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Abstract. In this paper the authors present a software program to simulate hex-
apod robot stability in gravitational field for a certain configuration of legs using
Matlab software package. The simulation software was created using geometrical
modelling based on Denvait-Hartenberg algorithm and analyses the static stability
of the robot in different stages of locomotion on horizontal surface for different
leg configuration. The paper includes some experimental results related to the stat-
ic gravitational stability depending on the support polygon formed by the legs on
the ground.
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1 Introduction

Walking machines allow locomotion on rough and irregular surfaces with a high
degree of softness [1]. This is why legged machines received increasing attention
by the scientific community [2]. Current vehicles we are used to have wheels for
locomotion. Wheeled vehicle can achieve high speed with a relative low control
complexity but only on structured terrain. Since most of the earth’s land surface is
inaccessible to regular vehicles there is a need for mobile robots that can handle
difficult terrain.

The conventional walking machine with three degrees of freedom for each leg
has great flexibility during terrain motion [3]. An important drawback of legged
machines is the complexity of the control required to achieve walking even in
completely flat and horizontal surface in which much simpler wheeled machines
work perfectly well [4]. This means that the use of legged machines is only justi-
fied if they can walk on irregular terrain with certain degree of confidence.

Most popular hexapods can be grouped into two categories: rectangular (with
two groups of three legs distributed symmetrically on the two sides) and hexago-
nal (round or hexagonal body with evenly distributed legs).

The motion of legged robots can be divided into statically and dynamically sta-
ble. Static stability means that the robot is stable at all times during its gait cycle.
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Dynamic stability means that the robot is only stable when it is moving. For
legged robots, static stability demands that the robot has at least three legs on the
ground at all times and the robot’s centre of mass is inside the support polygon,
i.e. the convex polygon formed by the feet supporting the robot (Fig.1).

On the left side four legs provide support and the centre of mass is located in-
side the support polygon so the robot is statically stable. On the middle the bottom
left leg has been lifted, putting the centre of mass outside the support polygon
which made the robot unstable. On the right side three legs provide support and
the centre of mass is located on one side of the support polygon. This case is
called critical stability.

Statically stable Statically unstable Critically stable

Fig. 1. Stability cases for a hexapod robot: statically stable, unstable cases and critically
stability

Some of the most important advantages of legged locomotion are [5]:

accommodation to uneven terrain

use of isolated footholds

providing active suspension

environmental effects of legged vehicles are less than wheeled or tracked
vehicles

Among disadvantages of legged locomotion we can enumerate:

e artificial walking mechanisms are so far heavy due to large number of ac-
tuators

e control of walking is very complex and so far walking vehicles are rather
slow

e bad payload-weight-to-mechanism-weight ratio compared to wheeled or
tracked vehicles

e appearance of an impact force with each step made.

2 Hexapod Robot Model

The legged locomotion on natural terrain presents a set of complex problems (foot
placement, obstacle avoidance, load distribution, general stability) [6] that must be
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taken into account both in mechanical construction of vehicles and in development
of control strategies. One way to handle these issues is using models that mathe-
matically describe the different situations. Therefore modelling becomes a useful
tool in understanding systems complexity and in testing and simulating different
control approaches [7], [8].

Fig. 2. Hexapod robot structure

The robot structure considered has 6 identical legs and each leg has 3 degree of
freedom (RRR) (Fig. 2). All the relevant points have been put on the model as can
be seen from figure 2: coordinates of the centre of mass of each leg G;, i=1...6; leg
numbering for easy understanding (1 to 6), coordinates of the centre of mass of the
robot G, projection of the centre of mass into the support polygon G’, robot’s cen-
tre of symmetry with the attached frame Og(Xg,YrZg), the global frame
0Oc(X6,YgZg), and direction of motion.

The global frame is the frame that all other frames will be defined relative to.
The global frame is rigidly attached to the lower left corner of the world so that
the z-axis is vertical and the xy-plane is aligned with the floor surface.

The origin of the robot coordinates is attached in the centre of symmetry with
the z-axis pointing up, the x-axis pointing left and the y-axis pointing forward.

2.1 Robot Leg

The successful design of a legged robot depends to a large extent on the leg design
chosen. Since all aspects of walking are ultimately governed by the physical limi-
tations of the leg, it is important to select a leg that will allow a maximum range of
motion and that will not impose unnecessary constraints on the walking.
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A three-revolute kinematical chain has been chosen for each leg mechanism in
order to mimic the leg structure (Fig. 3). A direct geometrical model for each leg
mechanism is formulated between the moving frame O;(x;,y;,z;) of the leg base,
where i=1...6, and the fixed frame Ogr(Xg, YR Zg).

The coordinate frames for the robot legs are assigned as in fig. 3. The assign-
ment of link frames follows the Denavit- Hartenberg direct geometrical modelling
algorithm. The robot leg is made of links and joints as noted in figure 3. The dif-
ferent links of the robot legs are called coxa, femur and tibia.

The robot leg frame starts with link O which is the point on the robot where the
leg is attached; link 1 is the coxa, link 2 is the femur and link 3 is the tibia. Legs
are distributed symmetrically about an axis in the direction of motion (Y in this
case).

Yo

Tibia link

Z

= 3

Fig. 3. Model and coordinate frame for leg kinematics

Xg
Zo %

The general form for the transformation matrix from link i to link i-1 using De-
navit Hartengberg parameters is given in equation 1:

cosf -—sinf cose; sin@sing, a,cos6,

., |sin@ cos@cosa; —cos@sing; a,sin6,
= . o))
0 sing, cos¢, d,
0 0 0 1

The transformation matrix is a series of transformations:

translate d; along z; ; axis,
rotate 6; about z;.; axis,
translate a; along x; ; axis,
rotate a; about x;_; axis.
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The overall transformation is obtained as a product between five transformation
matrixes:

base o
T =TT
o O

G OR coxa femur  tibia

coxa femur tibia base

2

The product of the last three matrixes determines the geometrical model of the leg:

3 _ glg 23
T} = T)TT, 3)
The centre of mass of each link is positioned relative to the link frame by a posi-
tion vector pi= [x;, yi, zi, 1] T To find the position of the centre of mass of each

link relative to leg frame, the coordinates p; are multiplied with the D-H transfor-
mation giving the centre of mass positions:

Peow, =Ty piri=1..3 4)

The position of centre of mass of the leg is calculated using the equations:

Z Xy, Z yim; Z <;my,
R
z my, Z my, Z m,
i = =

Xe

&)

8

where:

my; — mass of link i

The position of robot’s centre of mass is calculated using the following
equations:

6 6 6
Z Kol Z YoMy Z Loy,
— =l — =l — =l
6 6 6

XG 7YG 7ZG_ (6)

where:
3
mp;, = Z m, 7
my; - mass of leg i
Limitations for each joint are:

i qcoxa :[‘P1/45P1/4],
i qfemur: [_p1/49p1/2] )
® Qupia =[0,3*pi/4].
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3 Simulation Platform

The main purpose of this simulation platform is to show how the support polygon
modifies when legs lose contact with ground and if the projection of the centre of
mass is within the support polygon.

The simulation program was made using MatLab GUIDE [9] (Graphic User In-
terface Design Environment).

The developed software platform can be used to analyze what happens with the
hexapod robot in gravitational field and also allows communication with the leg in
the real world.

The communication between the physical leg and Matlab environment is made
using Arduino Duemilanove development board.

The analysis of the hexapod robot in gravitational field can be group in two
modes:

e Free fall mode. In this mode the mechanical configuration of the legs is
defined by their joints values, no additional move is allowed.

e Transitory analysis. This mode is used to analysis what happens with the
robot between two static regimes.

Giving a set of values for legs joints yields a stationary mechanical configuration
which generates a certain support polygon in relation with which we analyze the
gravitational stability of the hexapod robot.

For a certain configuration of legs, the robot is statically stable if the projection
of the centre of mass is inside the support polygon; it is at stability limit if the
projection of the centre of mass is on one side of the support polygon and it is
statically unstable if the projection of the centre of mass is outside the support
polygon. In this last case the robot is shifting gradually its support polygon by lift-
ing/touching the ground with its legs, due to gravity, until the condition for static
stability is accomplished.

The shape of the support polygon needed for minimum static stability is the
triangle.

3.1 Program Interface

When the interface is launched the robot is first drawn in a stable configuration as
shown in fig. 4. The interface is divided basically into 2 areas: in the upper left the
robot is displayed (plotted) according to the values set by the user and in the upper
right and bottom we can find the controls for the robot. The controls for the robot
are structured mainly in 2 parts: joints control, position control. Joints control and
position control consists of a list where the leg number it put on and a panel where
the user can set the values for each joint or position.
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Fig. 4. Matlab robot platform interface

The controls for each leg are encapsulated into a panel identified by leg num-
ber. Every slider has an editable textbox where the value is displayed and controls
a certain link of the robot. If we use a slider the associated editable textbox value
is updated and vice versa. Also the robot leg position is updated with the data from
the slider or from the textbox. The controls for link length or mass affect all the
legs because they are considered identical.

The button label Leg Control from fig. 4 launches a second interface like in
fig. 5. The second interface allows control of a single leg. This interface can be
used both in offline mode or online mode.

461224 a B85

Connect

Off-Line

il

Status: offline

Fig. 5. The communication interface used to control the real leg using Matlab
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The graphical representation of the robot also allows seeing the shape of the
support polygon which is updated according to the legs on the ground. The sup-
port polygon is drawn only if the distance from the tip of the leg to the ground is
smaller than a threshold. This threshold is modifiable (but not present in the inter-
face) and was introduced as a way to compensate certain position errors that may
occur due to real servomotors. The simulation program shows all the stages the
robot goes through for a better understanding. For simplicity and better under-
standing of the robot stages the model is drawn in a simpler way.

3.2 Leg Control

The system proposed by the authors (Fig. 6) is similar with the system xPC-Target
component of Matlab. Of course our system does not have its performance but it is
a lot cheaper. The software that make possible the communication between Ardui-
no board and Matlab has been released with the last version of Matlab. Mathworks
[10] has also developed support for Arduino in Simulink. A part of the communi-
cation software is uploaded on the Arduino board and plays the server role.

There are two programs that can be uploaded on the board:

e adiosrv.pde with which all the input and output of the board can be manipu-
lated.
e motorsrv.pde designed exclusively for motor control via a motor shield.

The major drawback of using the original motorsrv.pde was that this file was de-
veloped as support for a specific motor shield that can only control 2 servomotors.
So we modify the file in a way that now allows using all 6 PWM channels
available.

The other part is a Matlab class (arduino.m) and plays the role of the client.
Once the class is instantiated it makes possible sending commands over USB port.

The direction of motion of the servo is automatically determined. If we set a ro-
tation with 90° and then a 30° rotation the servo will rotate 60° anticlockwise.

Matlab

ﬂ USB
Arduino

P
e =y w =
M

Fig. 6. Leg control diagram
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3.3  Walking Algorithm

During walking or running the leg move cyclically and in order to facilitate analy-
sis or control, the motion of the leg is often partitioned in two parts:

e support phase or stance when the robot uses the leg to support and propel.
e transfer phase or swing when the leg is moved from one foothold to the
next.

Parameters

Speed | | Step length | | Leg lift
Algorithm | Walking control |
| Stance | | Swing |

The stance part of the walking algorithm is supposed to move the leg in a
straight line. The swing part of the algorithm must lift the leg off the ground,
move it back to the starting position and lower it down to the ground again. The
walking algorithm is based on the kinematical model of the leg. Parameters intro-
duce in the algorithm (Fig. 7) are:

Fig. 7. Walking Algorithm

e speed; define the speed of the leg tip,
e step length; define the length of the step,
e leg lift; this defines how high the leg is lifted when it’s in the swing-cycle.

For a smooth straight motion, the swing time must be equal to the stance time for
each leg.

In the stance part of a step, the leg only moves in a straight line. At time t from
the start of the step, the coordinates (X, y, z) for the trajectory will be:

x=leglength
_ steplength

T

z=—legheight

—t*speed (3

In the swing part of the step, the leg first has to be lifted of the ground, and then
moved back to where the next step is supposed to start and then lowered to the
ground. To find out where in the swing-cycle the leg is at time t from the start of
the cycle we first have to calculate the total length the leg has to travel:
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(2 *leglift — steplength) * t 9)
swing _cycle

dist =

One step consists of one stance cycle and one swing cycle but to maintain a
smooth motion of the leg, it’s important that the swing cycle continues where the
stance cycle ended, and that the swing cycle ends where the new stance cycle
starts. This does not only hold for the position, but also for the speed and the di-
rection of the speed.

3.4 Static Stability Condition

The determination of static stability condition is resumed at finding if the projec-
tion of robot’s centre of mass is inside the support polygon. For this the authors
used the following algorithm:

support phase or stance when the robot uses the leg to support and propel.
determine the convex polygon

determine the area of the convex polygon (A)

form the n triangle using 2 consecutive sides of the support polygon and the
projection of centre of mass, G’, (e.g. ABG’, BCG’... etc.)

determine the areas of the n triangles formed (A;)

o if (XA;=A) then condition is true

o else condition is false

3.5 Simulation Algorithm for Stability Analysis

The authors elaborated an algorithm in order to achieve the goal of analyzing the
static stability of a hexapod robot in gravitational field. The algorithm is structured
in 5 steps as following:

support phase or stance when the robot uses the leg to support and propel.

setting the joints values

determine the mechanical configuration

determine which legs are on the ground

evaluation of the static stability condition

while (condition of static stability = false)

o determine the rotation line using the minimum distance from G’ to sup-
port polygon’s sides

o rotate the robot about the line found

determine which legs are on the ground

o evaluation of the static stability condition

(e}
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4 Experimental Results

4.1 Free Fall Analysis

The free fall analysis represents what happens with the robot left to fall on the
ground from a height greater than the extension of the legs. Keeping in mind that
the joints are locked by the values prescribed by the user, no extra movements are
allowed (no active stability). The only force that acts upon the robot is the gravita-
tional force. For a given set of joint values the robot passes through many transi-
tory stages until it becomes statically stable (Fig. 8.a, b, and c). Legs that have
contact with the ground determine the shape of the support polygon (triangle,
quadrilateral, pentagon or hexagon). In order to know if the robot achieves static
stability the projection of G (G’ for now on) must be inside the support polygon.
To solve this problem the above algorithm is applied.

As it can be seen in figure 8.a, when the robot falls the first legs that reach the
ground are those nearest the ground. Also G’ is not inside the support polygon and
the robot continuing its falling and rotates about the line determined by the leg 2
and leg 3. The rotation line is determined by calculating the minimum distance
from G’ to polygon’s sides. In this case the first leg closest to ground that will
provide support is leg 5.

In figure 8.b it can be seen that even in this configuration G’ is not inside the
support polygon and the robot continues it’s falling and rotates about the line de-
termined by leg 2 and leg 5 until the first leg touches the ground, which in this
case, is leg 4.

In figure 8.c a new configuration is formed and if the algorithm described
above it is applied, point G’ is inside the support polygon and the robot becomes
statically stable and the falling stops.

Fig. 8. Free fall analysis a. Phase one of falling, b. Phase two of falling, c.Phase three —
statically stable
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4.2 Transitory Analysis

In this mode of analysis the robot passes between two static regimes. A static re-
gime is identified by the condition of stability. The user can alter a static regime
using the controls for joint values. This analysis can also be interpreted as a con-
tinuation of free fall analysis case if the condition of stability has been met.

At legs considered on the ground the tip will become rounded as can be seen in
all figures.

In figure 9.a the robot has static stability, the support polygon described by the
legs on the ground is a quadrilateral and the projection of the centre of mass is in-
side the support polygon.

Next, lifting leg 5 the support polygon changes its shape becoming a triangle.
Using the algorithm described above, the projection of G is not inside the support
polygon and the robot becomes statically unstable and starts falling (Fig. 9.b).

Following the algorithm the next leg closest to the ground is leg number 4. In
figure 9.c the projection of G is inside the newly support polygon, the robot stops
falling and becomes statically stable.

Fig. 9. Transitory analysis. a. Phase one: statically stable, b. Phase two of falling c. Phase
three: statically stable

4.3 Hardware Leg Control

The algorithm for controlling the leg joints, including direct kinematics and in-
verse kinematics, was implemented in Matlab in order to analyze leg performance.

The main errors occurred due to the fact that we can only send integer numbers
for joint values.
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Other errors occurred due to the fact that the joint are assembled using bolts
and nuts. Normal usage of the robot causes the nuts and bolts to loosen causing a
lot of clearance in the joints.

The results of the tests can be view in the chart below.

e L0 e R
= O O SN S SO
[ SR S S A S SO
Y S S S S SO
e N impose trajectory |
real trajectory

)

15 20 25 30 35 40

Fig. 10. Hardware leg control results

5 Conclusion

In this paper a simulation platform for legged mobile robots was presented, that al-
lows stability analysis and full control of the robot.

Free fall analysis is useful for investigating what happens with the robot on un-
even terrain or for accidents that may happen due to lose of contact, slippery sur-
face, servomotor failure, power supply failure.

Transitory analysis represents a more important case for locomotion, gait gen-
eration. When starting to develop a gait cycle we can have a big picture of what
happens when the robot starts to move, how the support polygon changes and
what actions (what leg should be actuated) must be applied to the robot in order to
meet condition of stability.

The interface was designed to be simple and intuitive and to offer the user a
simple and efficient way to control every aspects of the robot (angles, masses,
lengths).

The two analyses made in this article represent the bases for next activities on
static stability.

The program can also be used for legged mobile robots with 4 or 8 legs using
minor code modifications.

In the future the program will be upgraded permitting additional controls and
functions for stability analysis (including dynamic stability) on uneven ground and
implementing collision detection algorithms. Also the results of these studies rep-
resent the bases for different strategies of locomotion on different terrains. The
experimental results will become a standard for a real hexapod robot.

The interface will be imbuing with additional walking algorithms and controls.

Hardware leg control will be imbuing to better precision.
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