller resulted in a 65,541% improvement
in walking on flat ground and a 64.14% improvement in walking on an experimental platform with a periodically modified slope.
These improvement values obtained according to standard gait patterns are based on field error.

The reason why this improvement is so good is that the time used for the robot's self-balancing process between the steps is set to
a value of 500 milliseconds. Because if the time between the steps is so large, the time-dependent numerical integral values of the
Euclidean errors in standard gaits are quite large. In other words, the performance of the ODE-based gait control varies depending on
the speed of the robot. For this reason, the increase in performance is only valid for this delay value. Although the increase in
performance depends on robot speed, it is clear that even at very high speeds, the ODE-based gait controller will provide much better
results than the standard gait patterns on the basis of stability errors.
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