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Abstract: In this paper the authors present a software program to simulate hexapod 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 static gravitational stability 

depending on the support polygon formed by the legs on the ground. 
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1. INTRODUCTION 

The nature invented the leg and humans invented the wheel. 

In nature, most arthropods have six legs to easily maintain 

static stability, and it has been observed that a larger number 

of legs do not increase walking speed. Moreover, hexapod 

robots show robustness in case of leg faults. For these 

reasons, hexapod robots have attracted considerable attention 

in recent decades (Bensalem et. al. 2009). 

Legged locomotion is a very difficult robotic problem, 

especially when compared to wheeled locomotion. Wheeled 

locomotion is suitable for fast transportation and use friction 

to move forward in an efficient way but requires constructed 

terrain to minimize mobility restriction. On the other hand 

legged locomotion minimizes the terrain modification and 

legs provide the capability of maneuvering within confined 

space. As can be seen from nature, legs are not used only for 

walking (e.g.: manipulators, sensors) (Maki 2007). 

However, legged locomotion possesses additional complexity 

in control of the legs. The control became more complex with 

the increasing number of degrees of freedom offered by the 

articulated leg. The number of legs has a major impact on the 

physics of the problem of walking. Multilegged robots 

display significant advantages with respect to wheeled ones 

for walking over rough terrain because they do not need 

continuous contact with the ground (Xilun Ding et. al. 2010). 

It is well known that to maintain a structure’s position in a 

three dimensional space requires three point of support. 

Machines with three or more legs continuously in contact 

with the ground are said to be statically balanced if they 

maintain their projection of the centre of gravity within the 

polygon determined by the legs on the support plane. The 

polygon is known as “the support polygon” (Fig 1). One of 

the most studied problem for multilegged robots concerns the 

stability analyze during lifting off and placing the legs.The 

motion of legged robots can be divided into statically and 

dynamically stable. Static stability means that the robot is 

stable at all times during its gait cycle. 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 inside 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.  

Fig. 1. Stability cases for a hexapod robot: stable, unstable 

critically.  

Some of the most important advantages of legged locomotion 

are (Nitulescu 2002, Hauser et al. 2008, Carbone et al. 2005): 

• 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 (Maki 2007): 

• artificial walking mechanisms are so far heavy due to 

large number of actuators 

• appearance of an impact force with each step made. 

Statically stable Statically unstable Critically stable 
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• control  of walking is very complex and so far walking 

vehicles are rather slow 

• bad payload-weight-to-mechanism-weight ratio compa-

red to wheeled or tracked vehicles 

2. HEXAPOD ROBOT MODEL 

The legged locomotion on natural terrain presents a set of 

complex problems (foot placement, obstacle avoidance, load 

distribution, general stability) (Krzysztof et. al.2008) that 

must be 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 mathematically 

describe the different situations. Therefore modelling 

becomes a useful tool in understanding systems complexity 

and for testing and simulating different control approaches 

(Barreto et al., Fahimi, 2008). 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 Gi, i=1...6; leg numbering (1 to 6), 

coordinates of the centre of mass of the robot G, projection of 

the centre of mass onto the support polygon G’, robot’s 

centre of symmetry with the attached frame OR(XR,YR,ZR), 

the global frame OG(XG,YG,ZG), the leg frame attached on 

coxa joint OC(XC,YC,ZC) 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 limitations 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.  

A three-revolute kinematical chain (R1, R2, and R3) 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 

Oi(xi,yi,zi) of the leg base, where i=1…6, and the fixed frame 

OR(XR,YR,ZR).  

The coordinate frames for the robot legs are assigned as in 

fig. 3. The assignment of link frames follows the Denavit- 

Hartenberg direct geometrical modelling algorithm.  

The robot leg frame starts with link 0 which is the point on 

the robot where the leg is attached; link 1 is the coxa (L1), 

link 2 is the femur (L2) and link 3 is the tibia (L3). Legs are 

distributed symmetrically about an axis in the direction of 

motion (Y in this case). 

The general form for the transformation matrix from link i to  

link i-1 using Denavit Hartengberg parameters is given in (1): 
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Fig. 2. Hexapod robot structure. 
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Fig. 3. Model and coordinates frame for leg kinematics. 

The transformation matrix is a series of transformations: 

1. Translate di along zi-1 axis, 

2. Rotate θi about zi-1 axis, 
3. Translate ai along xi-1 axis, 

4. Rotate αi about xi-1 axis. 

The overall transformation for one leg is obtained as a 

product between five transformation matrixes: 

R

G G R

Obase coxa femur tibia base

O O O coxa femur tibia
T T T T T T=  (2) 

 

The product of the last three matrixes determines the 

geometrical model of the leg: 

3 1 2 3

0 0 1 2T T T T=    (3) 

 

The coordinates of each leg tip are: 
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The centre of mass of each link is positioned relative to the 

link frame by a position vector pi= [xi, yi, zi, 1]
 T

. To find the 

position of the centre of mass of each link relative to leg 

frame, the coordinates pi are multiplied with the D-H 

transformation giving the centre of mass positions: 
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The position of robot’s centre of mass is calculated using the 
following equations: 
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where: 
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mLi - mass of leg i 

xgi, ygi, zgi – the coordinates of the center of mass of leg i 
calculated using (5). 

Limitations for each joint are: 

qcoxa =[-pi/2,pi/2], 

qfemur=[-pi/4,pi/2], 

qtibia   =[0,3*pi/4]. 

2.2 Inverse kinematics 

The geometrical model described above establishes a 

connection between the joint variable and the position and 

orientation of the end frame. The inverse kinematics problem 

consists of determining the joint angles from a given position 

and orientation of the end frame. The solution of this problem 

is important in order to transform the motion assigned to the 

end frame into the joint angle motions corresponding to the 

desired end frame motion. 

The goal is to find the three joint variables θ1, θ2, and θ3 

corresponding to the desired end frame position. The end 

frames orientation is not an issue, since we are only interested 

in its position. 

Using (4) and considering the following constraints: all joints 

allow rotation only about one axis, femur and tibia always 

rotate on parallel axes, and the physical limitation of each 

joint we can determine the joint angle as follows: 

( )

( )

1

2
2 2 2 2

2 3

2 2 2

2

2
2 2 2 2

3 2

3

2 3

tan 2 ( , ) 180, 0

tan 2 ( , ),

( ' ' )
cos tan 2( ', ')

2 ( ' ' )

( ' ' )
180 cos

2

a y x x

a y x otherw ise

l x y l
a a y x

l x y

x y l l
a

l l

θ

θ

θ

+ <
= 


 
+ + − 

= + 
+ 

 

 
+ − − 

= −  −
 
 

 

  

(8) 

where: 
l1, l2, l3 - are the links lengths 

x,y – the coordinates of the leg tip in the leg frame 

x’,y’ - the coordinates of the leg tip in coxa frame. 

 

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 

(Brian et al. 2001) (Graphic User Interface Design 

Environment). The software platform was developed to 

analyze what happens with a hexapod robot left to fall on the 

ground from a height greater than the extension of the legs 

(free fall mode). 
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Fig. 4. Matlab robot platform interface. 

In this mode the mechanical configuration of the legs is 

defined by their joints values, no additional move is allowed. 

It can also be used to analyze what happens 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 lifting/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. At legs considered on the ground the 
tip will become rounded as can be seen in all figures. 

3.1 Program interface  

As said in the previous section, the interface is made using 

Matlab Guide (Fig. 4). When the interface is launched the 

robot is first drawn in a stable configuration. The interface is 

divided into 2 areas: in the left the robot is displayed (plotted) 

according to the values set by the user and in the 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.  

The controls for each leg are encapsulated into a panel 

identified by leg number. 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 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 support 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 interface) 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 

understanding of the robot stages the model is drawn in a 

simpler way. 

3.2 Static stability condition 

The determination of static stability condition is resumed at 

finding if the projection of robot’s centre of mass is inside the 
support polygon. For this the authors used the following 

algorithm: 

• 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 (Ai) 
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• if (ΣAi = A) then condition=true 

•       else condition=false 

3.3 Simulation algorithm 

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: 

• 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) 

•  determine the rotation line using the minimum 

distance from G’ to support polygon’s sides 

•  rotate the robot about the line found 

•  determine which legs are on the ground 

•  evaluation of the static stability condition  

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 gravitational force. For a given 

set of joint values the robot passes through many transitory 

stages until it becomes statically stable (Fig. 5.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’) must be inside the support 

polygon. To solve this problem the above algorithm is 

applied. 

As it can be seen in figure 5.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 4 
and leg 5. 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 

2. 

 

Fig. 5.a: Phase one of falling. 

In figure 5.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 determined by leg 2 and leg 

5 until the first leg touches the ground, which in this case, is 

leg 3.  

 

Fig. 5.b: Phase two of falling. 

In figure 5.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. 5.c: Phase three – statically stable. 

4.2 Transitory analysis 

In this mode of analysis the robot passes between two static 
regimes. A static regime is identified by the condition of 

stability. The user can alter a static regime using the controls 

for joint values or position of the leg tip. This analysis can 

also be interpreted as a continuation of free fall analysis case 
if the condition of stability has been met.  

In figure 6.a the robot has static stability, the support polygon 

described by the legs on the ground is a quadrilateral (formed 

by legs 1, 2, 3 and 4) and the projection of the centre of mass 
is inside the support polygon.  

 

Fig. 6.a: Phase one: statically stable. 
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Next, lifting leg 3 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. 6.b). 

 

Fig. 6.b: Phase two of falling 

Following the algorithm the next leg closest to the ground is 

leg number 5. In figure 6.c the projection of G is inside the 

newly support polygon, the robot stops falling and becomes 

statically stable. 

 

Fig. 6.c: Phase three: statically stable 

5. CONCLUSION  

In this paper a simulation platform for legged mobile robots 
was presented, that allows stability analysis and full control 

of the robot. 

Free fall analysis is useful for investigating what happens 

with the robot on uneven terrain or for accidents that may 
happen due to lose of contact, slippery surface, servomotor 

failure, power supply failure. 

Transitory analysis represents a more important case for 

locomotion, gait generation. 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 represent the bases for different strategies of 

locomotion on different terrains. The experimental results 

will become a standard for a real hexapod robot.  
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