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Abstract:

Robots with wheels or tracks are currently used for

exploring dangerous areas in search and rescue mis-

sions. To improve the abillity to traverse terrains it

is proposed to use a walking robot.

A random generated terrain is set up to represent a

search and rescue terrain, and a hexapod walking

robot is applied. A kinematic model is set up of the

hexapod robot, and it is determined how the robot

can be moved while sustaining static stabillity.

A gait generator for tripedal walk is developed us-

ing arti�cial potential functions, and a trigonomet-

ric inverse kinematics solver is used for translating

the gait into servo angles.

Collisions with the surface are detected using a 3D

model, and a system is set up to avoid unwanted ter-

rain contacts. The robot is controlled in open loop

to evaluate the models.

While traversing the terrain singularities can appear

when solving inverse kinematics. It was attempted

to modify the gait to avoid the singularities, this was

however not achieved satisfactory.
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Synopsis:

Kørende robotter på hjul eller larvefødder bruges

allerede i dag til at udforske farlige områder i efter-

søgning og rednings opgaver. For at forbedre robot-

ters evne til at komme frem i uvejsomt terræn fores-

låes det at bruge robotter der går på ben.

For at repræsentere et uvejsomt terræn er et til-

fældigt terræn fremstillet. En seksbenet robot er

brugt som eksempel på en gående robot.

Der er opstillet en kinematisk model af robotten, og

det er undersøgt hvordan man kan bevæge robotten

imens man opretholder statisk stabillitet.

En algoritme baseret på kunstige potentialer bruges

til at beregne robottens gang. En trigonometrisk løs-

ning af den inverse kinematik bruges til at omsætte

bevægelserne til vinklerne for den enkelte servo.

For at sikre at terrænet kun har kontakt med

robottens fødder er der anvendt en 3D model til

at beregne kollisioner med robottens over�ade.

Robotten er styret i open loop og de kinematiske

modeller er veri�ceret.

Ved gang i det tilfældigt genererede terræn, opstår

der gangarter som ikke kan gennemføres kinema-

tisk. I de situationer er det forsøgt at ændre gan-

garten så videre gang er muligt, det lykkes dog ikke

altid tilfredsstillende.





Preface

This report concerns the modelling and control of a hexapod robot. The project is composed in the period
from the 1st of February to the2nd of June. The work was carried out at Aalborg University by �ve8th

semester students in the Section of Automation and Control at the Department of Electronic Systems. The
project proposal is given by Ph.D scholar Mads Sølver Svendsen from the Mobile Robotics Group at Aalborg
University.

The report is written as a research paper that can provide information to further development on the subject of
modelling and controlling hexapod robots.

The source code for both the report and the developed software can be found on the enclosed CD see Ap-
pendix H, as well as other materials used in the making of the project.

Throughout the project, MATLAB has been used for data processing and presenting results. Simulink and Real
Time Target has been used for implementing, modelling and simulating the developed models.

In Chapter 7 a complete list of the acronyms used in the reportare presented.

Group 09gr832, Aalborg University

Casper Lyngesen Mogensen Mads Jensen

Rasmus Pedersen Henrik Dalsager Christensen
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Chapter 1
Introduction

Throughout history, disasters, both the naturally occuring and the ones in�icted by humans, have troubled the
population of the Earth. When a disaster strikes, urban regions are often struck the hardest, since the density of
people is higher in urban than in rural regions. Buildings, skyscrapers and other structures could be turned into
rubble and debris with people trapped inside. Hence potentially making the urban Search and Rescue (SAR)
operations far more dangerous than rural SAR missions.

Estimations indicate that the urbanization of the world will continue, meaning more and more people will move
into con�ned areas. Hence the need for urban SAR, due to both natural and human in�icted disasters, will still
be there. Estimations show that somewhere in 2008-2009 the percentage of urban dwellers will pass the 50%
mark, and increase rapidly in the years to come [1].

Robots pose an attractive solution to the problem of �nding missing persons in disaster areas while keeping the
rescue personel safe. However the task of using robots for SAR operations, requires a precise model of, and an
advanced control mechanisms, for the robot, especially if the robots should reach some degree of autonomity.

1.1 Preliminary Problem

A premapping of the environment improves the robots possibilities of traversing the area, in a potential search
and rescue mission. It allows the control system of the robotto perform some sort of route planning through
debris and rubble, but it is also the �rst step in making the robot more autonomous. The proposed scenario of
the project is shown on Figure 1.1, with an autonomous robot facing a mapped/known environment.

To allow the robot to traverse the area, further knowledge ofthe robot, environment and general issues con-
cerning both SAR and general robotics is analysed.
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Figure 1.1: Robot and mapped landscape



Chapter 2
Preliminary Knowledge

In the following chapter an analysis of the elements used in the project will be carried out. General knowledge
of SAR should be obtained in order to get knowledge of the environment the robot works in. General knowledge
about locomotion used for movement of the robot should also be obtained.

The robot used throughout the project, will be presented. Following the robot presentation, the knowledge of
locomotion is used to determine a suitable gait, to use when traversing the area.

The knowledge obtained in this chapter, is used to determinea set of objectives which is to be reached during
this project.

2.1 Search and Rescue

Shortly after a disaster the primary objective is to �nd survivors hidden or trapped in the debris, however the
task of searching trough the debris is both tedious and dangerous. The idea of letting robots perform the task
has been suggested several times, and in recent time robots have been used. During the World Trade Center
collapse in 2001 several robots took part in the search of survivors, and the usage of backpack sized robots
proved to have a unique capability to scavenge the debris searching for people [2][3].

One of the robots advantages, in scavenging debris, is that they, due to their size, can dive into the debris,
searching inside a pile of rubble, where humans have no chance of going. Robots can work for several hours
without getting tired, whereas the longevity of humans is limited. When traversing unknown terrain, robots
need an advanced system guiding them through the debris, otherwise it might get stuck or damaged. Hence the
primitive robots used, must very often have minimum one and often more persons working alongside it, placing
humans in the danger zone [2].

Recent studies, trying to reduce the human to robot ratio, aim to improve the autonomy of the robot, while
integrating robots in a larger network with an overall objective. The solutions often result in a human being the
limiting factor in the search, as the human determines what to be done and where [2][3].
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2.1.1 Human-Robot Collaborative Search

Where the optimal solution might be to have a large number of autonomous robots searching an area, system-
atically or at random, for people hidden in debris, a more likely system would be a joint operation between
humans and robots, making the search and rescue operation robot-assisted.

Suppose the search area consisted of an even surface of e.g. 20 by 20 meters, this area could be mapped into a
computer, and thereby given to the individual robots. Placing a robot in a �xed position somewhere in the map
as a start position, would be the beginning of a search operation. One possibility could be to provide the robot
with some limitations indicating where it can go, hence constraining its movement to be inside the search area,
as shown on Figure 2.1(Left).

Now suppose that two points of interest are placed in the search area, as illustrated on Figure 2.1(Center) and
the goal for the robot is to �nd the two points. The robot couldbe left inside the area and allowed to search at
random, and over time �nding the points. However the operator could have some knowledge of where it might
be wiser to begin the search and perhaps a subarea in the search area is inaccessible for the robot. This could
result in a map of the search area as shown in Figure 2.1(Right).

Figure 2.1: (Left) A robot placed in a search area (Center) Simple route planning (Right) Complex route planning

The degree of autonomy implemented on the robot could include a navigational system, using the map of the
area and the constraints given by the operator to choose the fastest route to the point of interest.

When changing the scenario from a two dimensional terrain to athree dimensional, the navigation becomes
more dif�cult. In the two dimensional example, the constraints given by the operator was somewhat simple,
but as the third dimension is added, the constraints should also be brought into a three dimensional map. A
terrain in three dimensions is more realistic as an environment involved in a SAR operation. Here the variations
in terrain caused by debris and rubble, can change in elevation by each step the robot and/or the person travels
into the terrain. Furthermore the stability of the debris iseasily compromised. When a robot traverses through
debris, each step is a potential terrain change waiting to happen.

In order to plan a path through uneven terrain, knowledge of the robot must be de�ned, since the possible paths
depends on both the size of the robot and the type of locomotion used by the robot. The locomotion is important
and the right type of locomotion should always be chosen withconsideration of the environment surrounding
the robot.
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2.1.2 Robot Locomotion

In order to traverse a given terrain the robot needs to be equipped with a system which provides locomotion.
This could be done in many different ways, which can roughly be adapted into three different types [4].

• Rotational devices, such as wheels and tracks

• Legs, similar to those observed on animals

• Articulated bodies, similar to the body of a snake

The different types of locomotion are used in different �elds, wheels and tracks are preferred where the terrain
is even, however when the terrain becomes more uneven the advantages of wheeled locomotion becomes some-
what obsolete [4]. Instead the advantages of legs makes walking more useful in an uneven terrain. The legged
robots advantage is the ability to position the legs with high precision. The number of joints on the leg, gives
the robot more Degrees of Freedom (DoF), which can give the robot a better or more precise placing of a foot.

However some terrains can be too uneven, even for a legged robot, since the ground clearance below the robot
is of a certain size, which is limited by the length of the legs. In such a case, a robot with an articulated body
could be preferable. The articulated body makes the robot able to move much like a snake, the composition of
the servos allows it to raise the Center of Mass (CoM) and improve its chances of traversing objects blocking
its way [4].

The environment in a disaster zone is, much like a substantial part of the Earth, inaccessible to wheeled or
tracked robots. Locomotion using legs or an articulated body is in most cases preferred, however the articulated
body often proves dif�cult to analyze and control, comparedto legged locomotion which has been analyzed
and constructed since some of the �rst machines were built more than 2000 years ago [5].

2.2 Robot Description

This section describes the robot available for this project, which is produced by Lynxmotion[6] and is of the
type ”AH3-R Walking Robot”. It is a symmetric hexapod walker, with a cylinder shaped base chassis, and with
6 identical legs evenly distributed along the circumference, as is illustrated on Figure 2.2

The individual parts, the robot consists of, are named members or links. Typically links on a robotic system are
connected through joints.[7].

Each leg consists of 3 joints and 3 links. The joints can be manipulated by one servo per joint, providing 3
DoF for each leg, and a total of 18 DoF for the robot. One of the servos connects the entire leg to the base
chassis through a vertical axis, allowing the leg to rotate sideways in relation to the body. The two other servos
manipulates the two other joints of the leg, with rotation about horizontal axes, one located close to the body
and the other furter away.

On Figure 2.3 the name convention for the joints, and the location of the rotational axes are indicated. all
possible movements are caused directly by the servos. The names are adopted from insects, as their legs have
a similar structure. The innermost joint is dubbed coxa joint, as it is the joint which attaches the coxa link. The
middle joint is dubbed femur, and the outermost joint is named tibia.



6 2.2 Robot Description

Figure 2.2: Illustration of the robot, showing the basic geometry of the robot, the body is circular (red in �gure), with legs attachedat
equal spacing

Figure 2.3: Illustration of the robotic leg, with rotational axes added. The green axis (left) is named coxa joint, the Red axis (center) is
named femur joint, and the blue axis (right) is named tibia joint.
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2.2.1 The servos on the robot

The servo type (HS-645MG) used on the robot has an on-board controller which translates a Pulse Width
Modulated (PWM) signal to a position, and each servo can be updated to new positions with 50Hz. The general
parameters of the servos can be seen in Table 2.1. With a totalof 18 servos the current draw accumulates to
8.1 A if moving all servos at minimum load, and up to 36 A if all servos are stalled [8].

Servo parameters:

Operating voltage: 4.8 - 6 [V]

Torque provided: 9.6 [Kg � cm]

Current consumption (idle): 9.1 [mA]

Current consumption (no load): 450 [mA]

Current consumption (stall): 2 [A]

Table 2.1: Table showing the general servo parameters.

The electronics of the robot is also delivered by Lynxmotionand consists of the SSC-32 servo controller which
provides a low level servo interface[6]. SSC-32 provides 32PWM output connections, which is intended for
attaching servos or similar output devices. The interface for the SSC-32 is a RS232 connection which can be
set at baud rates up to 115.2kbit/s [6].

2.3 Preliminary Analysis of Six-Legged Gaits

The purpose of this section is to analyze what kind of gait should be used to enable the hexapod robot to walk.

A gait is a description of how the robot moves its legs, wheelsor what ever means of locomotion the robot uses.
An important aspect of how the gait is constructed is if the gait of the robot is static stable and/or dynamically
stable. Static stability implies that the CoM must lie within Polygon of Stability (PoS) at all times [9, p.285-
286].

When talking about dynamic stability it is necessary to introduce the Zero Moment Point (ZMP). ZMP can be
de�ned as:"That point on the ground at which the net moment of the inertial forces and the gravity forces has
no component along the horizontal axes"[10, p. 8]. To ensure dynamic stability the ZMP must lie within the
PoS at all times and not lie on the edges of the PoS[11, p. 91].

2.3.1 Six-legged gaits

When planning a gait and a trajectory for a six-legged robot, aplace to start is by looking at insects. The insects
normal way of walking is by using a tripedal walk, where its legs are moved three and three. When an insect
moves its legs, the front and rear leg on one side is moved at the same time as the middle leg on the other side
(Illustrated on Figure 2.4).

The tripedal walk has the advantage that three legs are touching the ground at all time which gives a triangular
PoS. The advantage of having a triangular PoS is that it is possible to obtain gait that is stable at all times. With
only two point feet on the ground, the PoS is reduced to a line,which makes it very dif�cult to achieve stability.

Another option for six-legged locomotion is the wave gait where one leg is moved at a time. When using this
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Figure 2.4: Illustration of an insect gait. The legs colored red are touching the ground and the legs colored with green are lifted. The
dashed triangles are the PoS

gait, a six-legged robot will have �ve end points on the ground all the time, which implies that the PoS will
be de�ned by the �ve end points, usually causing the PoS area to increase, reducing the risk of instability.
Even though the wave gait implies easier insurance of stability, the disadvantage is that it will be a slower walk
when compared to the tripedal walk, as only one leg is moved atthe time. It is also possible to construct other
arbitrary gaits. Examples could be an ad hoc gait where the legs are placed according to the shape of the terrain
or if the robot is required to climb over obstacles.
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Objectives and Delimitations

The project proposal presents the problem of making a hexapod robot able to traverse an unstructured terrain.
The motivation of the project comes from the fact that SAR robots often need to traverse ruble and other
unstructered terrain.

While modern SAR robots use wheels or tracks for locomotion, it is argued in Section 2.1 that legs are better
suited for this type of terrain traversal. On the basis of theproject proposal it is decided to focus on the
locomotion of the robot through some known terrain on the basis of directional commands from a human.

From this consideration the main project objective was found to be:

Design a system for the Lynxmotion hexapod robot which enables it to traverse an arti�-
cially created, unstructured terrain on the basis of directional commands from a human.

The problem gives rise to a range of solutions. to specify theproblem and narrow the focus of the project the
following sub-objectives are proposed.

The robot must be able to traverse the entire length of the test terrain only by the help
of directional commands from a human.

Only the end points of the robot legs can be used to support theweight of the robot, no
other part of the robot is allowed to collide with the terrain.

3.0.2 Delimitation

The task of designing a control system that enables a SAR robot to traverse an uneven terrain consisting of
debris and rubble, is in this project delimited to designinga control system that enables the robot to traverse a
known arti�cially created terrain.

The terrain is created from 7.7 by 7.7 cm wooden beams in different lengths, mounted on four 75 by 75 cm
plywood boards which can be arranged in different patterns.The arti�cial terrain can be mapped digitally and
by selecting the lengths of the wooden beems at random, the terrain will still be unstructured, simulating debris
and rubble. The task of controlling the robot in an environment which can change under the weight of the robot,
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or is wet or slippery, is not considered. However the composition of the map should be suf�ciently complex to
set some constraints to the robots movement.

Another problem not taken into account during the project, is how far the robot can see in the terrain. To give
the robot more autonomoty cameras could be mounted on the robot. However that solution is computationally
intensive, and the process of creating the map “on-the-�y” is considered a project in it self. The project proposal
suggest that a complete mapping of the environment is carried out before the robot is introduced. This makes
two different solutions possible, one is to give the robot full knowledge of the map, since the data is present.
Another solution could be to give the robot limited knowledge of the map, allowing it to see, e.g. 1 meter in
each direction.
It is chosen to give the robot complete knowledge of the mapped terrain for the purpose of this project.

To further narrow the range of solutions, the following delimitations are presented. These points are essentially
speci�cations of the important aspects of the project and delimits the project from what is considered less
relevant to the main objective.

The terrain will be mapped digitally and stored for use in thecontroller. No online
mapping of the terrain will be conducted.

The sensors used for the system will be the Motion Tracking Lab (MTL) cameras.

The system developed in the project is specially designed for the Lynxmotion Hexapod
robot, described in Section 2.2.

The robot will move only on the basis of human input, not autonomously.

No control routines will run on the robot hardware itself, the control software will run
on a separate PC.

The robot will not carry any payload.

3.1 System Functionality Outline

To complete the objectives stated above, while consideringthe project delimitations, some preliminary system
functionalities can be outlined. The system needs to have complete kinematic awareness of the robot, to be able
to position the robot body and legs. A gait that can handle uneven terrain and functionality enabling the robot
to avoid collisions with the terrain needs to be developed.

It can be argued that the gait should be, by itself, able to ensure that the robot does not collide with the terrain,
leaving any collision detection algorithm obsolete. In short the system should be able to supply the following
functionality.

• Kinematic model including Inverse Kinematics (IK) for control of the robot in a global coordinate system.

• Gait generating algorithm based on directional inputs from a human.

• Collision detection and/or avoidance functionality.

How the system features are designed and implemented, is described in the following parts of this report. First
the kinematic modelling of the robot and terrain is described, then the actual system design regarding gait
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generation and collision detection and avoidance is described along with other sub-features that was found
necessary due to the design of the main features.
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Chapter 4
Modelling

4.1 Introduction to Modelling

To be able to control the robot, models of both the robot and the environment it is present in, needs to be
developed.

First coordinate frames are de�ned for all important parts of the system. The de�ned coordinate systems will be
used throughout the report. To be able to coordinate the movement of the robot in relation to the environment,
a kinematic model is created. The kinematic model consists of both the kinematic description of the robot and
its manipulators and an IK solution for the manipulators andthe robot body itself. This makes it possible to
calculate the joint angles for the robot legs, for a given legand robot con�guration.

To be able to determine the stability of the robot, the dynamic properties of the robot must be considered. The
stability of the robot is determined by the position of the CoM and the ZMP relative to the PoS. It is assumed
that the robot will move so slowly that the vertical projection of the CoM on the ground and the ZMP will be
roughly the same. Therefore only the CoM will be used to determine the stability of the robot. By using an
assumed maximum movement of the ZMP, a minimum distance, from the CoM to the edge of the PoS, can be
calculated hence ensuring stability at all times. The assumed maximum movement of the ZMP is calculated on
the basis of an assumed worst case acceleration of the robot,as explained in Appendix A.

4.2 Terrain Model

The environment, which a robot would encounter in a SAR situation, is hard to replicate. Rubble will often be
present, and the ground can be unstable. For simplicity it ischosen to consider only a stable terrain with no
loose rubble or slippery surfaces.

It is desirable to use a terrain and a corresponding map whichis recon�gurable as it allows for having one terrain
for development, and another terrain for testing. The terrain is, due to the size of the laboratories, designed to
be installed on a square board measuring 1.5 meters on both sides. The unstructured terrain is simulated using
blocks cut from 7.7 by 7.7 cm logs of wood. The wooden blocks are cut in 4 different heights: 5, 10, 15, and
20 cm. As a result the map consists of 5 discrete elevations ranging from 0 to 20 cm.
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The distribution of the blocks can be used to build a discretemodel of many terrain variations. As an example a
stair can be built by distributing them proportionally to anaxis, and a wall could be created by aligning the tall
blocks in a row. For this project it is chosen to create a uniform distribution of the blocks, as this will model
different scenarios in a very con�ned area.

The uniform distribution is approximated by dividing the area into 7.7 by 7.7 cm squares, and then iterating
through each line of the map, assigning a band limited discrete random value to each element. This produces
a map as illustrated in Figure 4.1, and as the �gure illustrates, the terrain is quite versatile in the challenges it
presents for the robot. Around the unstructured area of the simulated terrain, an area of �at ground is mapped.
This maps the �at lab �oor around the terrain and allows for testing on �at ground.

0

500

1000

1500

0

500

1000

1500

X- axisY- axis

Figure 4.1: Illustration of the terrain created by a Matlab script assigning a bounded discrete random height to each element in the terrain

4.3 Selection of Coordinate Frames

Before any modeling of the robot can begin the coordinate systems for all parts of the robot and terrain needs to
be identi�ed and properly de�ned. All coordinate systems used will be cartesian and from now on be referred
to as frames.

4.3.1 Global Frame

The global frame is the frame that all other frames will be de�ned relative to. The global frame is rigidly
attached to the lower left corner of the terrain model so the z-axis is vertical and the xy-plane is aligned with
the �oor surface. The x-axis and y-axis are parallel to the walls of the MTL. The x- and y-axes of the global
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frame is illustrated together with the arti�cial terrain model in Figure 4.1. The z-axis of the global frame points
upwards.

4.3.2 Robot Body Frame

The origin of the robot coordinate frame will be attached to the center of the bottom plane of the central robot
structure with the z-axis pointing up, the x-axis pointing left and the y-axis pointing forward. This is illustrated
in Figure 4.2.

In this project the roll, pitch and yaw angles (� , � and
 ) of the robot body frame relative to the global frame
are de�ned as:

Roll: Rotation about the y-axis.

Pitch: Rotation about the x-axis.

Yaw: Rotation about the z-axis.

Figure 4.2: Location of the robot body frame relative to the robot hardware.

4.3.3 Leg Frames and Notations

The coordinate frames for the robot legs are assigned as shown in Figure 4.3. The assignment of link frames
follows the Denavit Hartenberg notation [12, p. 200]. The robot leg is made of links and joints as noted on
Figure 4.3. As stated in Section 2.2 the different links of the robot legs are called coxa, femur and tibia.

The robot leg frames starts with link 0 which is the point on the robot where the leg is attached (Attachment
link), link 1 is the coxa, link 2 is the femur and link 3 is the tibia. Link 4 is the end point of the leg and coincides
with link 3. The joints are located at the inner end of their respective links while the link frames are attached to
the outer end of their respective links. This means that joint 2 rotates about the z-axis of frame 1. The y-axes
of the link frames are not shown on Figure 4.3 as they are not relevant here.
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(a) (b)

Figure 4.3: Illustration of leg frame and link frames. Figure (a) shows a 3Drendering of one of the robot legs with its rotational axes.
Figure (b) shows the robot leg in a isometric view with all linkframes and rotational axes. The y-axes of the link frames are not shown as
these are irrelevant for the given illustration.

4.4 Kinematic Model of Hexapod Robot

When all the coordinate frames are de�ned, it is possible to describe the kinematic model of the legs of the
hexapod robot. All units are milimeters for distance measurements and degrees for angle measurements if
nothing else is explicitly stated.

4.4.1 Robot Leg Parameters

The robot legs can be described by the following set of parameters which complies with the Denavit Hartenberg
notation [12, p. 200].

As described in Section 4.3 the legs are placed in a local leg frame with a vertical z-axis through the rotational
joint, which connects the leg to the body. The x-axis of the leg frame is de�ned to be perpendicular to the robot
body, pointing away from the center of the robot. In the leg frame, link frames are assigned to each link in the
leg, as described in Figure 4.3.

The Denavit Hartengberg parameters are denoted� i , ai , � i anddi .

• � i is the angle between thezi � 1-axis and thezi -axis about thex i -axis.

• ai is the kinematic length of linki , e.g. the distance between thezi � 1-axis and thezi -axis along the
x i -axis.

• di is the link offset, e.g. the distance from thex i � 1-axis to thex i -axis alongzi � 1-axis.

• � i is the joint angle or the joint variable. For the rotational joints in the robot legs, this is the angle
between thex i � 1-axis and thex i -axis about thezi � 1-axis.
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The Denavit Hartenberg parameters for the �rst and last linkare not de�ned as the rest of link frames are
assigned in such a way that the twist and distance from these links to their respective nearest links are zero.
Meaning� 0 = a0 = 0 and� 4 = a4 = 0 .

link/parameter � i ai di � i

1 (Coxa) 90� 38.5 [mm] 45 [mm] � 1

2 (Femur) 180� 56.5 [mm] 0 [mm] � 2

3 (Tibia) 0� 143.5 [mm] 0 [mm] � 3

Table 4.1: Denavit Hartenberg parameters for one robot leg.

The rotational axis of joint 1 is rotated 90 degrees relativeto the rotational axis of joint 2, which again is rotated
180 degrees relative to the rotational axis of joint 3. The 180 degree difference� 2 between joint 2 and 3 is
because of the way the servos are mounted, rotated 180 degrees relative to each other. The value can also be
set to zero and the rotational direction reversed at a lower software level, though that solution is not chosen.

4.4.2 Forward Kinematic Equations for Robot Leg

This section describes the forward kinematic equations, also called the direct kinematic equations, for one robot
leg. The coordinate frames are as described in Section 4.3 and the leg parameters are as described in Section
4.4.1.

The forward kinematic equations are a set of equations composing a transformation matrix, transforming co-
ordinates in one link frame to coordinates in another link frame. If multiplied the transformation matrices for
each link pair, gives the complete forward kinematic transformation matrix, transforming the coordinates in
frame N to coordinates in frame 0. The general form for the transformation matrix from linki to link i � 1 is
given in Equation 4.1 [12, p. 208].

T i � 1
i =

2

6
6
6
4

cos� i � sin � i cos� i sin � i sin � i ai cos� i

sin � i cos� i cos� i � cos� i sin � i ai sin � i

0 sin� i cos� i di

0 0 0 1

3

7
7
7
5

(4.1)

The transformation matrix is a series of transformations:

1. Translatedi alongzi � 1-axis

2. Rotate� i aboutzi � 1-axis

3. Translateai alongx i � 1-axis

4. Rotate� i aboutx i � 1-axis

The speci�c leg transformation matrices, transforming thecoordinates from one link frame to the previous, is
shown in Equations 4.2-4.5.
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T 0
3 = T 0

1T 1
2T 2

3 (4.2)

T 2
3 =

2

6
6
6
4

cos� i � sin � i cos 0 sin� i sin 0 143:5 cos� i

sin � i cos� i cos 0 � cos� i sin 0 143:5 sin� i

0 sin 0 cos 0 0
0 0 0 1

3

7
7
7
5

=

2

6
6
6
4

cos� i � sin � i 0 143:5 cos� i

sin � i cos� i 0 143:5 sin� i

0 0 1 0
0 0 0 1

3

7
7
7
5

(4.3)

T 1
2 =

2

6
6
6
4

cos� i � sin � i cos 180 sin� i sin 180 56:5 cos� i

sin � i cos� i cos 180 � cos� i sin 180 56:5 sin� i

0 sin 180 cos 180 0
0 0 0 1

3

7
7
7
5

=

2

6
6
6
4

cos� i sin � i 0 56:5 cos� i

sin � i � cos� i 0 56:5 sin� i

0 0 � 1 0
0 0 0 1

3

7
7
7
5

(4.4)

T 0
1 =

2

6
6
6
4

cos� i � sin � i cos 90 sin� i sin 90 38:5 cos� i

sin � i cos� i cos 90 � cos� i sin 90 38:5 sin� i

0 sin 90 cos 90 45
0 0 0 1

3

7
7
7
5

=

2

6
6
6
4

cos� i 0 sin� i 38:5 cos� i

sin � i 0 � cos� i 38:5 sin� i

0 1 0 45
0 0 0 1

3

7
7
7
5

(4.5)

Position of Link Center of Mass

To be able to derive the dynamic model, the transformation matrices to the CoM of the individual links are
presented here.

The CoM of each link is positioned relative to the link frame by a position vectorpCoM = [ xCoMi yCoMi zCoMi ]
T.

The general homogenous representation of the CoM position ispi
CoMi

= [ xCoMi yCoMi zCoMi 1]T. The ap-
pended 1 is the scale factor and is needed for the position representation to be compatible with the previously
found homogeneous transformation matrices.

To �nd the position of the CoM, of the individual links, relative to the leg frame, the CoM coordinates (pCoMi
)

are multiplied with the Denavit Hartenberg transformationin Equation 4.2. This gives the CoM positions as
shown in Equation 4.6.

p0
CoMi

= T 0
i pi

CoMi
(4.6)

4.4.3 Position of Robot Legs on Robot Body and Resulting Kinematic Transforma-
tions

After de�ning the leg frames and constructing the individual leg transformation matrices, the legs position on
the body is de�ned. The leg frames are already moved upwards along the z-axis so the pointz = 0 in the leg
frame equalsz = 0 in the robot body frame. This means that the leg frames only needs to be transformed in
the xy-plane to be positioned correctly in the robot body frame. The leg frames are positioned on the robot
body as illustrated in Figure 4.4. As seen on Figure 4.4 the leg frame needs a rotation about their z-axis and a
translation along their x-axis to be positioned correctly in the robot body frame.

The general leg to body transformationT B
L is written in Equation 4.7. When referring to a speci�c leg, the
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Figure 4.4: This �gure illustrates the position of the leg frames relative to the robot body frame. The notations (rm), (rf) (lm) and so on
are shorthand names for the leg positions, eg. rm is right middle and lf is left front, also the numeration of the legs are shownin the �gure.

transformations are denotedT B
lf for the transformation from the front left (lf) leg frame to the body (B) and

T B
rm for the transformation from the right middle (rm) frame to the body frame and so on. Thelf , rm or rr

notations all refer to the base leg frame of the leg in question, meaning frame 0 as found in section 4.3.3. In
addition to the letter indices of the legs the legs are numbered 1-6 in the positive direction starting from the left
front leg.

The legs are located on the circumference of a circle with a radius of 137 mm with an angle between them of
60 degrees. This angle can be seen as a local yaw angle for the individual leg (
 k ).

T B
L =

2

6
6
6
4

cos
 k � sin 
 k 0 137 cos
 k

sin 
 k cos
 k 0 137 sin
 k

0 0 1 0
0 0 0 1

3

7
7
7
5

(4.7)

Where:

 k is the yaw angle of the k'th leg, relative to the body frame.

The transformation matrices from the leg end point frames tothe robot body frame can now be written as in
Equations 4.8- 4.13. The 3 in the indices indicate that the transformation transforms coordinated frame 3, in
leg frame, to the body frame.

T B
rm 3 = T B

mf � T 0
3 (4.8)

T B
rf 3 = T B

rf � T 0
3 (4.9)

T B
rr 3 = T B

rr � T 0
3 (4.10)

T B
lm 3 = T B

lm � T 0
3 (4.11)

T B
lf 3 = T B

lf � T 0
3 (4.12)

T B
lr 3 = T B

lr � T 0
3 (4.13)
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4.4.4 Transformation from Robot Body Frame to Global Frame

As de�ned in Section 4.3.2 the roll, pitch and yaw angles (� , � and
 ) rotates the body around the y-axis, the
x-axis and the z-axis correspondingly. The rotation of the body frame consists of three rotations, one about
each axis. In this case the rotations occur in the yxz (roll-pitch-yaw) order.

The transformation from the robot body frame to the global frame is de�ned as in Equation 4.14. The transfor-
mation is written as a general homogeneous transformation.

T G
B =

"
R G

B dG

0 1

#
2

6
6
6
4

cos� cos
 � sin � sin � sin 
 � cos� sin 
 cos
 sin � + cos � sin � sin 
 X
cos� sin 
 + cos 
 sin � sin � cos� cos
 sin � sin 
 � cos� cos
 sin � Y

� cos� sin � sin � cos� cos� Z
0 0 0 1

3

7
7
7
5

(4.14)

Where:
� is the roll angle.
� is the pitch angle.

 is the yaw angle.

Now the transformation from the leg end points to the global frame can be written as in Equation 4.15 and the
transformations from the CoM of the individual links are shown in Equation 4.16. This equation is for the right
middle (rm) leg, transformations for the rest of the legs arefound in the same way by replacing theT B

rm 3 with
the appropriate leg position transformation.

T G
rm 3 = T G

B T B
rm 3 (4.15)

T G
CoMi

= T G
B T B

L T 0
CoMi

(4.16)

Using these transformations the position of the leg end points and the CoM of the links, can be expressed as in
Equation 4.17-4.18.

pG
3 = T G

B T B
L T 0

3

2

6
6
6
4

0
0
0
1

3

7
7
7
5

(4.17)

pG
CoMi

= T G
B T B

L p0
CoMi

(4.18)

4.4.5 Inverse Kinematics

As seen in Section 4.4.2 a kinematic chain can be set up for each leg, in relation to the robot frame. A chain
describing the leg only contains links and rotational joints, and a rotation at a joint will orientate the links
attached accordingly. This can be used to determine how the entire leg is positioned, and as a consequence
where the end point is located.
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The reverse operation is often interesting, and if it is possible for the leg end point to reach a position in space,
it is also possible to determine the angles at all the joints,for the given position.

To be able to �nd the angles of all the joints on the robot, it isnecessary to know the position of the end points,
and also the pitch, yaw, roll, and position of the robot body,in the global frame.

In general, solving the IK equations can present some challenges. Some positions cannot be reached at all, as
the physical system is unable to get there, e.g. the positioncould be too far away from the robot, this is called
kinematic sigularities. Some end point positions could have more than one solution, and not all the solutions are
equally desirable. Many proposals have been suggested for solving these issues, some revolve about minimizing
the torques required for moving to the position. Other methods simply depends on choosing the solution which
is closest to the current con�guration. There is as such no simple generic method for optimally solving the IK
problem.

4.4.6 Transforming from Global Frame to Leg Frame

Before the IK kan be solved for the individual legs, the leg end point coordinates, which are referenced in the
gobal frame, needs to be transformed to the individual leg frames.

This inverse transformation is the pseudo inverse of the legto body transformationT B
L and body to global

frame transformationT G
B . The pseudo inverse of these transformations is found by transposing the rotational

and translational parts seperately and then recombining them. The pseudo inverse ofT B
L andT G

B is shown in
Equations 4.19 and 4.20. [12, P.145].

T B
G =( T G

B ) � 1 =

"
(R G

B )T � (R G
B )T � dG

B

0 1

#

(4.19)

T L
B =( T B

L ) � 1 =

"
(R B

L )T � (R B
L )T � dB

L

0 1

#

(4.20)

Where:
R G

B is the rotational transformation from the body to the globalframe.
dG

B translational transformation from the body to the global frame.
R B

L is the rotational transformation from the leg to the body frame.
dB

L translational transformation from the leg to the body frame.

4.4.7 Solving IK for Each Leg Geometrically

For this particular system, it is decided to solve the IK equations for each leg separately, as this makes it possible
to solve it geometrically, by setting up some constraints. The �rst constraint for solving the IK equations, is
given by the fact that all of the robots joints only allow rotation about one axis. The second constraint is that the
Femur and the Tibia joint always rotate on parallel axes. Thethird set of constraints arises from the physical
limitations for each joint, giving us some angular intervalfor each joint in which the servos can actually rotate
the link. In Figure 4.5 the limited angles of movement are shown.

After transforming the leg end point coordinates from the global frame to the leg frame, the coxa joint angle� 1
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Figure 4.5: Illustration of the possible angles which the legs joints are con�ned to rotate within.

can be found using theatan2(y,x)function1. The relation between coxa angle and robot body, is illustrated on
Figure 4.6. This �gure also shows how the coxa angle can be found directly from the leg end point coordinates
in the leg frame.

Figure 4.6: Illustration of the coxa joint angle, in the leg-frame. It is equivalent of determining the angle of the end point relative to the
x-axis of the leg frame.

The situation where the end point is positioned directly below the coxa joint poses a special case, as it will
result in in�nitely many solutions for the choice of coxa joint angles. This is due to the fact that the rotation
of the coxa joint, in this speci�c case, will have no effect onthe solution for the outer joints. In this case some
other information should be used to choose the coxa joints angle. This could be to re-use the last known angle
found for the coxa joint.

End point positions, closer to the center of the robot than the coxa joint, will be interpreted, by theatan2(y,x)
function, as an attempt to rotate the leg inwards through thechassis. Thus if positions underneath the robot
are desired, caution must be taken when rotating, to avoid inversion of the x-axis. Therefore, when the x-

1To avoid confusing the sign of the angle, we useatan2instead oftan � 1 , which solves the arctan problem by determining the quadrant.
Thus it always returns positive angles (0 to 180) when in the upper half plane, and negative angles (0 to -180) when in the lower half plane,
atan2calculates the angles in radians, but as that is a trivial conversion it is assumed in this section that it returns angles indegrees.
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component of the leg end point position in the leg frame, is negative,180� must be added, to ensure that the
angle chosen is within the constraints. Now the transformation mentioned in the beginning of this section can
be achieved. The �nal equation for the coxa joint angle is shown in Equation 4.21.

� 1(k) =

8
><

>:

� 1(k � 1) ; xL = 0
atan2(yL ; xL ) + 180 ; xL < 0

atan2(yL ; xL ) ; otherwise

(4.21)

Where:
� (k) is the coxa joint angle at timek
xL is the x-component of the position of the leg end point in the leg frame [mm]
yL is the y-component of the position of the leg end point in the leg frame [mm]

To �nd the femur and tibia angles, the leg end point coordinates are transformed to the coxa frame, by the
transformation in Equation 4.23. This way the angles can be found by looking at the angles in the triangle with
vertices in the origins of the coxa, the femur and the tibia frames. The triangle lies in the xy-plane of the coxa
link. The location of the coxa xy-plane is illustrated in Figure 4.7 and the triangle spanned by the coxa, femur
and tibia links is shown in Figure 4.8.

T1
0 = ( T0

1 ) � 1 (4.22)

T1
0 =

"
(R0

1)T � (R0
1)T � d0

1

0 1

#

(4.23)

Figure 4.7: Illustration of the coxa frame. It is always oriented so the x-axis is parallel with the coxa link, and the y-axis is parallel with
the z-axis of the robot body frame.

In Figure 4.8 an illustration of the triangle, and the location of the angles for the IK solving, are presented.
Notice that the origin of the xy-plane in the coxa-frame is placed at the femur joint.

The angle� 2 which is the angle relating to the femur servo position, can be derived directly from the triangle,
hence making Equation 4.24 applicable:

� 2 = � 2 (4.24)
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Figure 4.8: Illustration of the 2D triangle with vertices in the coxa, the femur and the tibia linkframe origins. The angles� 1 , � 2 ,� 3 , the
lengthsl2 andl3 and the lengthb are all used used in the IK solution.

The angle� 1 can be found by looking at the angle between the lineb and the x-axis. This angle can be found
as shown in Equation 4.25

� 1 = atan2(y3; x3) (4.25)

Where:
x3 andy3 is the x- and y-components of the leg end point coordinates inthe coxa frame.

If an angle� t is de�ned as the angle describing the entire angle spanned bythe femur corner of the triangle, it
is given from trigonometry that this angle can be described by the femur link length, and the tibia link length.
� t is found as shown in Equation 4.27.

b =
q

x2
3 + y2

3 (4.26)

� t = acos
�

(l2)2 + b2 � (l3)2

2 � l2 � b

�
(4.27)

Where:
x3 andy3 are the x and y components of the leg end point coordinates in the coxa frame [mm]
l2, l3 andbare the lengths shown in Figure 4.8 [mm]

Note that this solution for� t in principle is also valid if the triangle is mirrored aroundthe x-axis. For this
particular leg design however, the constraint on the tibia joints, prohibits it from rotating upwards. To ensure
that the tibia joint always rotates downwards,� t is de�ned as a positive angle.

Now we can determine� 2 by relating� 1 and� t

� 2 = � t + � 1 (4.28)

Using the same formula as in Equation 4.27 we can �nd� 3.

� 3 = acos
�

l2
3 + l2

2 � b2

2 � l3 � l2

�
(4.29)

(4.30)

� 3 relates directly to� 3, the tibia joint angle, as shown in Equation 4.31.
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� 3 = 180 � � 3 (4.31)

4.4.8 Summary of Inverse Kinematic Solution

The equations below provide a summary of the formulas neededto �nd the individual joint angles.

� 1(k) =

8
><

>:

� 1(k � 1) ; xL = 0
atan2(yL ; xL ) + 180 ; xL < 0

atan2(yL ; xL ) ; otherwise

(4.32)

� 2(k) = acos
�

(l2)2 + b2 � (l3)2

2 � l2 � b

�
+ atan2(y3(k); x3(k)) (4.33)

� 3(k) =180 � acos

0

B
@

� p
x3(k)2 + y3(k)2

� 2
� (l2)2 � (l3)2

� 2 � l3 � l2

1

C
A (4.34)

Where:
xL andyL are the x- and y-components of the position of the leg end point in the leg frame [mm]
x3 andy3 are the x- and y-components of the leg end point coordinates in the coxa frame [mm]
l2, l3 andbare the lengths shown in Figure 4.8 [mm]

4.5 Dynamic Considerations

As stated in the introduction of this chapter and in Section 2.3, dynamic considerations must be done in order
to be able to ensure static and dynamic stability. The goal ofthese considerations is to �nd the position of the
CoM and an expression of where the ZMP is according to a given acceleration.

4.5.1 The Center of Mass

The CoM of the robot must be found in order to control if staticstability is ensured. As stated in Section 2.3
the CoM must lie within the PoS at all times. The CoM can be de�ned as the average position of all the links
weighted by their weight. Expressed as:

CG =
P

mi � r G
iP

mi
(4.35)

Wheremi is the mass andr G
i is the position of the i'th object given in the global frame. In this case there

are 19 objects, 18 link objects in the legs and the body. The CoM is represented in the global frame, as are
the coordinates for the PoS. For the purpose of determining static stability, the CoM can be projected on to
the ground perpendicular to the global z-axis, hence it is possible to discard the z-component. As the robot is
symmetrical and if all the legs are placed with the same angles on each joint, the CoM will be placed on the
ground, in the center of the robot. This assumption could suf�ce in many cases but it is considered necessary
to develop a model of where the CoM will move to and from, in e.g. a tripod gait.

When using the kinematics from Section 4.4 the CoM can be described as in Equation 4.36.
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CG =

P
mi � pG

CoMiP
mi

=

P
mi � T G

B T B
L T 0

i pi
CoMiP

mi
(4.36)

In order to get a 2D representation ofCG it must be projected perpendicular on to the ground.

4.5.2 The Zero Moment Point

As introduced in Section 2.3 it is necessary to investigate the ZMP. As stated previously the ZMP must lie
within the PoS at all times to ensure stability. If the ZMP reaches the edge of the PoS, the moving robot will
start to overturn hence making the robot unstable. As explained later in this section the ZMP is dependent of the
accelerations, the mass and the position of each link. One way to avoid dynamic instability is to monitor how
the ZMP behaves by measuring and calculating it online. Thisprocess can however require many calculations,
as it requires knowledge of the acceleration of all links. Another way is to investigate some sample gaits and
steps, and investigate how the ZMP behaves of�ine. By doing this of�ine simulation it is possible to �nd some
margin on the PoS that the CoM always must lie within. The ZMP is derived in [13] as:

xZMP =

nX

i =1

mi (x i (•zi + gz ) � •x i zi ) � I iy _! iy

nX

i =1

mi (•zi + gz )

(4.37)

yZMP =

nX

i =1

mi (yi (•zi + gz ) � •yi zi ) � I ix _! ix

nX

i =1

mi (•zi + gz )

(4.38)

Where:
mi is the mass of linki [g]
x i , yi andzi is the position of linki
•x i , •yi and•zi is the acceleration of linki
I i is the inertia tensor of linki
gz is the gravity acceleration
_! i is the angular velocity of linki

This can be simpli�ed if we consider the mass of each link to bea point mass in the CoM of the link [14].

xZMP =

nX

i =1

mi (x i (•zi + gz ) � •x i zi )

nX

i =1

mi (•zi + gz )

(4.39)

yZMP =

nX

i =1

mi (yi (•zi + gz ) � •yi zi )

nX

i =1

mi (•zi + gz )

(4.40)
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Maximum Movement of ZMP

The maximum movement of the ZMP is calculated on the basis of an assumed worst case acceleration of the
robot. This worst case acceleration is assumed here to be thecase where the robot throws the body forwards
by moving all leg end points backwards as fast as possible. This acceleration can be found by using the MTL
to record the position of the robot body and then by deriving the double derivative to express the acceleration.
As shown and calculated in Appendix A the ZMP is able to move 8.8mm in worst-case. This allows us to set a
margin on the PoS which should be more than 8.8mm, hence avoiding dynamic instability.

4.6 Test of Inverse Kinematics

A test of the IK is described in Appendix C on page 85. The results from the test and the expected results are
shown in Table 4.2.

Subject Initial value Stop value Total movement Expected movement Difference

x 1.26 -52.51 53.77mm 50mm 3.77mm

y 1.66 52.34 50.68mm 50mm 0.68mm

z 71.93 122.9 50.937mm 50mm 0.937mm

Roll -1.65 9.28 10.93� 10 � 0.93 �

Pitch -0.76 -11.21 10.45� 10 � 0.45 �

Yaw -4.47 5.33 9.8 � 10 � 0.2 �

Table 4.2: Results for the inverse kinematics test

Only small deviations was measured and the maximum deviation from the expected results was 3.77mm. The
deviations from the expected results are due to the high amount of clearance in gears and motors in the servos
on the robot.
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Chapter 5
System Design

Through this chapter, the control software, is described. First the overall system is described and then each
subsystem in detail.

The system for controlling the robot relies on the interaction of four elements.

• The operator, who gives directions to the robot.

• The physical robot, described in Section 2.2

• The Vicon camera system, which measures where the robot andterrain is, as described in Appendix E

• The software developed in this project, responsible for moving the robot in the direction, provided by the
operator.

The interaction between the elements is illustrated in Figure 5.1.

Figure 5.1: The system is based on the interaction of four elements. The terrain position is also sampled by the camera.

The robot's position is continuously sampled by MTL and transmitted to the software, which makes it possible
to analyze the motion and position of the robot. For moving the robot, it is necessary to have a reference
direction given in the global xy-plane, this is provided by the operator.

The software receives both the current robot coordinates from MTL, and the direction vector from the operator.
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5.1 System Structure

The task of the control software for the robot is to move the robot through the terrain. The sensor feedback
available is the robot's body position and Euler angles. Theuser input allows movement of the body omnidi-
rectionally in the plane.

The directional input vector is interpreted by the system which generates angles for the servos. If the angles
results in some unfortunate properties, e.g. making the legs collide with each other, this must be detected and
avoided before the servos are actuated. The proposition forthe controller structure is shown in Figure 5.2.

Figure 5.2: Concept of the controller structure.

The gait generator, presented on Figure 5.2, plans how to move the legs through the terrain and where to place
the end points to sustain stability. The gait generator can be divided into two, where one block preforms triangle
searching and one handles the positioning of the leg end points. The triangle search is done with the criteria
of maintaining stability and avoiding possible collisionswith the terrain. The gait generator block determines
how the leg endpoints and robot body should be manipulated toachieve the gait. To prevent the end points
from colliding with the terrain the Arti�cial Potential Function (APF) algorithm is used, as described in Section
5.2.5.

Computes the servo angles from the leg end point and robot body position. If it is not possible to calculate the
servo angles for the given robot con�guration it will try to recover by moving the body to another position. If
the IK solver does not encounter a problem or if it is able to recover from it, the angles of the legs are passed to
the error detection and handling block.

An extended overview of the entire structure can be seen in Figure 5.3

Figure 5.3: Illustration of the extended overall controller structure.

The IK solver block can be divided in two, as in �gure 5.3, where one block calculates the servo angles for a
given end point position, if possible, and if not the other block will try to move the body in order to recover as
described in Section 5.2.8.

The error detection and handling block investigates if the solution, determined by the IK solver, will cause
collisions with either the terrain or with the robot it self.When the system has veri�ed the angles, they are
passed to the robot via the serial communication interface.However if it is determined that the servo angles
will cause a collision, the collision avoider block will attempt to solve the problem as described in Section 5.5.
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5.2 Gait Generation

In this section the generation of the robot gait will be described. It is chosen to focus on a tripedal gait, as this is
assumed to provide the fastest movement speed, as describedin Section 2.3. First some general considerations
regarding the gait will be described together with a generaldescription of the gait. Next it is explained how the
different processes in the gait is performed.

5.2.1 De�nition of Gait Cycle

The gait to be generated is based on the tripedal gait. This gait is based on a triangularly shaped PoS as
described in Section 2.3.

The gait can be separated in two states. State one is when end points 1, 3 and 5 are free while end point 2, 4 and
6 are support end points. State 2 is the reverse where end points 2, 4, and 6 are free and 1, 3 and 5 are support
end points. The movement of the robot happens when the CoM is moved from one PoS to the next. The gait
cycle is illustrated in Figure 5.4.

Figure 5.4: Illustration of the PoS and CoM during the gait cycles. The dots represent the leg end points, where the ones with arrows
pointing to them represent the free legs. The edges drawn between the end points touching the ground represent the PoS.

5.2.2 Gait Limitations

The gaits possible for this robot is limited by the physical properties of the robot. Also the rotation of the robot
body frame relative to the global frame limits the possible gaits. E.g. it might not be possible for some legs
to reach the terrain if the roll or pitch angles are to large and the legs that can actually reach the terrain, might
have problems providing enough torque output as they have tolift a larger load.

These problems are considered when designing the gait generating algorithm and it is assumed that the robot
servos will always have enough torque output, for the generated gait.
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5.2.3 Gait Performance Measures

To be able to generate an optimal gait for a given terrain, it is necessary to determine what exactly de�nes a
good gait versus a bad gait. In this project the performance of a gait is chosen to be measured on the movement
speed of the robot and its stability. In other situations it might be important to keep the robot body aligned to
some vertical or horizontal axis, or to not generate large accelerations. Though for simplicity and to keep the
focus on the problem of traversing an uneven terrain effectively, only robot movement speed and stability are
chosen as performance measures.

As described in Section 4.5 the stability of the robot is determined online by the evaluating the position of the
CoM relative to the PoS.

The movement speed of the robot is a function of the step length of the gait and the gait cycle frequency.

Stability of Gait

As mentioned in Section 4.5, the PoS and the position of the CoM are necessary to determine the static stability
of the robot. A PoS with a large area results in a larger regionwherein the CoM can move with ensured stability.
As the robot legs are limited in range and torque, there is an upper limit to the PoS area. To maximize the PoS
area it should have equally sized angles and equally sized edges (for a triangle if one is true so is the other).
This suggests that, for the tripod gait, the PoS should approach an equilateral triangle.

Regardless of the size of the PoS, a good gait regarding stability, is one that maximizes the minimum distance
from the CoM to the edges of the PoS. This can be described as maximizing the Static Stability Margin (SSM).
The SSM can be calculated as in Equation 5.1, which expressesthe minimum distance from the CoM to any of
the edges of the PoS.

SSM = min
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!

for all i (5.1)

Where:
pG

i is the position vector of corneri of the PoS
pG

CoM is the position vector for theCoM

It can be reasoned that the point in the PoS with the largest distance to all edges of the PoS, is the same as the
center of the largest circle that �t in the PoS (the incircle). To �nd the center of the incircle one can use the
angle bisectors. The intersection of the angle bisectors isthus the optimal position of the CoM inside the PoS,
regarding stability.

The center of the incircle in a triangle de�ned by three vectors, as shown in Figure 5.5, can be found as shown
in Equation 5.2.

p4 =
(b� p1 + c � p2 + a � p3)

a + b+ c
(5.2)
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Figure 5.5: Illustration of triangle and its incircle. The vector names correspond to the names used in Equation 5.2 that �nds the center of
the incircle.

Step Length Considerations

To be able to determine how long one step should be, some approximations and assumptions are done. This is
done while considering the already known limitations givenin previous sections.

The average PoS is considered an equilateral triangle, with41 cm sides. In Appendix A it is calculated that
the PoS should be narrowed by 0.88 cm in order to ensure that the ZMP stays within the PoS. This gives the
P oSmodif ied a side length of approximately 39 cm.

It is chosen that the step length of the robot should be equal to the radius of the incirle of theP oSmodif ied . This
way it is possible to obtain a length which can be used when generating the gait. The reason, why this method
has been chosen, is to ensure that even if the robot moves all its weight forward from a standing position, static
stability will be ensured. This length can be calculated as:

r in =

r
(s � a)(s � b)(s � c)

s

Where:
s = a+ b+ c

2

a, bandc are the sides of the triangle.

Since theP oSmodif ied triangle is considered equilateral the formula can be reduced to:

r in =

vu
u
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2

=

r
a2

12

=11:26cm (5.3)

So by using a step length of approximately 11 cm, it is, in thisapproximation, possible to ensure static stability
while moving forward from a centered position. It should be noted that this step length approximation is only
based on stability criteria and the kinematics of the robot,which might limit step length, are not considered.
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Movement Speed

The movement speed of the robot is dependant of the step length and the gait cycle frequency. As mentioned
the Section 5.2.2 there are limits to where the robot legs canmove and how much torque the actuators can
deliver. This limits the step length and the gait cycle frequency. The maximum velocities of the leg end points
are related to the gait cycle frequency but will vary depending on the robot con�guration. For simplicity it is
chosen to only measure the goodness of the gait, related to movement speed, by the step length.

5.2.4 Support Polygon Search Algorithm

In this section the actual gait generating algorithm is described. Many of the considerations in the previous
section are taken into account, though the solutions for theindividual problems regarding the gait generation,
are kept as simple as possible.

The overall gait cycle is as described in Figure 5.4. While therobot is standing on the three supporting feet, the
algorithm �nds the next support points and moves the feet, body and consequently the CoM there.

For each step the state changes and a new destination supporttriangle is found on the terrain. The vertices of
the destination support triangle are the goal destination for the free leg end points. Each time the free end points
reach their destination a state change is triggered. The process of triggering the state change and �nding the
new support triangle is illustrated in Figure 5.6.

The algorithm that searches the terrain for acceptable support triangles uses the considerations in Section 5.2.3
and known constraints of the robot. The process of �nding acceptable support triangles, is one of two central
aspects of the gait generation algorithm, the other being the process of navigating the free end points to their
destination.

The parameters determining if a support triangle is accepted is:

• Terrain edges.
Reason: To avoid placing the leg end points in areas with highrisk of foot slip.

• Height difference of the triangle vertices.
Reason: To avoid support triangles with steep angles that might introduce kinematic singularities.

• Side lengths of the triangle.
Reason: To keep the leg end points within reasonable distance of each other and consequently the body.
To avoid kinematic singularities and possible torque limitations of the servos.

• Terrain height in and around the triangle.
Reason: To keep a reasonable amount of free space beneath therobot body, to avoid collisions with the
terrain.

The triangle search pattern is illustrated in Figure 5.7. The search pattern is made of increasingly larger circles
around the vertices of the immediately found triangle. The points on the circles are tested as possible vertex
locations in the positive direction around the immediate triangle vertex. The search circles are increased in
radius until an acceptable triangle is found, or the maximumradius is reached. The search circle radius is
increased in steps and the circles are searched for vertex positions with some angular step. The maximum
search circle radius and the step sizes are adjusted to �nd anacceptable trade-off between the number of points
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Figure 5.6: Flowchart illustrating how the triangle search algorithm is executed.
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to be investigated, the time it takes to �nd an acceptable triangle and the probability of actually �nding an
acceptable triangle.

Figure 5.7: Illustration of the search pattern used to search the terrain for support triangles. First the immediate triangle is foundin the
movement direction, here illustrated by the triangle with dotted sides. If this triangle is not acceptable, the search is initiated. The search
is performed by searching positions on circles around the original triangle. If no points are found on the �rst circle the radius is increased
and the search restarted.

5.2.5 Leg end point Navigation

When some appropriate support triangle has been found, the next task is to move the leg end points to their
destinations. The leg end points are navigated to their destinations using APF's. The main idea behind the APF
method is to attach arti�cial positive charges, to the leg end points and the obstacles, while attaching negative
charges to the goal positions. The leg end points can be guided around the obstacles to the goal position, by
looking at the gradient of the APF created by the charges [15,Chp. 4]. A simple example involving a simple
obstacle and a 3 DoF leg is shown in Figure 5.8.

The APF is divided in two parts, the repelling potential and the attractive potential. The attractive potential is
divided into two different functions one conic and one quadratic. The conic potential works farther away from
the goal to avoid large velocities, while the quadratic APF works closer to the goal to avoid oscillations due to
overshooting and to make sure the potential in the goal position is de�ned. Figure 5.9 illustrates the attractive
potential and its gradient in two dimensions. The attractive APF is written in Equation 5.4 and its gradient in
Equation 5.5 [15, p. 82].
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Figure 5.8: Illustration of APF method. The positive charged obstacle repels the robot leg end point while the negative charge attracts it.
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Figure 5.9: Figure (a) shows an example of the attractive potential. In this example the threshold distanced�
goal is 10 mm meaning that the

APF is conic more than 10 mm away from the goal position (40,20) and quadratic closer than 10 mm to the goal position. From Figure
(a) this can be seen from the slope of the function. Figure (b)shows the gradient of the APF. From Figure (b) it can also be seen that the
gradient vectors decrease in magnitude when the distance to the goal position is less than 10 mm.
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Uatt(q) =
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Where:
U is the APF.
r U is the gradient of the APF.
� is a scaling factor for the attractive potential.
d(q; qgoal) is the distance from the pointq to the goal positionqgoal [mm]
d�

goal is a threshold distance that determines when the APF is conicor quadratic. [mm]

The repulsive potential consists of the sum of several repulsive potentials in the immediate proximity of the leg
end point. The individual repulsive potentials are quadratic, meaning they increase rapidly when approaching
the obstacle. The repulsive APF and its gradient are presented in Equations 5.6 and 5.7.
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Where:
� is a scaling factor for the repulsive potential. [-]
di (q) is the distance from the pointq to the obstacle. [mm]
Q� is a threshold distance of in�uence for the obstacles. [mm]
n is the number of obstacles considered. [-]

In Figure 5.10 the distance from the leg end point to the obstacle and the obstacle distance of in�uence is
illustrated. Depending on the position of the leg end point relative to the repulsive charges, the number of
repulsive charges considered changes.

Figure 5.10: Illustration of three repulsive obstacle points with theirdistance of in�uence expressed by the dashed line and the individual
distances to the leg end point. The leg end points are only in�uenced by the repulsive potential of obstacle pointi andi + 1 while it is
outside the distance of in�uence of obstacle pointi + 2
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When both the attractive and repulsive potentials have been calculated, a resulting APF is found by summing
the attractive and the repulsive potentials. An example of acomplete APF can be seen in Figure 5.11 where
repulsive charges have been placed in (20,60), (40,60) and (60,60).
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Figure 5.11: This �gure shows an example of the APF with both attractive andrepulsive potentials. The �gure is the same as 5.9 (a) but
with the addition of repulsive charges at (20,60), (40,60) and (60,60). For this example the distance of in�uence for the repulsive charges
has been set to 40 mm while the repulsive scaling factor� have been set to 1000

The desired position of the leg end points is calculated using a gradient descent algorithm as shown below.

while
�
�q(k) � qgoal

�
� > � do

q(k + 1) = q(k) � � r U(q(k))
k = k + 1

end while

The gradient descent algorithm runs for each of the free leg end points until they are within some distance� of
their destinations. The constant� is a factor scaling the step size, meaning it scales the distance the leg end
points travel each sample.

Example of APF Functionality

The terrain map is covered with repulsive charges. The distance between these points and the magnitude of their
individual potential �elds needs to be selected in a way that, enhances the movability of the robot legs, while
avoiding collisions. For simplicity it is chosen to cover the terrain surface with a grid of equally distributed and
equally strong repulsive charges. Figure 5.12 shows how therepulsive charges are placed on the terrain, and
how a theoretical leg end point would move through the terrain.

State Change Problem

When a state change is triggered in the gait, a problem arises.As a free leg end point approaches its destination,
the repulsive charges near the destination, are not considered. Though when the state change happens and the
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Figure 5.12: The repulsive charges are equally distributed over the terrain surface. This is a section of the arti�cial terrain. The red points
are the repulsive obstacle points. The yellow and red triangle points to the destination of the leg end point while the green and black
triangles indicates the stepwise position of the leg end point.

supporting legs become free legs, the repulsive points nearthe supporting leg end points might cause the leg end
points to move unacceptably fast. This is handled by settingan upper limit for the repulsive potential gradient.
By limiting the repulsive potential gradient, it is possible to limit the distance travelled by the end point each
sample. The upper limit of the repulsive potential gradientshould be selected with consideration of the sample
time. In praxis the limit was chosen empirically to achieve smooth movements at all times.

Local Minima Problem

The APF method is prone to local minima problems, where the moving point get caught in areas with a zero
potential gradient, that is not the destination. The characteristics of the terrain, and the way the repulsive points
are distributed on it, creates an environment where local minima problems are likely to arise. An example of
a local minima problem where the leg end point is caught at a point with close to zero potential gradient, and
does not reach its destination, is illustrated in Figure 5.13 (a). Figure 5.13 (b) is a simpli�ed illustration of the
local minima problem. The problem arises when the forces pulling the end point towards the destination and
pushing it away from obstacles are equal.
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(a) (b)

Figure 5.13: Figure (a) shows a case of the local minima problem that prevents the leg end point from reaching its destination. The yellow
lines are the sides of the support polygon, ending in the end point destination. The green and black triangles are the end point positions at
each sample. The red and black triangles indicate that a localminimum problems was detected. Figure (b) is an illustration ofa simpli�ed
version of the problem. In both cases the resulting force on the leg end point is zero.

To solve the local minima problem, the area that contains thelocal minimum can be �lled with repulsive
charges. A simpli�ed example is illustrated in Figure 5.14.Repulsive charges are placed between the leg end
point and the destination. This repels the leg from the localminima. If adding one repulsive charge is not
suf�cient, and the end point is still caught or gets caught ina new local minimum, continually adding repulsive
charges will eventually �ll up any areas that contain local minima problems and the leg end point can continue
to its destination.

To detect if leg end points are caught in a local minimum of theAPF, the magnitude of the APF gradient can
be used. If the gradient is very small, the leg end point is either close to its destination, or caught in a local
minimum. Because of the discrete time nature of the system the gradient will rarely be equal to zero. Therefore
a threshold is used to detect if the local minima problem occurs. If the magnitude of the gradient vector is less
than some threshold, and the leg end point is not considered near its destination, a Boolean value is set to true
and passed on in the system, so extra repulsive charges can beplaced appropriately. The local minima problem
is detected and solved individually for each leg.

As mentioned the extra repulsive charges are placed betweenthe leg end point and the end point destination.
The charges are placed 2 mm below the vector pointing from theleg end point to its destination, at a constant
distance of 5 mm. This way the leg end point is forced upwards,usually away from the terrain. The repulsive
charges are placed as shown in Equation 5.8.
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(a) (b)

Figure 5.14: Illustration of the principle of adding extra charges to avoid local minima. The extra charge is placed between the leg end
point and the destination. This way the leg end point will be repelled from the local minimum. Figure (a) shows the same case as in Figure
5.13 (a), but here the local minimum is escaped by the use of extra charges, indicated in the �gure as cyan and magenta triangles. The
yellow lines are the sides of the support polygon, ending in the end point destination. The green and black triangles are the end point
positions at each sample. The red and black triangles indicate that a local minimum problem was detected. Figure (b) shows a simpli�ed
version of how the extra repulsive charge is positioned to avoid the local minimum.
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Where:
pc is the position vector for the extra repulsive charge in the global frame.
pep is the position vector for the leg end point in the global frame.
pd is the position vector for leg end point destination in the global frame.

The extra repulsive charges are fed back to the APF block via abuffer that can only hold a limited number of
coordinates. This way old charges will get overwritten by new ones and the next time the robot passes the same
area on the map, the extra charges should be gone.

5.2.6 Robot Body Position and Orientation

In Sections 5.2.4–5.2.5 it was explained how the robot gait is generated and how the leg end points are moved
to their destinations. When moving the leg end points, the robot body needs to move with them. In this section
it is described how the robot body movement is done, and how itis ensured that the robot is stable at all times.

The desired robot body position and orientation depends on the desired positions for leg end points. If the
robot body is positioned, or oriented appropriately, the desired leg end point positions might result in kinematic
singularities. The problem with kinematic singularities is therefore dependent on proper support triangle gener-
ation. It is assumed that the vertices of the support triangles are always possible to reach with the corresponding
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leg end points.

Two triangles can be drawn with the leg end points as vertices. One of these triangles is the support triangle as
described in Section 5.2.4, the other is the free triangle with the free leg end points as vertices. It is chosen to
place the robot body along a triangle representing an average between the support triangle and the free triangle.
The vertices of the average triangle is calculated as in Equations 5.9.

pa i =
ps i + pf i

2
(5.9)

Where:
pa i is the coordinates for i'th vertex of the average triangle . [-]
ps i is the coordinates for i'th vertex of the supporting triangle . [-]
pf i is the coordinates for i'th vertex of the free triangle . [-]

An example of possible support, free and average triangles are shown in Figure 5.15. As long as the robot is
considered stable, the robot body is continually moved towards the incenter (in the xy-plane) of the average
triangle and the body's roll and pitch angles are aligned with the average triangle. If the robot is marginally
stable, meaning the CoM passes the threshold distance to thePoS, the robot body is moved towards the incenter
(in the xy-plane) of the supporting triangle. The height of the robot body is set to a constant distance above the
incenter, of either the average triangle or the supporting triangle.

1200

1250

1300

1350

1400

1450

1500

1550

1600 0

100

200

300

400

500

0

10

20

30

40

50

60

y-axisx-axis

z-
ax

is

(a)

1200 1250 1300 1350 1400 1450 1500 1550 1600
0

100

200

300

400

500

5

10

15

20

25

30

35

40

45

50

55

y-axis

x-axis

z-
ax

is

(b)

Figure 5.15: Illustration of the support triangle (green), the free triangle (red) and the average of the two (blue). The stars indicate the
incenters of each triangle. Figure (a) and (b) show the triangles from two different angles.

The body is moved a constant distance towards the desired position each sample. As the leg end points move
towards their destinations, the free triangle moves and consequently the average triangle moves. By setting the
distance which the body travels each sample, according to the distance the average triangle travels each sample,
it can be ensured that the body does not trail too far behind the legs during the gait cycle.

The next position for the robot body is calculated in each sample, as shown in Equation 5.10. In Equation 5.10
the vectorpdest is either the incenter of the average triangle or the supporting triangle depending on the stability
of the robot. A factorbs scales the distance, the body travels each sample. Ifbs = 1 the distance travelled
during one sample is 1 mm.
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pb(k + 1) =
pdest(k ) � pb(k)

jpdest � pb(k)j
bs; (5.10)

Where:
pb(k) is the coordinates for the body frame at time k . [-]
pdest is the desired destination coordinates for the robot body attime k. [-]
bs is a constant scaling the distance the body moves each sample. [-]

To align the robot's roll and pitch angles to the average or supporting triangle the angle between the robot and
these triangles needs to be calculated. This is done by calculating the angle of a vector normal to the triangle,
relative to vectors pointing along and perpendicular to therobot body heading. These angles are found as shown
in Equation 5.11 and 5.12 .

vr = � (acos(pn � pheadp) � 90) (5.11)

vp = acos(pn � phead) � 90 (5.12)

Where:
vr is the roll angle of the triangle relative to the robot.
vp is the pitch angle of the triangle relative to the robot.
pn is the normal vector for the triangle.
pheadis the a unit vector indicating the robot body heading in the xy-plane.
pheadpis the a unit vector perpendicular to the robot body, always pointing to the right side of the robot.

To make sure the robot body does not change its orientation too fast, a unit vector is generated from the
difference between the robot orientation and the relative triangle orientation. This unit vector is added to the
vector containing the robot roll, pitch and yaw angles. The derivation of the unit angle vector and the addition
of this to the robot orientation vector is shown in Equation 5.15
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ab(k + 1) = ab(k) +
a t (k + 1) � ab(k)

ja t (k + 1) � ab(k)j
(5.15)

Where:
vr (k) is the roll angle of the triangle relative to the robot at timek.
vp(k) is the pitch angle of the triangle relative to the robot at timek.
ab(k) is a vector containing the roll, pitch and yaw angles of the robot.
a t (k) is a vector containing the relative roll and pitch angles of the triangle relative to the robot.
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5.2.7 Preliminary Simulation Example of Gait

In Figure 5.16 a simulated gait with 60 mm step length is illustrated. The �gure illustrates both the support
triangles, found by the triangle search algorithm, and the sample wise leg end point positions generated with
the APF method. Figure 5.17 shows the same gait as illustrated in Figure 5.16, but executed on the robot in
open loop. The simulation is carried out on �at ground because the kinematic limitations of the robot makes it
impossible for the robot to walk in the uneven terrain. It is evaluated that gait generating algorithm in principle
can enable the robot to walk in the uneven terrain, but that requires some means of recovering from a kinematic
singularity. This is further considered in Section 5.2.8.

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 5.16: Time lapse illustration of the robot gait on �at ground. The robot is illustrated by lines representing the kinematic links. In
Figure (a) the robot has just started a gait cycle. The yellowtriangle is the destination support triangle for the now free leg end points. In
Figure (b) the leg end points have travelled some of the distance. The green points indicate the legs end points when they are free. The
pink points indicate the positions of the leg end points whenthey are supporting the robot. In Figure (c) the robot has �nished one step and
a state change have been triggered. The green triangle indicates the new destination for the now free free legs. Figure (d) to (i) illustrate
how several state changes takes place and the robot travels across the �at ground.



46 5.2 Gait Generation

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 5.17: Photo time lapse illustration of the same gait sequence as in Figure 5.16. The robot walks from right to left.
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5.2.8 Inverse Kinematics Problem Handling

The leg end point position created by the APF method can in combination with the body coordinates, result in
scenarios, where the IK cannot be solved. An example is depicted in Figure 5.18.

Figure 5.18: In this case, one of the legs are planned to be placed on top of a10 cm tall box. The path to the top cannot be solved for the
entire span of time using the IK, resulting in a halt. The red lines indicate that the inverse kinematics for the legs cannot be solved

To escape the IK deadlock caused by the robots movements, it is necessary to manipulate either the path of the
end point or the robot body. If the leg, causing the error, is asupporting leg, the leg end point cannot be moved,
instead the body must be manipulated. If the leg is a free leg and the path of the end point is manipulated, only
the particular leg is affected, however it is not always obvious how to manipulate the path.

The body can often be manipulated as it by default is placed using constraints which should minimize kinematic
problems. Manipulating the body have the potential to solvemost of the IK problems. However as the IK chain
relating to a leg can seldom be isolated from the rest of the robots kinematics, it might not always solveable.

The case shown in Figure 5.18, is one of the situations where manipulating the body's position was not found to
solve the problem. However, in other cases it was found that moving the body away from the legs causing the
IK problem, enabled the system to move the end points closer to the target, and thus a method for manipulating
the body is devised.

If the initial IK block cannot calculate angles for a leg, it outputs the last found angles for that leg instead.
While this is a good method to ensure that the other legs are still being solved properly, it is not desireable if
the leg, which cannot be solved, is one of the supporting legs. As a dynamical model is not devised, the result
of "lifting" an end point on the supporting legs is not easilypredicted. Instead it is decided to ensure that this
never happens.

To avoid manipulating the end point positions, determined by the APF algorithm, where it was possible to
solve the IK for the leg, the body is moved as little as possible while still ensuring that the supporting legs are
touching the ground. Determining the distance to move the body is done by combining the body position and
the body angles, with the forward kinematics matrices applied on the joint angles, outputted from the initial IK
block. This results in new end point coordinates as shown in Equation 5.16.
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Where:
pG

ep is the end point position in global frame coordinates.
T G

leg 3 is the transformation matrix from the third frame, to globalcoordinates.

Calculating the vectors from the resulting legs end point positions, to the old end point positions, which was
properly placed on the ground, provides a vector that describes how to move the body to ensure that, that leg is
properly solved.

v i = pG
epold i

� pG
epi

(5.17)

v = � n
i =1 v i (5.18)

Where:
pG

epold is the end point coordinates found in global frame coordinates in the last controller sample.
n is the number of supporting legs which could not be solved by IK without singularities.

When the vectorv is added to the body position, the IK is solved again, and if the supporting legs are solved
properly, this is chosen as a better solution than the one �rst proposed by the initial IK solver.

If any IK singularities are still present, after the vector has been applied, the movement of the body position is
enhanced, by utillizing the property that the control system is run iteratively. Thus the change applied to the
body can be enhanced by adding the body change vector from theprevious steps to the one applied by this step.

vnew = v + vold (5.19)

The �ow of the IK singularity solving attempt can be seen in Figure 5.19

In this manner, if any of the changes are aiding in eliminating the IK singularities, the changes are ampli�ed
until the problem is solved. If it does not solve the problem,it will reach a maximum change, and stay there. If
the inverse kinematics can be solved without errors at some point, the built up vector is cleared.

If neither of the two approaches can provide a solution, where all the supporting legs are solved properly, the
body position and body angles from last sample, are re-used,to ensure that the supporting legs are never moved.

If any of the manipulations of the body have not solved all theIK problems, charges are added to the potential
map, to manipulate the future trajectory of the non solved free leg sideways. As the stall function ensures that
the end point is always manipulated upwards when it enters a local minima, it is chosen also to manipulate the
path upwards. However as this will not necessarily solve theproblem, the charge is placed on one of the sides
of the end point. While it may not be the best solution, the charge is allways placed to the right of the end point,
for simplicity.

The position of the charge is found by creating a vector whichis perpendicular in the global xy-plane to the
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Figure 5.19: The �ow of the singularity handler, which attempts to ensure that the end points of supporting legs are not moved due to
singularities

vector between the end point and the body coordinates.
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Where:
pG

body is the body coordinates in global frame coordinates.pG
charge is the extra repulsive charge coordinates in

global frame coordinates.

When it is possible to solve the IK, the servo angles are found,and can be updated to move the robot. If it is
not possible to solve IK for all the legs, the supporting legsare given a higher priority than the free legs.
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Result of Inverse Kinematic Problem Handling

Even though several steps was taken to avoid kinematic singularities, while walking in the terrain, none of them
successfully solved all the kinemtic problems. Hence the robot will not at this stage in the development, be able
to traverse the entire length of the terrain model. The robotwill however, walk on �at ground. It is evaluated
that further work on the gait generating algorithm and the inverse kinematic problem solver, can eventually
enable the robot to traverse the terrain model. This evaluation is based on manual manipulation of the robot
and its legs.

5.3 Collision Detection

When a part of the robot is moving, it is important to avoid collisions, as they can reduce the abillity to reach
the designated position of the end points. Collisions can happen with the robot it self, and with the terrain. As
an example, consider the situation where the end point of theleg is planned to be moved outwards and to a
lower elevation. Then one of the edges in the terrain closer to the body can be found to collide somewhere with
the leg. Which is the situation depicted in Figure 5.20.

Figure 5.20: The leg is given a new position which cannot be reached due to acollision with the terrain.

If collisions are not avoided this could result in pushing/lifting the robot with the part of the leg which is
unintentionally touching the surface. In the best case scenario it just results in stalling a servo, as the leg cannot
be manipulated due to collisions. It can, however if a leg collides with a vertical surface, result in pushing the
robot away from the surface, and horizontally off a support surface, causing it to tilt.

Depending on the situation in which the collision is detected, the trajectory of the leg must be modi�ed to avoid
the collision, or the desired end point might not be reached at all. Figure 5.20 also illustrates the situation where
the two joints movements alone doesn't reveal the fact that the leg cannot be positioned at the desired location.
In this case some other body path or gait must be planned to move the robot in a different direction.

The detection of the collisions is a task which can only be ignored if a gait generating algorithm, which can
ensure that all collisions are avoided, exist. The implemented APF algorithm does not ensure this, hence it
is necessary to detect collisions. One way of determining a collision is to analyze if anything is close to the
surfaces of the robot.

A generic approach to surface collision will give the abillity to determine collisions between the robot and the
terrain, and between the robots legs.

Representing the surface as polygons, allows for manipulation of the polygon model by the kinematic models,
as the vertices of the polygons can be positioned by applyingthe forward kinematics transformation matrices.
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Figure 5.21: The left leg is approximated in a 3D environment using very few triangles, The right leg is rendered from a more detailed 3D
model

The left leg model in Figure 5.21 illustrates the result of applying the forward kinematic matrices on a box
model of the leg links. In comparison with the actual robots shape, the box model has some inaccuracies. They
can be made smaller by using more polygons to build the model,which is shown in the right rendering in
Figure 5.21.

Adding more polygons will however also add more vertices, which must be transformed, hance adding more
polygons requires more calculations. A generic test for collisions on two or more triangles, can be applied to
all the surfaces, described in this polygon topology.

5.3.1 Generic Collision Test on Triangular Surfaces in 3D

If all objects in an environment are built from a set of triangles, it is only necessary to test the triangles against
other object's triangles to test if the objects collide. Three different situations, which are listed below and
illustrated in Figure 5.22, can be set up.

1. All of the vertices of another object is on the same side of the triangles surface, which implies that no
collision is occuring between the triangle and that object.

2. Some part of another object's surface is located on the surface of the triangle, which implies that there is
a collision.

3. There are vertices from another object on both sides of thetriangle, which implies that a collision has
already occured.

In the following description two triangles are tested for a collision. The two triangles are dubbbedS1 andS2

for surface 1 and surface 2, to distinguish between them.
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Figure 5.22: The three situations which can occur are presented. The lefttriangle has all its vertices on the same side of the colored
triangle, the second triangle shares some surface with the colored triangle and thus collides, the third triangle has vertices on both sides of
the colored triangle, and thus collides.

These three cases can be investigated by describing the plane which the triangleS1 is located in, and then
evaluating the vertex coordinates ofS2 against the plane equation. For the cases with one or moreS2 vertices
in the plane, (see the second situation in Figure 5.22) or with S2 vertices on both sides on a plane (see the
third situation in Figure 5.22), it is necessary to determine if the intersection with the plane occurs within the
boundaries of theS1 triangle.

Before theS1 triangle boundaries are taken into account, it is describedhow to determine if there is any
intersection betweenS2 and theS1 plane.

Triangle and Plane Collision

While a plane can be described by a scalard and a normal vectorn as in Equation 5.23, the three vertices ofS1

can also be directly used for describing a plane.

d = � n � p

nx � x + ny � y + nz � z + d = 0 (5.23)

Where:
p is a point in the plane
n is the normal vector of the plane

To be able to evaluateS2 against the plane, it is desired to transform the threeS1 vertices to the standard plane
equation (Equation 5.23), this can be done using Equation 5.24

n = ( p2 � p1 ) � (p3 � p1 ) (5.24)

p = p1

d = � n � p

where:
pa is one of the three vertices inS1, and eachpa holds 3 coordinates(x; y; z)
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The plane equation allows algebraic evaluation of theS2 vertice distances to the plane. In Equation 5.25 it
is determined which side of the plane a vertice ofS2 is located, and thus it can be used for determining if any
intersections with the plane occurs.

L = n � pa + d (5.25)

Where:
pa is a vertice ofS2

L is a scalar, which is positive for one side, negative for the other, and zero when excactly in the plane.

L reveals which vertices are on which side of the plane, and thus which triangles collide with the plane. This
is not the same as a collision withS1 as the plane stretches in�nitely. However it can be used to sort out all
triangles, which does not intersect with the plane, and thusnot with the triangleS1.

In the case of a detected collision with the plane, it is also necessary to test if the intersection with the plane
is within the boundaries of theS1 triangle. This is illustrated in Figure 5.23, where only oneof the plane-
intersecting triangles also intersect withS1.

Figure 5.23: A triangleS1 has been used for generating a plane equation, a set of triangles intersect with the plane, but onlyS2 intersects
with S1 .

Boundary check of the Intersection in Plane

Determining if the intersection with the plane happens within the boundaries ofS1 can be formulated as a 2D
problem. The following situations on the resulting 2D description can be stated:

• If only a singleS2 vertex is in the plane, and all others are on the same side, theintersection with the
plane will appear as a single point in the 2D map.

• If exactly twoS2 vertices are located in the plane, or if theS2 vertices are spread on both sides of the
plane, the intersection will appear as a line between 2 points in the 2D map.

• Should the entire set of vertices inS2 be located in the plane, it will appear as a triangular shape between
3 points in the 2D map.
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To transform points located in the 3D plane to a simpler 2D description, a transformation matrix can be formed.
The matrix can be multiplied with intersection points, to desribe them and the triangleS1 in a 2D environment.
To assure that this transformation matrix will work as intended, a local x-y-z frame is aligned with the plane.
The origin of the frame, is chosen to be the vertexp1.

If the x-axis is chosen as the line between the verticesp1 andp2 in S1, the y-axis is placed in the plane when
the cross product of the y-axis unit vector and the x-axis unit vector is equal to the plane normal vectorn. This
is illustrated in Figure 5.24, and expressed in Equation 5.26.

Figure 5.24: A local frame can be placed using the vertices, and the normal vector of the plane.

n = x � y (5.26)

As n , x andy are all vectors, the following must also be valid:

y = � n � x (5.27)

A frame based on these three vectors can be used to determine the three angles, which makes a transformation
matrix applicable. If the pointp1 is subtracted from all the points of intersection, the transformation matrix
needed is only a rotation matrix. Determining such a rotation matrix can be done in the following manner:

1. Create a copy of the frame, used for temporary manipulations, in Figure 5.25 the copied frame is illus-
trated together with the global frame.

2. Rotate the copied frame about the global z-axis to place the frame's x-axis in the global x-z plane. See
Equation 5.28 and Figure 5.26

3. Rotate the frame about the y-axis to align the frame's x-axis exactly with the global x-axis. See Equa-
tion 5.29 and Figure 5.27

4. Determine the rotation matrix for rotating the frame about the x-axis, to align the frames y-axis excactly
with the worlds y-axis. See Equation 5.30, Figure 5.28 showsthe angle found.

5. Multiply the rotation matrices used, for rotating the copied frame to get the 2D rotation matrix. See
Equation 5.31, in Figure 5.29 the result of applying the lat matrix found is shown.
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Figure 5.25: A local frame and the global frame, shown with common origins.
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xu x = R z � x (5.28)

yu x = R z � y

zu x = R z � n

Where:
x denotes the vector representing the local frame x-axis (spanning fromp1 to p2)
y denotes the vector representing the local frame y-axis.
n denotes the vector representing the local frame z-axis (andthe plane normal vector)

Figure 5.26: Determining the angle between the local frame x-axis and the global frame xz-plane allows rotation about the z-axis



56 5.3 Collision Detection

xu n =
xu x

jxu x j

� y = cos� 1

0

B
@xu n �

2

6
4

1
0
0

3

7
5

1

C
A

R y =

2

6
4

cos� y 0 sin� y

0 1 0
sin � y 0 cos� y

3

7
5

xu y = R y � xu x (5.29)

yu y = R y � yu x

zu y = R y � zu x

Figure 5.27: A rotation matrix formed with the angle shown in Figure 5.26 hasbeen used to rotate about the z-axis. Thus the angle
between the local frame x-axis and the global frame x-axis can be found.
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As it is known that the points of interest always lie in the plane, multiplying plane intersection coordinates with
the transformation matrix results in a z component of 0, (or very close to it, where small deviations are due to
computational errors). Thus the intersection and the triangle is now described by x and y components within
the plane.

When mapped to the 2D description, the three possible shapes (a point, a line, or a triangle), present different
test cases, which can be investigated in the following manner:



System Design 57

Figure 5.28: A rotation matrix formed with the angle shown in Figure 5.27 hasbeen used to rotate about the y-axis. Thus the angle
between the local frame y-axis and the global frame y-axis can be found.

Figure 5.29: The angles determined in Figures 5.27,5.26,5.28 have been used to build the rotation matrix resulting in the perfect alignment
of the local and the global frame.

• Point

– The intersection point lies inside theS1 triangle or on the circumference and there is a collision.

– The intersection point lies outside theS1 triangle, and there is no collision.

• Line

– The intersection line crosses one or more of the triangle sides, hence there is a collision.

– None of the lines cross, but the two end points of the intersection line is detected to cause collision
by testing them as a point, which implies a collision.

– The entire intersection line lies outside theS1 triangle, and there is no collision.

• Triangular shape

– One or more lines of the triangle is causing a collision when testing it as a line, and thus a collision
is occuring.

– The intersection triangle lines all lie outside theS1 triangle, but encapsulatesS1 and there is a
collision.

– The intersection triangle lines all lie outside theS1 triangle, and does not encapsulateS1 and there
is no collision.

From the test cases it is possible to extract two tests which can be used for testing all the situations. One test
is to determine if two lines cross, and another is a matter of determining if a point is located within a triangle.
One way of testing each of the situations are presented in thefollowing.
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Point in Triangle Test
Collisions can sometimes only be detected by an algorithm which tests if a point is located inside a triangle.
Many algorithms which can detect this exist, however many ofthem are dependent on using acos or the square
root. Neither acos or the square root are desireable as they are time consuming to compute, and it is expected
that this algorithm is to be run at least once for each terrainpolygon that intersects with an in�nite plane. There
is created one plane for each robot polygon.

An alternate method called the "barycentric Technique" tries to avoid the use of square root and acos, and is
described in the following [16].

The basic idea of this method is to use a variant of the barycentric coordinate system. Usually this coordinate
system is used to determine the CoM, as it marks the center of apolygon based on the masses in each vertice.
For a triangle with unit masses, it de�nes the corners as (1,0,0); (0,1,0); (0,0,1), and the CoM is located in
(0,0,0).

In this way any pointp placed within the triangle can be described as a set of barycentric coordinatesp =
(� 1; � 2; � 2). Where� 1 + � 2 + � 3 = 1 . This is illustrated in Figure 5.30, and it can be interpreted in the
following manner.

• The point lies inside the triangle if0 < � i < 1, for all i = 1,2,3

• The point is placed on the rim, if0 � � i � 1, for all i = 1,2,3

• Otherwise the point lies outside the triangle

Figure 5.30: A point P in a triangle and the corresponding barycentric coordinates

Determining barycentric coordinates in general is a matterof solving linear equations, but for the speci�c case
of a triangle a simpli�ed approach exists. First, the task issimpli�ed by computing vectors, with origin in one
of the vertices. Herev1 is used, see Equation 5.32.

s0 = v3 � v1 (5.32)

s1 = v2 � v1sp = p � v1 (5.33)

As illustrated in Figure 5.31 an axisw is chosen such that it is aligned ons1 , and similarly an axisu is placed
onso , the pointp can be described as components ofw andu, now asp = ( u; w).

As the properties of the barycentric coordinates are still valid in this representation, it results in the following
interpretation.
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Figure 5.31: Axes u and w are created froms1 ands0 , the corresponding sidelengths of the triangle are scaled to 1 on u, and 1 on w

• If 0 � w and0 � u andu + w � 1, then the point is located within the triangle

• Otherwise it is outside the triangle

In this representation the barycentric coordinates can be found by applying dot products:

u =
s1 � s1 � s0 � sp � s0 � s1 � s1 � sp

s0 � s0 � s1 � s1 � s0 � s1 � s0 � s1
(5.34)

v =
s0 � s0 � s1 � sp � s0 � s1 � s0 � sp

s0 � s0 � s1 � s1 � s0 � s1 � s0 � s1
(5.35)

And it can be determined by a logic comparator if a point is located within the triangle.

Line in Triangle Test
For the case where a line appears in the 2D map, it seldomnly happens that the lines 2D end points are formed
directly fromS2 vertices. In many cases the end points of the intersection line needs to be derived before the
2D transformation is applied. In such cases the point of intersection can be found by shooting a "ray" between
two of theS2 vertices which are located on different sides of the plane. The point of intersection between the
ray and the plane, will be the coordinate for the end point of the line in the 2D plane.

Determining the equation for a ray:

S(t) = pa + ( pb � pa )t; t 2 R; (5.36)

Where:
pa andpb are vertices inS2

t is a time variable

Intersection between a ray and a plane occur when the ray and the plane equations are equal:

� d = n � (pa + ( pb � pa)t) (5.37)

This can be used to �ndt, and insert it into the ray equation to determine the point inspace where the ray
intersects with the plane.

t = �
pa � n + d

(pb � Pa) � n
(5.38)

Notice that if the direction of the ray is perpendicular to the plane normal then the denominator will be zero.
So this equation should never be used on rays which are parallel with the plane.
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When all intersection points are found, (usually two per polygon) the transformation to 2D can be applied on
the determined intersection points, and a line descriptiony = �x + b between the two intersection points can
be derived.

To detect if the resulting line segment crosses the trianglein 2D, the triangle is also described as three lines
of the formy = �x + b. Then by combining two line equations (one side of the triangle at a time, with the
intersection line), the x - coordinate of the line to line intersection is given by:

x =
b2 � b1

a1 � a2
(5.39)

The resulting x must then be between the x-coordinates of thevertices to have collided with it, which is also
illustrated in Figure 5.32. Unless the triangle lines are vertical, then the y component is investigated.

Figure 5.32: Intersection lines only intersect with the triangle, if theintersection point is between the triangle vertices. The green point of
line intersections does not cause collisions. The red intersection points do however mark a collision.

5.3.2 Implementation Considerations

When no collisions have been detected withS1 andS2, S1 needs to be tested against all other triangles. It will
load the processor, as both the robot and the terrain map holdseveral polygons. More speci�cally the terrain
used in this project contains 7072 polygons.

To minimize the load, a linear sorting of the terrain polygons is done, so that collisions are only investigated on
surfaces close to the robot.

To detect which polygons are close to the robot, it is either necessary to choose a maximum size of the polygons
representing the terrain, as it allows for using axis aligned bounding boxes for sorting, or it is necessary to
perform a collision test between the surface of a bounding object and the terrain to select the objects which is a
more detailed collision test afterwards.

Of the two methods the �rst one is by far the fastest, as an axisaligned bounding box can be formed by logic
comparators. In Figure 5.33 the polygons selected by a bounding box are presented, and it is illustrated that
adding a margin ensures that all polygons, which can have interest, are included. If any polygons are allowed
to be larger than the bounding box, the box can be crossed by a polygon, which have its vertices outside a
bounding object, and thus not considered, resulting in a collision which is not detected. By taking half the
length of the largest polygon, a margin length is achieved that ensures this never happens.

A bounding box around the robot plus the margin selects appoximately 600 terrain polygons. Depending on
the location of the robot.

One way of reducing the overall calculations, is to reduce the amount of polygons used for representing the
robot. Though for curved surfaces, the difference between the real surface and the polygon model increases,
when the polygon count decreases, hence a compromise between load and accuracy must be found. The model
used for implementation is shown in Figure 5.34 and contains312 polygons



System Design 61

Figure 5.33: To minimize calculations only polygons that has one or more vertices inside the bounding box is tested for collisions, in
praxis a margin is added to the bounding box, to ensure that allpolygons are included.
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Figure 5.34: The low polygon 3D model used for representing the robot

A cylinder as the one used for the end point of the leg, is represented as a box, and the body can be assumed to
be a solid cylinder. The cylinder of the body is approximatedby triangles spanning from the center to the rim.
A box shaped leg, will perhaps report a collision with the surface millimeters before the leg actually touches the
ground. This is acceptable when the only purpose is to avoid collisions, however it gives rise to some problems
when trying to use the leg for support, as it will detect collisions where the end point of the supporting leg
touches the ground.

Thus such a model introduces a need for ignoring collisions happening where contact is actually wanted. A
small bounding box can be created around the desired place ofthe foot, which can be used for removing the
collisions found near the end point of the supporting legs.

The �owchart describing the collision detection algorithmis illustrated in Figure 5.35.

The collision test described is suf�cient for non-moving objects, but as the robot moves, and the motion is
calculated in discrete time steps, it is not known what happens between time steps. An end point of a leg can
be moved from one side of a corner of an obstacle within a timestep, in such cases it is also necessary to avoid
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Figure 5.35: Illustration of the �ow of the robot to terrain collision detection algoritm

the obstacle between time steps.

Many methods for avoiding collisions between timesteps exist. One method is to create a "solid" object,
connecting a polygon with its position for the next step, creating virtual surfaces between the two locations.
This is a linear approximation to the motion between time steps, and allows for re-using the collision test on
the virtually created surfaces, and thus detect what happens in between timesteps. Unfortunately it is also a
method which requires many extra calculations, as the virtual polygons need to be formed, resulting in six new
polygons for each existing polygon.

Another solution is to expand the surface representation, in relation to the stepsize. When using this method a
very slow movement will have a collision detection scheme which allows for the robot to be very close to other
objects, as the virtual representation will be close to the real object. A fast movement will however require a
greater distance to the objects it can collide with, as the virtual representation needs to be expanded untill it is
connected with it self in the next frame. If the movement between time steps are suf�ciently small, the surface
needs very little expansion, if any.

For this project, it is assumed that the robot moves so slowlythat surfaces are allways connected with the old
representation without adding new polygons. With a leg thickness of 1.5 cm where it is thinnest (near the end
point), it limits the end point to movements less than 1.5cm per time step.
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5.3.3 Inter-leg Collisions

The robot can physically collide with it self, and create a situation where two or more legs hit each other. The
gait generator can also result in a trajectory which will force the robot to collide with it self. This is due to
the fact, that the path of each leg is found seperately, without considering where the other legs are. To avoid
that such a collision will damage the robot or cause a deadlock situation, this type of collisions must also be
detected.

Using the polygon to polygon test on all the legs in the model will detect such a collision. To reduce calcula-
tions, it is desireable to sort out as many polygons as possible.

One way of sorting out some of the polygons, is to check if any of the legs are in the vicinity of each other. If the
robot movements are described in the robot frame, then in thexy-plane, each leg appears as a line segment. The
length of the line segment is given by the femur and tibia joints angles, and the angle of the line is determined
by the coxa joint.

In the 2D topology the distance between the leg line segmentsmust be less than the widest point of the legs,
before the possibillity of a collision exists. Should line segments be further away than the leg width they cannot
collide, if they are closer, it is necessary to encorporate the z-axis also to verify that they are not at different
altitudes. This can be accomplished properly by running thecollision detection on the polygons of the two legs
which are near the area that makes out the small distance.

Illustrations of 2D segment representation of the legs are shown in Figure 5.36

Figure 5.36: Legs are represented as line segments in 2D, and it is only necessary to test for collisions where the segments are closer than
the leg max width

If the legs are de�ned as line segments, the shortest distance between them depends on the angle of the line
segments. Evaluating the end points distance to the other legs line segment is not suf�cient, as the end point
and the point which in 2D is farthest away from the legs base, can be different points.

Thus it is necessary to �nd the end points for the line segment�rst, and as each of the four origins of link frames
represent a point on the line segment in 2D, and each one of them can be found in the middle (depending on the
angles at the joints), this requires a few calculations. Oneway of determining which points are 2D line segment
end points, is to calculate the length of the segments between all the joints. De�ningL v as the length of the
vector spanning between two points, the length can be found using Pythagoras:

v = a � b

L v =
q

v2
x + v2

y (5.40)
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Calculating theL v for all possible combinations of points, and selecting the points used for the longestL v will
give the correct end points. From here on the points chosen isdubbeda andb

As both of the leg's line segments can have different angles,and thus have different end points selected, the
most general way of determining the shortest distance between them, is to look at the distance between the two
line segments. So in a similar way the pointsc andd describes the end points of the other line segment.

If the line segments found intersect, the shortest distancebetween them is 0. Determination of where the
intersection happens is done by forming in�nite line equations, and then testing if the intersection happens
between the pointsa andb.

Figure 5.37: Legs are represented as line segments in 2D, end points are notnecessarily the closest point on both lines.

In Figure 5.37 different cases are shown where the line segments does not intersect, in some situations a line
between the end points gives the shortest distance, and in others a point on the line segment provides the shortest
distance. This illustrates that eight lengths needs to be calculated in the generic case, to assure that the shortest
distance is always found. The lengths are denoted asL , and can be found as dotted lines in Figure 5.38:

• L ac = jacj is the length between the pointsa andc

• L ad = jad j is the length between the pointsa andd

• L bc = jbcj is the length between the pointsbandc

• L bd = jbdj is the length between the pointsbandd

• L qa = jqaj is the length between the pointq on the segmentcd and the pointa

• L qb = jabj is the length between the pointq on the segmentcd and the pointb

• L pc = jpcj is the length between the pointp on the segmentab and the pointc

• L pd = jpdj is the length between the pointp on the segmentab and the pointd

The lengths between the endpoints are always calculated, for the remaining four lengths, it is only necessary
to calculate them if the end points of the other line segment can be found at a line perpendicular on the line
segment in question. This can be investigated by applying perpendicular projection, of the vector spanning
from an end point i.e.a to the point investigated i.e.c. If the lines are scaled so thatab becomes a unit vector,
a scalart can be used to evaluate if a point is placed perpendicularly between the end points of a line segment
See Figure 5.39 for the relation betweent, and the pointc.

t =
ac � ab

L 2
ab

(5.41)

Where:
t = 0 is equivalent to placingp ona, and then the length is the same asL ac .
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Figure 5.38: The eight lengths span between the point end points, and the point on the segments which are closest to the other line. The
shortest distance in this example isL pc

Figure 5.39: If t becomes larger than 1, it indicates that the point cannot form a perpendicular line on the line segment.

t = 1 is equivalent to placingp onb, and then the length is the same asL bc.
t < 0 locatesp on the backward extension ofab which is outside the end points.
t > 1 locatesp on the forward extension ofab which is outside the end points.
0 < t < 1 indicates thatp is betweena andband is the point closest toc.

Only if 0 < t < 1 should the pointp be calculated. That is done by:

p = a + t(b� a) (5.42)

As this is located in 2D, and we already knowL ab the distance betweenP andC can be calculated as:

s =
(ay � cy ) � (bx � ax ) � (ax � cx ) � (by � ay )

L 2
ab

(5.43)

Where:
s < 0 indicates thatc is left of ab
s > 0 indicates thatc is right ofab
s = 0 indicates thatc is excactly onab

Finally the distanceL pc from c to p is found asjsj � L ab. When the shortest distance is less than the maximum
leg width, it is necessary to do polygon collision detectionto investigate if the legs collide. If the shortest
distance is larger than the maximum leg width, it is not necessary to do further calculations to conclude that
no collisions occur. The robots legs can physically collidewith the neighboring legs, and the leg next to the
neighbor. All legs can thus be checked for collisions by checking them against the right neighbor, and the leg
to the right of this, which ends up as 12 line segment distancecalculations.



66 5.4 Verifying Collision Detection

5.4 Verifying Collision Detection

To verify if the collisions are detected properly, a simulation is run where the polygon model of the robot is
placed at two different locations in the terrain. The �rst location should not cause any collisions as the robot
is standing on the three supporting legs, and the other legs are lifted from the surface. The second location
should cause collisions as the robot is placed such that the free legs, are touching the surface, also one of the
supporting legs are forced into the terrain to verify that collisions are detected outside the bounding box of the
foot.

The robots polygons are plotted with the terrain, and the collisions detected are marked with yellow triangles
to illustrate where the algorithm has detected that the surfaces collides. The collision are detected at the bottom
vertice of the yellow triangles.

The �rst situation is illustrated in Figure 5.40, here no yellow triangles appear, which indicates that no collisions
are detected.

The second situation is illustrated in Figure 5.41, here it is visually con�rmed that collisions are detected. The
location of the detected collisions implies that collisiondetection can detect collisions at propable locations,
when collisions between the terrain polygons, and the robotpolygons occur.

Figure 5.40: The only legs touching the surface is the supporting legs, which are allowed to collide near the end point, and no collisions
are detected

Figure 5.41: All the legs are touching the surface and collisions are detected, also one of the supporting legs is pushed into the terrain to
test if collisions are detected above the allowed end point area

5.5 Avoiding Collisions

The purpose of the Collision avoidance block, is to modify the motion proposed by the APF algorithm and the
IK solver, to avoid collisions. One way of achieving this modi�cation of the paths, is to add extra repulsive
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charges to the potential map used in the APF algorithm, this will change the output from the gait generation
block.

One of the consequences of this method is that charges added in one sample causes an effect for the next
samples also, this can be an advantage if it is placed correctly. It can be a complex task to predict the outcome
of adding multiple charges, and can give undesired results,if placed unfortunately. However the concept is
in harmony with the APF algorithm, and when the problem is solved the charges will only give rise to new
problems if the same area of terrain is traversed again. Thisis solved by removing charges after some time.

An advantage of adding charges, is that the existing map and target is also used to de�ne a new path. This
means that there is no need for focusing on where the target islocated when modifying the path, as the existing
APF algorithm attempts to move the end point closer to the target. It is expected that this will aid in selecting a
reasonably modi�ed path, and thus this method is chosen for avoiding errors where it is possible.

5.5.1 Inter-leg Collision Avoidance

When an inter-leg collision is detected, the purpose of the error handler is to ensure that the legs move away
from each other again. The data available from the detector is knowledge about which legs are colliding, and
where in space the collision happened. It is physically possible for the robot to intercollide three legs at a time,
however as the legs are moved in tripedal gait, and thus usually in the same general direction this should never
happen. Instead focus is put on solving the problem arising when two legs are colliding. Note that in the case
where three legs are collided, solving for two of them at a time will also result in some manipulation of the
third leg. The result of this effect is however not further investigated.

If a repulsive charge is added to the potential map directly between the legs end points, it would force the legs
end points to move away from each other in the APF algorithm. This type of collision is shown in the right
inter leg collision in Figure 5.42. Even though this will often solve the problem, it is not the optimum solution
if the legs are somehow crossed, or if the collision happens far away from the end points. In the crossed legs
case, it could worsen the problem, in the left inter leg collision in Figure 5.42 the legs are crossed. So the point
of collision, in relation to the legs links, can be used to position a charge even better.

Figure 5.42: The free legs have been moved but hits the supporting legs, causing collisions. Collisions are marked by red lines.

It is assumed that one of the two legs are used for support, if the legs are neighboring legs, this will allways be
the case in tripedal walk. The only situation where that is not the case, is assumed to be solved by the fact that
the leg end points are moving towards different targets.

The end point of the supporting leg cannot be moved, and thus collision avoidance should be done by manipu-
lating the free leg. To do this, a location for the new charge is found by looking at the impact angles, and then
use the angles of impact to place the point charge. The anglesare representable as a vector, and a vector can
be found which describes the direction from the free leg end point, to the collision point. Such a vector can be
added to the end point of the moveable leg, and hence provide aposition for the point charge. The result of this
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placement in the potential map, should move the end point in the opposite direction of the impact direction,
which should make the leg avoid a collision for at least the next step.

Describing the kinematic links of a leg as line segments between joints, can be used to create vectors which
describes the shortest distance from the collision point toeach of the links on the moveable leg. Sometimes one
of these vectors will be shorter than the others, and perpendicular to one of the links. In such a case this vector
alone will desribe the impact.

In the other cases, the collision has occured near one of the joints, and none of the distance vectors are perpen-
dicular to any of the links. In that case, two of the vectors should be similar in length, and found between the
joint and the collision, and any one of the two vectors can be chosen to place the charge.

Figure 5.43: A collision is found, and the shortes distance to all the links are found. The vector desribing the shortest of the distances
found, here marked in red, is used for positioning a charge

To create the distance vectors, a method for describing the distance from a point to a line segment in 3D is
needed. Remebering the ray equation:

v = a + ( b� a) � t (5.44)

Where:
a andbare 3D coordinates
t is a scalar de�ning the distance to the origin of the ray.

The shortest distance to the ray is found as a function of the scalart:

t = �
(a � c) � (b� a)

jb� aj
(5.45)

Where:
c is the coordinate of the point investigated

Insertingt into the ray equation provides the pointP where the shortest distance is present. Ifp is betweena
andbthe vector wanted for placing the charge isp� c. Otherwise it is eithera � c or b� c depending on which
is closer to the collision point. The charge coordinates arethen given asEndpointCoords + vector

5.5.2 Terrain Collision Avoidance

When a collision with the terrain is detected, a set of error data is generated. The error data holds information
about where the collision happened in space, and which part of the robot was investigated when it was detected.
This data can be used to resolve the problem.

The collision can occur on the robot body or on the robot legs.As movement on the supporting legs can only
be caused by body movements, the collision found on supporting legs indicate that the path of the robot body
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must be reevaluated. If the collision instead occur on a leg being moved towards a new target, then the path of
the leg itself can sometimes be modi�ed to make it avoid the obstacle, and in such a case the body position and
orientation does not need to be changed. In general, replanning the body's path will affect the movements of all
the legs, with the risk of creating new collisions. Thus, if the leg itself can be manipulated, this is preferable.

In the situation depicted in Figure 5.44, moving the leg by adding new charges will be able to solve the problem,
and the rest of the robot remains unaffected. In such a case, the method described for avoiding inter-leg collision
can be adopted to aid a leg to avoid the terrain.

Figure 5.44: The moving leg will collide before the end point has reached its target, if it follows the original path. In this case, movingthe
end point away from the collision when collisions happen, will aid in solving the problem.

However in a situation where the leg end point is being moved downwards, and is unable to reach its destination
due to collisions, moving only the leg is not enough, and it isnecessary to move the body to avoid the collision
also. If the body needs to be manipulated, a more complex problem arises, as it affects both the leg with
collisions, but also the rest of the kinematics. This can lead to kinematic problems, or collisions elsewhere.

Manipulating the body's path optimally to avoid collisions, depends on the kinematics, and the location in the
terrain. Calculating the current movement and detecting ifit generates collisions is time consuming and to
avoid exceeding the real time deadlines a method which can change the path of the robot within the timeframe
of this iteration is needed. Otherwise, the robot must be paused in its movements, while iterative attempts using
the kinematics and collision detection, are run.

An approach for changing the bodys path is chosen which does not consider consequences with respect to
kinematics or new collisions. However, the robot is paused for the next iteration, and thus the inverse kinematics
solver and the collision detection calculations must be done in the next iteration before the robot is re-animated.

The basic concept of this solver is to divide the problem intosubproblems that again are solved without con-
sidering the in�uence on each other. The �rst subproblem is to avoid collisions on the body it self. The other
subproblems are similar in type, and consider collisions ona leg.

It is assumed that if a complex problem arises which is not solveable by applying one of the subproblems alone,
the iterative nature of the controller will converge towards a solution, otherwise the system is halted, until the
user inputs a new direction.

Avoiding Collisions on the Body

If the body collides with the terrain, it is chosen to minimize the problem to consider only how a free �oating
body could be manipulated to avoid the collision. One answercould be that the body should always be lifted
directly upwards untill collisions are avoided.

However to minimize the risk of introducing new kinematic errors, it is decided that the minimum change
upwards is preferred. This means that if the body can avoid a collision simply by tilting, it is preferred, as this
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will affect the legs less than moving the body directly upwards.

If all the collision coordinates are transformed to the robot frame, two distinct types of collisions can occur on
the body. Either a collision is placed below the robot, or it is placed on the side of the cylindric body.

Collisions on the sides are easily recognized as they will have a z-component larger than zero.

To avoid collisions on the sides of the body, movement in the robot frame xy-plane makes more sense than
lifting or rotating the robot. If the x and y components of thecollision coordinates are considered as a vector
describing the distance to the center of the robot, then simply inverting the vector will indicate the direction
which will ensure that the detected collision is no longer colliding. If more than one collision occur at once, then
summing the vectors will avoid points on the same part of the body. Opposite collisions will cancel eachother
out, and not be avoided by this method.

It is chosen to always move the body in a single step length of 2mm in the direction indicated by the vector
sum. To avoid moving the body to fast to ensure stabillity.

Collisions on the bottom, are treated after the body has beenmoved in the robots own xy-plane. This has the
advantage that if some side collisions are still located within the circumference of the robot, they can be treated
as collisions with the bottom, and thus be avoided by liftingthe robot.

Collisions with the bottom of the body are avoided by tiltingand lifting the body. As there is no knowledge
provided about how much the robot is being penetrated at a collision, it is assumed that movements at 2 mm
will avoid the collision, and this value is assigned as a new zcomponent for the collisions. Remaining side
collisions already contain information about the z component, which is used directly.

Tilting the robot about a point on the rim, can be done in many ways, and the resulting manipulations is to be
translated into pitch, roll, and a new z component for the robots body. In Figure 5.45 it is shown in 3D how the
�nal orientation is built from iterative changes.

Figure 5.45: Final angles and lifts are found by avoiding one point at a time.

The following iterative method is used for tilting the body.An iteration starts by de�ning the current plane
equation, as a plane normal vector and a scalar. In Figure 5.46 a 2D example is illustrated, where two points
are avoided. The plane equations are represented as lines, and the resulting angles (a andb) is to be translated
to roll, and pitch, and a lift of the center.

From the plane equation, the perpendicular distance to the collision point is found asL . In the situation in
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Figure 5.46, this is a vertical line for the �rst iteration, but not for the second. The calculations are, as shown in
Equation 5.25 in section 5.3.

Figure 5.46: Final angles and lifts are found by avoiding one point at a time.

The distance from the collision point to the rotation point can be found by creating a vector between the points,
and then determining the length of this. This distance will be represented in the desired future plane of the
cylinder. The distance found is dubbedD, and it can be combined withL to determine the angle of rotation.

a = asin(L=D ) (5.46)

This anglea denotes the upward rotation perpendicular on the directionvector from the point of rotation to the
collision point. Before the next iterationa must be converted to pitch and roll.

The x and y components of the direction components reveals the relationship between pitch and roll which will
form the angle correctly in 3D. If the x and y components are represented by a unit vector, the two components
can be multiplied with the angle to provide the delta pitch and delta roll; the deltas are added to the existing
pitch and roll and a new set of angles are found.

When the vector used for determining pitch and roll is alignedwith one of the robot frame axes, will produce
the depicted 2D situation in Figure 5.46. It can be seen from the illustration that just rotating the plane about the
center will not avoid the collisions. So an appropriate z value must be found. This is done by forming the new
plane equation, given by the new pitch and roll angles, and the center point which may be lifted by previous
iterations. The new plane equation is then lifted, so that itis above the collison point, and the step is completed.

If the next collision point is investigated in the next step,based on this new plane equation, the angleb in the
�gure will be found, and the resulting placement can be found.

Avoiding Collisions on a leg

Collisions on a supporting leg requires movement of the body, this is often also the case for a free leg. For the
moveable leg, adding charges in the APF algorithm, can sometimes solve the problem, and for a supporting
leg, adding charges will have no effect.

Thus charges are always added near the end point, in the same manner as for inter-leg collisions. The shortest
distance from the collision point to a leg line segment is expressed as a vector, (remember Equation 5.45). If a
similar vector is applied to the robot body, the body will avoid that particular collision, (assuming no rotations
or other movements of the body has been applied). If the inverse kinematics allow for this change, it will
eventually solve the collision related problems.
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Chapter 6
Epilogue

6.1 Conclusion

The goal of this project was to create a model and a controlling system for a hexapod robot. As the long term
goal was to navigate in a debris or rubble, it was chosen to create an arti�cial map for the robot to navigate
within.

In Chapter 4 a kinematic and inverse kinematic model, for therobot, was derived. This model was veri�ed and
considered suf�ciently precise. This model enabled us to monitor the position of the CoM online, which made
it possible to sustain static stability, and enabled us to calculate and control the position of the robot and its legs
in a global coordinate system.

Considerations regarding dynamic stability was done of�ine, by worst-case assumptions, and showed that to
be able to ensure dynamic stability the PoS needed to be narrowed. This was done through simulations which
showed that the ZMP could move up to 8.8 mm.

Through Chapter 5 a system to control the robot was built. Thesystem is able to generate a gait that works
on �at ground and in theory also on the uneven terrain, but because of limitations in the kinematic system a
successful gait on uneven terrain was not achieved. The triangle search algorithm can successfully �nd support
triangles in the uneven terrain, and the APF algorithm can navigate the leg end points to the desired support
points without colliding with the terrain. A simple controlscheme was designed to control the robot body
position and orientation according to the leg end points positions.

If collisions should happen a system was designed to detect and avoid these, and through simulations this was
shown to perform satisfactorily. Because a gait was not achieved on the uneven terrain, a proper real world test
was not performed.

The overall conclusion of the project is that a control system that can successfully control the robot was de-
signed, and the system generated a satisfactory gait on �at ground. The gait generating part of the robot can
successfully generate a gait to traverse the terrain. A system to detect and avoid collisions was designed and
implemented, but not fully tested.
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6.2 Discussion

The main reason the overall goal of the project was not completed, is because of the kinematic limitations of
the robot. The robot does probably have the kinematic �exibility to achieve an acceptable gait on the uneven
terrain, though either the gait generating algorithm or thekinematic singularity solver needs to be enhanced to
achieve a successful gait on uneven terrain.

The APF method, used for navigating the leg end points through the terrain, worked satisfactorily. Though
by reconsidering the assignment of repulsive charges to theterrain and the repulsive potential function, the
number of repulsive charges could probably be reduced. By reducing the number of repulsive charges the
computational load would also be reduced, which allows a faster gait. The method of assigning extra repulsive
charges for escaping local minima, in the potential function, is a solution that will always solve the problem,
if at all possible. Though the time to escape the local minimum might be reduced by the use of other methods
like, temporary assignment of attractive charges to pull the leg end point away from the local minimum.

For �nal implementation of the collision detection it should be considered to represent the robot and the terrain
as connected spheres. Such a representation will reduce thecalculation time, but also reduce the accuracy of
the collision detection.

If the terrain, the robot surface model, and the end point destinations, were represented in the Con�guration
Space (CS) (see Appendix G) the APF could probably be appliedin the CS to create a gait which would never
produce IK singularities or collisions. The result being that the error handling could be completely removed
from the system. However a representation of the CS, which isfeasible to implement, was not developed in
this project.

The overall system structure is considered a valid solutionfor the problem. As the system is built by somewhat
generic subsystems, one block can be replaced without having to change the entire system. This feature allows
the use of alternate methods, when handling the motion control or the kinematic singularities.
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Chapter 7
Acronyms

APF Arti�cial Potential Function

CoM Center of Mass

CS Con�guration Space

DoF Degrees of Freedom

IK Inverse Kinematics

MTL Motion Tracking Lab

PoS Polygon of Stability

PWM Pulse Width Modulated

SAR Search and Rescue

SSM Static Stability Margin

SW SolidWorks

ZMP Zero Moment Point
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Appendices





Appendix A
Measurement and Simulation of Worst-Case

ZMP Movement

To determine how much the ZMP moves, an approximation of the maximum acceleration has been done. The
test was done by placing the robot in the MTL and recording theposition of the robot body. The robot moved
the body 50 mm forward and waited for 5 s, before the body was moved back again. These two movements were
done with the maximum speed allowed by the servos, which is considered to produce the highest acceleration
possible. As shown on Figure A.1 the maximum measured acceleration is found to be1:375m

s2 .
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Figure A.1: The measured position of the robot body and the calculated velocity and acceleration. The maximum acceleration is found to
be1:375: m

s2

When the worst-case acceleration is found, it is possible to use Equation A.2, from Section 4.5 to �nd the
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maximum movement of the ZMP.

xZMP =

nX

i =1

mi (x i (•zi + gz ) � •x i zi )

nX

i =1

mi (•zi + gz )

(A.1)

yZMP =

nX

i =1

mi (yi (•zi + gz ) � •yi zi )

nX

i =1

mi (•zi + gz )

(A.2)

As this is an approximation it is considered suf�cient to have •x = 1 :375m
s2 and•y = •z = 0 . The position of the

CoM of each link is found by applying the forward kinematics from Section 4.4.

A.0.1 Results

The maximum movement of the ZMP is found to be 8.8 mm. This is a rough approximation but it is considered
to be suf�cient. This result is used to decrease the size of the actual PoS to ensure that the robot will not
overturn due to dynamic instability.



Appendix B
Finding the Center of Mass of Each Link

As it is necessary to know the CoM of each link, to be able to ensure static and dynamic stability, it has been
measured. The CoM has been simulated in SolidWorks (SW). SW isa program used by mechanical engineers
to create models and preform simulations. It is able to simulate the CoM of each link given some materials of
each part of the body/leg. The SW models are found on Lynxmotions homepage1.

Measuring weight

To ensure that the used weights in SW are correct some selected parts have been measured.

Name Weight [g]

Frame with 5 legs connected 1906.2
Entire leg with servos 292.4

Servo (with short wire) 57.8
Servo (with long wire) 60.2

Tibia link (no servo) 44.7
Femur link (no servo) 23.4
Coxa link (no servo) 32.6

Table B.1: Measured values of selected parts of the robot

Simulation of CoM

The simulated values of the CoM are shown in table B.2.

1http://www.lynxmotion.com/ViewPage.aspx?ContentCode=sesmodel&CategoryID=115
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Part name Measured weight SW weight SW CoMpi
CoMi

= [ xyz]T Note

Body 444.2 292.71 [0 0 26.4]T The change in mass is due to wiring
and no PCB in SW

Coxa 148.2 118.5 [-14.5 -24.5 2.5]T Change in mass is due to wiring and
screws

Femur 23.4 N/A [-27 0 0]T Not simulated in SW due to simple
construction

Tibia 102.5 64.60 [-130.2 -1 -1.8]T Mass difference caused by incom-
plete material list in SW

Table B.2: Simulated CoM possitions

Evaluation of results

As it is shown in table B.2 the measured weight and the weight found in SW differ. This is considered to be
caused by the materials used in SW and by the fact that no wiresor screws was used in SW. Even though the
simulated results are considered suf�ciently good, as the difference of the weights are relatively small.



Appendix C
Test of Inverse Kinematics

This test will verify the kinematic and inverse kinematic models. The test is conducted by postions of the leg
end points and then moving the body. To record the movements,the test is be performed in MTL

Equipment

Equipment Make and Model AAU nr.

Power supply Danica EA-PS 7032 77077

Power supply MWS27 None

Hexapod LynxMotion AH3-R Walkin Robot None

MTLAB Vicon UltraMX 75468

Vicon interface PC Fujitsu Siemens 75459

Measurment arrangement

As stated in Appendix E, the robot is �tted with 4 markers so the body movement can be measured. As a result
the tests are done with the end point positions of the legs locked. The end point positions are chosen, so the
robot will be in starting position, meaning that the coxa joints angles are 0� , femur joints are 90� and tibia
joints are 0� , giving the following end point positions.

Leg Left,front Left,middle Left,back Right,back Right,middle Right,front

x 1230 1113 1231 1470 1586 1466

y 455 250 45 45 250 455

z 5 5 5 5 5 5

Table C.1: End point positions for body offset, pitch, yaw and roll test

The robot is placed at the center of MTL, so the x and y element of the body position is 0.
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Test speci�cation

A Simulink model is constructed to retrieve and save data from MTL.

ViconLink

Position [m]

Quaternion [ ]

DCM [ ]

Euler [rad]

Frame [ ]

To File

inkintestx.mat

Pseudo Real Time

Pseudo Real Time

Pos/Euler

Display

Figure C.1: Simulink model for retrieving data from the inverse kinematicstest.

The Simulink model in Figure C.1 will retrieve the body coordinates from MTL and store them in a �le. Each
�le holds a matrix, which has time, x, y, z, roll, pitch and yaw.

A Simulink block is created to perform the inverse kinematics of the robot.

Z

100

Yaw

0

Y

250

X

1350

Saturation S-Function Builder1

seriel_com

leg1

leg2

leg3

leg4

leg5

leg6

Roll

0

Ramp

Pitch

0

Leg endpoints

-C-

Inverse Kinematics

body positions

body angles

end point positions

Singularity

Leg1_ang

Leg2_ang

Leg3_ang

Leg4_ang

Leg5_ang

Leg6_ang

Display

Figure C.2: Simulink model for the inverse kinematics test.

Figure C.2 shows the Simulink block to control the inverse kinematics test of the robot system. As shown in
the Figure, there are 6 constants, by altering these constants one at a time, the inverse kinematics block will be
tested. The control model must be compiled with the Linux Realtime Target1 to run suf�ciently fast. For all
tests the stop time is set to 30s and the time steps are 0.2s. The constants are altered by disconnecting one and
connecting the ramp and saturating blocks. In Figure C.2 themode is made to test the movement along the x
axis. Table C.2 shows ramp and saturation values for the 6 tests.

1Created by Dan Bhanderi, http://www.mathworks.com/matlabcentral/�leexchange/5939
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Test subject

Minimum value
Ramp starting

point

Maximum value
Saturation point

Stepsize Total movement

x 1350 1400 3 mm
step 50mm

y 250 300 3 mm
step 50mm

z 80 130 3 mm
step 50mm

Roll 0 10 1
�

step 10 �

Pitch 0 10 1
�

step 10 �

Yaw 0 10 1
�

step 10 �

Table C.2: Test values for inverse kinematics test

Test procedure

All tests are similar. Only the procedure for testing the x-axis movement will be described. All nesessary �les
are located in the foldercode/matlab/simulink/invtest on the CD. The stepsizem, starting values
and stop values are listed in Table C.2.

• Place the robot in MTL

• Connect robot to PC and power supply

• Power up the Vicon system and interface PC

• Openkintestx.mdl . The model is illustrated in Figure C.2

• Compile thekintestx.mdl in to an executeable,kintestx , by pressing "ctrl" + "b" in simulink

• Open the modelVicon_socketx

• StartVicon_socketx

• Run the executeable with the commandsudo ./kintestx

• StopVicon_socketx , whenkintestx ends

Results

The data form the tests are stored in �les. The data in the �lesare extracted using the matlab scriptplotkintest.m .
Notice that the �rst three seconds in each test, the robot will move to the starting position.
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Results for x-axis movement
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Figure C.3: Graph showing the recorded movement in the x direction during test
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Figure C.4: Graphs that show all the recorded movement during test
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Results for y-axis movement
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Figure C.5: Graph showing the recorded movement in the y direction during test
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Figure C.6: Graphs that show all the recorded movement during test
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Results z-axis movement
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Figure C.7: Graph showing the recorded movement in the z direction during test
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Figure C.8: Graphs that show all the recorded movement during test
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Results for Roll

0 5 10 15 20 25 30 35

-6

-4

-2

0

2

4

6

8

10

12

14

[s]

Roll

[d
eg

re
e]

Figure C.9: Graph showing the recorded roll during test
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Figure C.10: Graphs that show all the recorded movement during test
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Results for pitch
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Figure C.11: Graph showing the recorded pitch during test
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Figure C.12: Graphs that show all the recorded movement during test
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Results for yaw
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Figure C.13: Graph showing the recorded yaw during test
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Figure C.14: Graphs that show all the recorded movement during test

Results

None of the tests showed a signi�cation deviation from the expected results. Table C.3 summarizes the results.
The largest measured deviation is measured when testing movement along the x axis. This deviation is due

Subject Initial value Stop value Total movement Expected movement Difference

x 1.26 -52.51 53.77mm 50mm 3.77mm

y 1.66 52.34 50.68mm 50mm 0.68mm

z 71.93 122.9 50.937mm 50mm 0.937mm

Roll -1.65 9.28 10.93� 10 � 0.93 �

Pitch -0.76 -11.21 10.45� 10 � 0.45 �

Yaw -4.47 5.33 9.8 � 10 � 0.2 �

Table C.3: Results for the inverse kinematics test

to the way, the robot is constructed. The joint are assembledusing bolts and nuts and the servos has a high
clearance in gears and motor. Normal usage of the robot causes the nuts and bolts to loosen and some of these
are very hard to tighten, causing a lot of clearance in the joints. However as the maximum measured deviation
from the expected result is3:77 mm and0:93 � and no signi�cant undesirable movement or change in angles
are detected, the deviation is considered insigni�cant.
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Appendix D
User interface

It is decided that the robot is piloted by an operator. To do this, the robot system must be able to detect inputs
from the user. For this a Simulink block is created, which creates an UDP socket. The user interface is a python
script, which connects to this socket. The robot system takes a direction vector as input.

~dir =

2

6
4

x
y
z

3

7
5 (D.1)

The user has no in�uence on the movement at the z-axis, so the z-element is allways zero and thus the only
nesessary data communication between the sockets consistsof the x- and y-components.

Figure D.1 shows a block diagram of the user interface.

Server
Robot system

Client
User interface

Simulink Python

UDP
Socket

2

6
4

x
y
z

3

7
5

Socket

User

Keyboard

Figure D.1: Block diagram for the user interface

The client socket consists of two threads, one that handles user input, and one that, continuosly, sends the data
string through the socket. Figure D.2 shows a �owchart of theclient:
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Initialize
Thread 1

Handles the user
input

Thread 2
Handle socket
communication

User input

Evaluate user input

No input

Key pressedKey released

Data_string(i) =
direction

Data_string(i) = 0

Send Data_string

Figure D.2: Flowchart for user interface client

When running, the events from the keyboard is evaluated. When avalid key is pressed, the direction vector
will be given a value, that coresponds to the certain key. Whenno keys are pressed the direction vector is zero.
The direction vector is stored in a 2 byte string. Table D.1 shows which keys, corresponds to a change in the
direction vectors.

Byte 1 2

Value x y

Positive Right Up

Negative Left Down

Table D.1: Data structure for user interface socket. (Data_string in �gure D.2)

Figure D.3 shows a �owchart of the Simulink part, of the user input. As computation time is an issue for the
controller, a poll control is implemented. When a socket is initialized, it is assigned to a �le descriptor and by
checking this for changes, it will only try to receive data from the socket, when data are present. If the block
would try to receive from the socket every sample, then therewould be a timeout when there was no data, and
this would be an unnessesary delay in the computation time.
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Initialize socket

Check for data on socket

Receive data from
socket
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X
Y
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7
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Data on socket

No data on socket

Figure D.3: Flowchart for user interface Simulink block
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Appendix E
Motion Tracking Lab

Introduction

As the robot has no sensors or feedback from the servos, another way of feedback is nessesary. To track
movements, the robot is �tted with four re�ectors. These re�ectors can be tracked using MTL. MTL is �tted
with 8 cameras and with the bundled software the position andorientation of an object can be read from a
socket. Figure E.1 shows a sketch of the setup in MTL.

Overview

Robot system

Interface PC

Vicon controller

Re�ector Re�ector

Re�ector Re�ector

Robot

C
am

er
as

C
am

er
as

Figure E.1: Overview of the MTLAB setup
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Robot

MarkerCameras

Figure E.2: Position of the markers on the robot

Preparing the robot for MTL

To measure the position of the robot in MTL, 4 markers has beenadded to the top of the robot, shown in Figure
E.2.

It has been chosen to only measure the body movements, since leg movement measurement would require
markers on each leg. Having markers on the side of the robot isnot optimal, as the MTL cameras need clear
sight of the markers to track them. Figure E.2 shows how the robot could hide the markers from the cameras.

Interfacing with the robot system

The robot systems needs the position of the robot in global frame coordinates, see section*sec:globalframe,
hence two objects are created in the MTL software, robot and landscape. To read the position of these objects,
a custom Simulink block is available. The Simulink block canbe added to the robot system and will output the

ViconLink

Position [m]

Quaternion [ ]

DCM [ ]

Euler [rad]

Frame [ ]

Figure E.3: Simulink block for the Vicon system

coordinates and euler angles of the robot object and the landscape object. Using this block gives two issues,
which must be handled. First issue is to calculate the position of the robot in respect to the landscape.

To get the robot position in global frame coordinates, the landscape coordinates are subtracted from the robot
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coordinates, which gives the resulting robot position:

Robotposres =

2

6
4

X Robot � X Landscape

YRobot � YLandscape

Z robot � ZLandscape

3

7
5 =

2

6
4

X res

Yres

Z res

3

7
5

The simulink block will give the position in meters and the euler angles in radians. The robot system requires
the robot position in milimeters and degrees. Hence a gain isapplied. Finally an offset for the landscape
coordinates is required. The landscape is constructed from4 blocks, which each holds 10x10 pieces of wood in
different heights1. Around the landscape a �at area has been added, which has thewidth of 7 average wooden
blocks,77mm. As shown in Section 4.2. MTL will give the center of the landscape as(0; 0), but the robot
system requires(0; 0) to be at the corner of the total landscape. Hence the resulting robot position must be
added the difference between the measured(0; 0) and the required(0; 0), which is17x77mm. This gives the
�nal resulting robot positon.

2

6
4

X global

Yglobal

Zglobal

3

7
5 =

2

6
4

Yres + 17 � 77
X res + 17 � 77

Z res

3

7
5 (E.1)

An illustration of the solution to calculate the needed position and orientation is shown i �gure E.4. As shown

Robot-Ang

2

Robot-Pos

1

m to mm

1000

Switch X and Y

Radian to degree

180/pi

Constant

[17*77 17*77 0]'

MTL-Map ang

4

MTL-Robot ang

3

MTL-Map pos

2

MTL-Robot pos

1

Figure E.4: Similink diagram for the coordinate handling

in �gure E.4, the x- and y-component is switched, due to the way the robot system is implemented.

Next issue is getting the data to the robot system. The robot system is created in Simulink and to do calculations
fast enough, the Simulink model is be compiled using a realtime target2. The Vicon simulink block however,
shown in Figure E.3, can not be compiled with this realtime target. As a result, the MTL output can not be fed
directly in to the robot system, to handle this issue a socketis implemented. The socket in the robot system will
request an update in the position and angles, by sending a request string and the response will be the angles and
position of the robot. This method is chosen to eliminate waiting on the socket. Figure E.5 shows a �owchart
for the socket implementation. The implementation in Figure E.5 creates the socket and gives the robot system
acces to the MTL data and can still be compiled using the realtime target. The connection in the other end will
try to connect to this socket and when connected, it will sendthe current data from MTL to the robot system,
when the request string is received.

A block diagram for the complete MTL setup is shown in Figure E.6
1The wooden pieces is quadratic and is approximately 77mm in width and length.
2Created by Dan Bhanderi,http://www.mathworks.com/matlabcentral/fileexchange /5939
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Figure E.5: Flowchart for robot system socket communication
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Figure E.6: Block diagram for the complete MTL setup



Appendix F
Robot limitations

The robot body can be moved without moving the legs. By altering the yaw, pitch and roll angles, the body can
be tilted and turned. A test was conducted to have an idea of the con�gurations, that are possible with the robot.
For this test, the end points of the legs was locked and the noted limits is when these end points can not longer
be maintained. The measure limitations are not veri�ed withMTL, it is assumed that the kinematics models
are suf�ently correct1.

Measurement arrangement and theory

The robot is connected to the pc via the RS232 link and the powersupply is set to 6V. With the PC it is possible
to alter the following six settings.

• x-position offset

• y-position offset

• z-position offset

• Roll

• Pitch

• Yaw

The communication between the simulink model and the pythonscript is done by created an UDP socket on
port 12000. The python code and simulink model is explained in appendix E on page 99. Table F.1 shows how
to move the robot.

1The kinematic models are veri�ed in appendix C
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Key Action Body action

w Increase y-offset Forward

s Decrease y-offset Backward

a Increase x-offset Left

d Decrease x-offset Right

e Increase z-offset Up

q Decrease z-offset Down

u Increase roll

i Decrease roll

j Increase pitch

k Decrease pitch

n Increase yaw

m Decrease yaw

Table F.1: Assigned keys for testing robot limitations

Used equipment

Equipment Make and Model AAU nr.

Power supply Danica EA-PS 7032 77077

Power supply MWS27 None

Hexapod LynxMotion AH3-R Walkin Robot None

Procedure

The procedure for all the possible actions is generic, so will only be described for moving the body forwards.
All �les needed for this test is located incode/matlab/simulink/limitations on the CD.

• Openrobot.mdl and build the executablerobot by pressingctrl+b .

• Run./robot in terminal

• Runpython hexapod.py

• Press w until the body cannot move further without moving the legs

• Note the offset value outputtet byrobot

• Repeat for other actions

Results
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Value Minimum Maximum

x-offset -86 86

y-offset -82 82

z-offset -44 38

Roll -23 23

Pitch -15 15

Yaw -45 45

Table F.2: Robot limitations

Discussion of results

Despite the high clearance in the servos, the measured limitation seems valid. The measured limitation shows
symmetry for all limits expect movement along the z-axis.
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Appendix G
Con�guration space

A con�guration for a robot is a speci�cation of the all the points in the system[15]. Looking at the two-joint
robot in �gure G.1(a) the con�guration is the angles� 1 and� 2. The workspace for the robot is the area, that
the gripper can reach. Each point of the workspace is a consequence of different angles in the two joints. To
describe the space, that is required for the robot to move freely, the CS is introduced. The sum of all the possible
con�gurations gives the CS.

Leg 1
Leg 2

Joint 1

Joint 2

� 1

� 2

Gripper

(a) Two joint robot

� 1

� 2

(b) Con�guration space for a two-joint robot

Figure G.1: Illustration of con�guration space

To illustrate the CS, a two joint robot is considered. It is assumed that both joints in Figure G.1(a) has no
limitations. Each con�guration,q, of the robot is denotedq = ( � 1; � 2). Naming the robot, in Figure G.1(a),R,
the full space, that is occupied by the robot isR(q). Looking at each joint individually, the CS is a circle. Hence
each angle� i on joint 1 or joint 2, is a point on the unit circleS1. By combining the two CSs, the complete
CS for the robot is given, which givesS1 � S1 = T2. Figure G.1(b) illustratesT2. Having a CS will provide
a lookup table for all possible con�gurations of a given robot. Useful for testing if a movement is possible and
no calculation time is required.
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Con�guration space for hexapod robot

The following section will describe the CS for the hexapod robot, by determining CSs and obstacles, for the
individual joints of the robot.

Each leg has 3 joints, which in section 4.3.3 on page 15 is denoted, Coxa, Femur and Tibia. When setting up a
CS for the one leg, the limitations for for each joint must be set up.

Qcoxa = � 90 � � c � 90

QF emur = � 45 � � f � 90

QT ibia = 0 � � t � 135

These angles speci�es the possible movement of the legs and combined with the transformation matrices found
in Section 4.4.2 on page 17, the space occupied by all possible positions of a leg can be found. In section 4.4.2
and 4.4.3 the transformation from robot frame to leg position was found. From these matrices the CS of each
leg can be found, with respect to the robot frame. To determine the CS point for one leg, all end points of the
joints must be known. Section 4.4.2 states the matrices for each joint individually1. Generating the end points
for each joint requires three matrices.

T 0
3 = T 0

1T 1
2T 2

3

T 0
2 = T 0

1T 1
2

T 0
1

Where:

T 2
3 =

2

6
6
6
4

cos� i � sin � i 0 143:5 cos� i

sin � i cos� i 0 143:5 sin� i

0 0 1 0
0 0 0 1

3

7
7
7
5

T 1
2 =

2

6
6
6
4

cos� i sin � i 0 56:5 cos� i

sin � i � cos� i 0 56:5 sin� i

0 0 � 1 0
0 0 0 1

3

7
7
7
5

T 0
1 =

2

6
6
6
4

cos� i 0 sin� i 38:5 cos� i

sin � i 0 � cos� i 38:5 sin� i

0 1 0 45
0 0 0 1

3

7
7
7
5

Combining these matrices with the limitations for each leg,gives the CS. The algorithm in Figure G.2 is used
to calculate the CS for one leg.

The stored points will be the CS for one leg with no obstacles blocking the movement of the leg. Figure G.3(a),
G.3(b) and G.3(c) illustrates the CS for one leg.

1Equations 4.2-4.5 on page 18
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for � 90 � � c � 90do

coxapoint = T 0
1(� i = � c) �

2

6
6
6
4

0
0
0
1

3

7
7
7
5

storecoxapoint

for � 45 � � f � 90do

femur point = T 1
2(� i = � f ) � T 0

1(� i = � c) �

2

6
6
6
4

0
0
0
1

3

7
7
7
5

storefemur point

for 0 � � t � 135do

tibia point = T 2
3(� i = � t ) � T 1

2(� i = � f ) � T 0
1(� i = � c) �

2

6
6
6
4

0
0
0
1

3

7
7
7
5

storetibia point

end for
end for

end for

where� cs , � f s and� t s is the angles of surrounding legs

Figure G.2: Algorithm to calculate the CS for one leg

To use the CS as a part of controlling the robot, it is necessary to de�ne a CS with obstacles, which is the
surrounding legs. CS can only be de�ned for stationary obstacles and to do this the surrounding legs must be
considered as stationary. This caused a problem, as the legsis not stationary. To generate the CS it is possible
to consider every possible combination of angles for one legand the surrounding two legs. Generating the CS
requires an algorithm similar to the algorithm in Figure G.2, but each con�guration must be checked for colli-
sions with surrounding legs. For simplicity only one of the surrounding legs will be considered. The purpose
with a CS, is to know if a con�guration of a leg is possible. This is done by checking a given con�guration of a
leg and the leg next too for collisions and then storing information whether the con�guration is possible or not.
The algorithm in �gure G.4 can be used to determine CS with when one leg next to is used as obstacles.

By running the algorithm in Figure G.4 some data is produced,of which the amount is dependent of the angle
stepsize. Calculating the amount of data is done by considering the number of points in each leg with a given
stepsize and assuming that for each con�guration 1 byte is stored. For the Coxa joint, the number of points will
be 90� ( � 90)

10 = 18 and similar for the Femur and Tibia joints. For the algorithmin Figure G.4 with a stepsize
of 10� the amount of data is:

�
90� (� 90)

10
�

90� (� 45)
10

�
135� 0

10

� 2

= 10:8 � 106byte= 10:3Mbyte (G.1)

The required stepsize for the hexapod is 1� and with this stepsize the amount of data will be:
�

90� (� 90)
1

�
90� (� 45)

1
�

135� 0
1

� 2

= 10:8 � 1013byte= 10:3 � 107Mbyte = 9 :8T byte (G.2)
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(a) Plot of position with coxa and femur locked

-200-150-100-50050

-100

-50

0

50

100

150

200

Z

X

(b) Plot of position with coxa locked

-50
0

50
100

150
200

-200

-100

0

100

200

-100

-50

0

50

100

150

200

Z

XY

(c) Plot of position with all joints moving freely

Figure G.3: Red: Coxa
Green: Femur
Blue: Tibia
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1: for � 90 � � cs � 90do
2: for � 45 � � f s � 90do
3: for 0 � � t s � 135do
4: First three for loops is the angles for the surrounding leg.
5: When moving the leg around now, the angles of the leg next to, islocked and can be considered

stationary.
6: for � 90 � � c � 90do
7: for � 45 � � f � 90do
8: for 0 � � t � 135do
9: Check the two legs for collisions

10: Save the con�guration
11: end for
12: end for
13: end for
14: end for
15: end for
16: end for

where� cs , � f s and� t s is the angles of surrounding legs

Figure G.4: Algorithm to calculate the full CS for the robot

These estimations are for one leg and only considering one ofthe two surrounding legs. Hence this must be
considered not feasible for real use. The amount is data is simply to large to store. Even if only 1bit was stored
for each con�guration. The amount of data would stille be toolarge:9:8T byte=8 = 1:2T bit.

A conclusion to all this, is that precalculating a CS, which can prevent collisions with surrounding legs, is not
possible.
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Appendix H
CD
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